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Foreword

It is my pleasure to welcome you to the International Conference on Occupational
Radiation Safety in Mining. The first such conference was held three years ago in
Golden, Colorado, U.S.A. and it provided an excellent forum for an exchange of
information on the many scientific, technical and operational aspects of radiation
safety in mining. I am aware of the broad soectrum of epidemiological, engineering
and related studies which have been pursued during the past three years with a view to
achieving further improvements in radiation protection and I expect that the
information on these studies which will be presented during the Conference will
contribute significantly to a wider understanding of the subject, and in particular,
the means by which radiation safety measures in mining can be optimized

I wish you a successful Conference and good luck in your respective radiation
safety endeavours.

J H.Jennekens
Conference Chairman
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1 PLENARY SESSION

KEYNOTE ADDRESS

DR. DAVID V. BATES, MD, FRCP, FRCP(C), FACP, FRS(C)

Professor of Medicine,
Division of Occupational and Environmental Health,

Department of Health Care and Epidemiology,
University of British Columbia,

VANCOUVER. B.C. V6T 1W5

INTRODUCTION

I would like to begin by thanking you for the
honour accorded me by this invitation to say a few
words at the beginning of your important
conference.

The invitation I received from Dr. Jennekens
to undertake this task might, or might not, be
construed as a compliment to my breadth of
interests; but, irrespective of that, it is
unquestionably a tribute to his breadth of mind.

I had not interested myself in the problem of
radon until I was appointed Chairman of a Royal
Commission on the Safety of Uranium mining in
British Columbia in 1979 (1). I had been involved
with some aspects of radiation and the lung,
because in the early nineteen sixties, I had intro-
duced into North America, the use of Xenon 133 in
the study of lung function - a technique that has
now become standardised everywhere. My interest was
in lung function and lung disease rather than in
radiation biology however, so my involvement re-
mained peripheral. During the work of the Royal
Commission, we reviewed all the extant literature
on the radiation hazard to uranium miners; we took
evidence from such experts as Professor Cohen of
Pittsburgh, Dr. Muller from Ontario, and Professor
Ayielson from Sweden; and we had the opportunity to
cross examine officials from the Atomic Energy
Control Board of Canada on these questions. All of
this is a matter of public record; and 1 only wish
to refer to those events in order to illustrate
what has happened since 1979, when I became what I
might call a "radon daughter watcher". Mr. Carter
of the office of the Supervising Scientist in
Australia recently commented on uranium mining: "it
is the only part of the nuclear industry with a
historical record bad enough to provide risk data
based on epidemiology" (21). He also emphasized
the importance of exposure to uranium dust. My
fellow commissioners and I noted considerable dif-
ferences between uranium mills in the precautions
taken in the yellowcake packing area; in one, every-
thing was very clean, everyone wore respirators,
and everything was painted blue. In another, every-
thing was dusty, no-one wore respirators and every-
thing was painted yellow".

STATUS IN 1980

There were many difficulties in arriving at a
decision on the risk of exposure to radon daughters
at the time we were doing our work. The Ham Royal
Commission in Ontario (2) concluded that the lung
cancer rate in Elliott Lake had been about twice
that expected; the Czechoslovak data was difficult

to analyse as the total number of men at risk was
not known; there were many uncertainties in the dose
of radon to which men in the Colorado uranium mines
had been exposed; and altVough the French had
measured radiation dose in underground uranium
miners more carefully and systematically than anyone
else, there were no epidemiological studies, and no
data on lung cancer statistics. The data from the
iron ore mines in Sweden had been carefully
collected, but the total numbers of observed cases
was very small at that time. From some points of
view, the data from the Newfoundland fluorspar mine
appeared to he the most reliable we had; but the
exposure had been short, and the follow-up time not
yet long enough. In the light of these
uncertainties, one could either conclude, as we did,
that to allow a lifetime exposure of 120 WLM,

' whether this was regarded as a guideline or as an
enforceable standard, meant that that particular
standard, to say the least, had a very small safety
factor built into it; or, on the other hand, one
could conclude that the epidemiological data was so
poor, and the biophysics of the actual radiation
exposure of the human airway so difficult to
calculate, that control within 120 WLM lifetime was
probably adequate. This was the position taken by
the Atomic Energy Control Board of Canada at that
time.

PRESENT STATUS OF RADON DAUGHTER HAZARD

As I have already indicated to you, I do not
work directly in this field; what I would like to
try to do in the next few minutes is review the
present status of the data, and place it in two
contexts - first in the context of our advances in
knowledge of lung cancer in general; and second in
the context of risk assessment (which had become a
cottage industry since 1979) and in decision-making
in relation to environmental and occupational
risks. Many of you, including of course Sir Eric
Pochin, have contributed to this dialogue.

In 1982, Thomas & HcNeill (3) subjected all
the then available data on lung cancer occurrence in
those exposed to radon daughters to an exhaustive
reanalysis, and concluded that the cancer doubling
dose was probably about 44 WLM; this was of the same
order as Profesor Axelson indicated to us three
years before, when, on being asked, "What would your
recommendation be with respect to a standard of
exposure to alpha radiation?", he replied,
"Somewhere in the range of one or two working levels
months a year".

It seems to me that one of the advances that
has been made in the general area of risk assessment
and standard setting, is a better understanding of
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what is involved when there is no threshold- when i n
fact a "no-effects" level cannot be reached.We know
that very short exposures to asbestos can greatLy
increase the risk of induced malignancy, usually
after a long latent period; and, although the
dose-response data shows considerable variation, we
assume that the greater the loading of the lung with
asbestos, the greater the risk. However, we ask a
Royal Commiss ion in Canada, or a body such as the
National Academy of Sciences in the USA, to evaluate
the risk and give an opinion as to what might be
considered accept able as far as public exposure is
concerned. With occupational exposures, the proper
procedures to involve the affected workers, are less
we 11-defined. In the absence of any formalised
procedure, anyone, even professors, are free to
indicate what they might consider to be a proper
level of maximal exposure. Those opinions
carry no more force than those of any other
individual; but nor are decisions of regulatory
boards any more credible unless and untiL a proper
process has been followed, with the disc us si on and
debate in the public arena.

Also in 1982, Judy Rean and her colleagues at
the University of Iowa (4) published their firsr
report on the probable influence of naturallv
occurring radon in that state as a cause of
clustering of lung cancer - which they showed was
related to the source of "he domest ic water supply.
I was very interested in that study, as I was
serving on the Environmental Health Panel of the
Environmental Protection Agency in the USA when they
applied for research funds to analyse the clustering
they had observed, and to exclude smoking as a cause
of it. They have concluded that a water supply
containing more than 5 picocuries per litre of
radium 226, leads to a measurable increased risk of
lung cancer. Iowa drinking water has been submitted
to intensive analysis (5); and in March of this year
it was reported that 500 out of 50,000 drinking
water samples from across the USA contained more
than 5 picocuries per litre of Ra 226 (6).

In 1983, a complete issue of Health Physics
was devoted to radon daughters - the first time they
had attracted so much attention (Health Physics (Vol
45, No. 2). In that issue, Dr. Nero from the
Lawrence Berkeley Laboratory (7) concluded that "the
present exposure of the general public to radon
daughters may account for a substant ial number of
lung cancers in the US"; and he calculated the risk
as an annual incidence of 10-100 cases per million
for annual exposures of 0.2 WLM. Other papers have
shown that indoor radon daughter levels are three
times higher in Aberdeen in Scotland (where a high
incidence of lung cancer has been known for some
time) than in Birmingham or in the Orkney islands
(8) ; that in Salzburg in Austria about 15% of
observed cases of Lung cancer might be attributable
to radon daughters (9); and that this figure might
reach 20% in Sweden. Four months ago, an updated
review of the incidence of lung cancer in Navajo men
mining uranium in New Mexico (10) concluded that
"the lower 95% confidence limit for the relative
risk of lung cancer associated with uranium mining
was 14.4". In the same issue as that containing
this report, the New England Journal of Medicine
devoted 10 pages to the most recent anaLysis of lung
cancer in Swedish iron ore miners by Radford and
StClair Renard (11). They concluded that the dose
required to double the risk of lung cancer in
nonsmokers is less than 10WLM lifetime exposure; and
that this factor might fulLy account for lung

cancers occurring in nonsmokers.

It is c lear that as fol low up periods are
lengthened, and rad iat ion exposure dat a improves,
what had heen disparate data is now converging. In
fact, all the data from Sweden, the USA,
Czechoslovak ia, Ont ario, and Newfoundland produces
estimates of risk not divergent by more than a
factor of five (II). Cons idering all the inherent
disparities, this represents a not unreasonable
convergence of evidence.

Such low levels of exposure as might now be
deemed to be necessary for the level of risk to be
accept able, may only be ach ievable in surface
uranium mining. Those dependent on a continuing
supply of uranium may be heartened by the
informat ion from the careful studies carried out in
Aust ralia, that in such situat ions, exposures to
radon daughters that would result in no more than a
lifetime dose of 10WLM are being achieved (12). I
should remark that the public at ion of human and
environmental exposure data in connection with
uranium mining in Australia, is exemplary.

No doubt the reconciliation of all this data
with the recent 1CRP proposal to recommend levels of
4 WLM per year will be a major topic for discussion
at this conference. It seems to roe that those who
de fend such a st anda«-d, in the 1 ight of present
evidence, should be required to be very specific on
the grounds on which it can be defended, since it
seems to me to be incommensurate with levels set for
other occupat ional care inogels. That is another
unsolicited expression of opinion, which you are, of
course, quite free to ignore.

In this difficult area, we may be assisted by
a conference at Oak Ridge later this month, which is
looking critically at indoor hazards, among them
radon in houses.

It looks as if radon daughters are going to
provide an instance of environmental data having a
major influence on occupat ional health standards; a
reversal of trad it ion whereby environmental
standards are derived from data on uccupat ional
exposures.

I said a moment ago that instead of going into
technical detail (which I am anyway not equipped to
discuss), I would try to put these fast-moving
events into their context from two perspectives.

First, in the context of lung cancer as a
whole. Here I feel I should start with the bad
news, which is that we have not improved survival
stat istics over the last 40 years, apart from a
slight reduction in post-operative mortality; this
is true both in the USA and in the UK (13). Five
year survival rates are generally below 10%, and the
picture is worse when you consider the quality of
the survival in terms of useful activity. Nor is
there much encouraging evidence that earLier
diagnosis has a major influence on mortality.
Prevent ion is therefore imperat ive.

The emerging radon data can be viewed in the
context of the explosion of information we have on
asbestos as a carcinogen, recently excellently
summarised by a Royal Commission here in Ontario
(14), and also subjected to a detailed risk analysis
by a committee of the National Academy of Science in
Washington (15). That group concluded that some
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cancers were now being caused by environmental,
nonoccupational exposures Co asbestos. We probably
should not have been able to measure tha
carcinogenic effect of asbestos were it not for the
combination of smoking and asbestos as a cause of
it. However, the most recent analysis of asbestos
and smoking concludes that if amongst asbestos
workers, all smoking ceased, but asbestos exposure
continued, we would remove 91% of cancers; but if
smoking continued, and we removed asbestos exposure,
we would reduce lung cancer by 82%, which is not
very different (16).

The second context is that of public
perception of occupational and environmental health
risks in general. The enormous expansion of
interest in risk assessment over the past few years,
is probably well-known to you. A symposium on Risk
organized by the Royal Society and Royal Science
Council of Canada held in Toronto in 1983 provides a
good starting point to catch up with this field
(17). The complexity of assessing what constitutes
an "acceptable" level of risk to be run by a
relatively small group of employees; and who should
settle this level, and after what process of
consultation; these factors greatly complicate this
kiml of decision- making. Judged by the criteria
set out by Dr. Kasperson in a recent paper on this
question in Environmental Health Perspectives (18),
we have not yet achieved a satisfactory process.
The recent Royal Commission on Asbestos in Ontario,
to which I have already referred (14), supported a
proposal made in a Report of the Science Council in
Canada (19) to consider these questions on an
ongoing, rather than an episodic basis, by forming a
National Committee in Canada on such standards.

Whatever solution is ultimately adopted, it is
evident to everyone that the era when these matters
could be considered in closed session, has long
gone. Full involvement of the workforce involved in
this decision-making is now obligatory - a
development foreseen by Samuel Johnson in 1720, and
defended by him as ethically required of us who
benefit from hazardous labour by others (20). It
has taken 250 years for us to catch up with him. If
those handling asbestos must be inade fully aware of
the data on the risks, and the need for protective
strategy, and if exposure levels must be reduced so
that cancer risks are minimal - does not the same
apply to uranium miners? The day when a
self-appointed committee, even one as prestigious
and technically well informed as the International
Committee on Radiation Protection, can be thought of
as a completely sufficient process of
decision-making, is surely long past.

A KEYNOTE

So what sort of keynote is appropriate? There
is nc need for me to emphasize the importance of the
matters you will be discussing - rarely has a
conference of th is sort taken place against such a
complex and rapidly changing background. Instead I
would like to r e - s t a t e questions that should, I
think, be kept in mind before one is overwhelmed by
technical de t a i l .

These are:

1. Is the level of protection now offered to
uranium miners from radon daughter inhalation
comparable to that ensured for asbestos
workers, or handlers of vinyl chloride or

chloromethyl ether?

2. Are the necessary requirements in place for
continuing follow-up of all those at risk from
radon daughters in an occupational setting?

3. Have the decision-making processes concerning
maximal permitted exposures been opened to
public scrutiny and discussion?

4. Have all countries followed the lead of
Australia in revealing exposure levels and
environmental impacts on an annual basis,
without editing by interested governments or
industry?

At a similar conference to this held in Canada
in 1976, Mr. Robert Fry from Australia said "Our
basic aim should be to protect the miner rather than
to measure with ever greater and greater refinement
exactly what his lung dose might be" (1). This
objective must still, 8 years later, remain central
to our discussions, however difficult or
inconvenient that protection may be. No-one has
suggested that effective action to contain the
asbestos problem should have awaited more detailed
knowledge on fibre deposition or disposal in the
lung - important though such questions are; and all
Western societies have moved swiftly to contain the
hazard. The radiation case is no different.
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EISCUSSION

Comment (Bernstein): Recent Ouantltatlve Risk
Assessments (QRA) and related risk management
decision-making for control of occupational cancer
caused by exposures to asbestos, chloromethyl
e ther , vinyl chloride monomer, and other
well—documented carcinogens should provide th.«;
nodel for QRA and regulatory decisions concerning
control of the hazards of exposures to radon dec^y
products in underground mines. Risk assessments
and risk management (regulatory control) as i ig
comparisons with fatal accidents and injuries are
Indeed, as you have suggested, inappropriate. T>ie
CRA and management/regulation of the hazards of
asbestos exposure have focussed on set t ing
exposure limits at airborne concentrations which:
(1) provide protection against non-malignant
asbestos hazards ( e .g . , asbestosis) ; (2) provide
substant ial protection against the carcinogenic
effects of asbestos; (3) are achievable with
currently available technology and work practices;
and (4) can he reliably measured by valid and
widely available technology. Similar

considerations for radon hazards would support the
control of underground mining exposures at levels
of about 1 WLM per year.

Answer: Australia is managing levels of
ULM/year according to Carter .

0.25

I t is probably not possible to reduce public
exposure below about 10 WLM lifetime (though
dealing with some "hot spots1 might reduce his a
l i t t l e ) .

If 1 WLM/yr is appropriate for workers, this
night lead to 30 WLM lifetime. My own view Is
that once about 20 WLM have accumulated, it might
be decided that a good pension and obligatory
change of job (like the policy followed with face-
workers in coal mines) might be a good solution.

Question (Bernstein): There is one last point you
may want to comment upon. A regulatory standard
which mandates a lifetime limitation on exposure
to a carcinogen might result in a greater total
population risk by increasing the number of
exposed workers.

Answer: This is a classic dilemma: if levels of
risk are taken which are unnacceptably high, there
must be no confusion as to whether these are
voluntarily taken (as In hang-gliding!). If not
fulfilled, as in uranium mining, reduction below
major risk is necessary.
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ABSTRACT

The paper discusses some aspects of the
requirement of keeping doses "as low as rea-
sonably achievable". This requirement, called
the optimization of radiation protection, is
presented as a typical case of Decision Ana-
lysis. Special problems encountered in defin-
ing the period of integration of collective
dose or its coverage in space are also dis-
cussed, as well as the effects of uncertain-
ty in the assessments.

I. INTRODUCTION

1. To meet the objectives of radiation
protection the H'RP(I) has recommended the
use of a system of dose limitation composed
of the following requirements: a) Justifica-
tion of practices involving radiation expo-
sures; b} Optimization of the level of
protection of such practices, and c) Individ
ual dose limitation.

2. The optimization requirement of ra-
diation protection is that ail doses should
be kept "as low as it is reasonably achieva-
ble", taking into account social and econom-
ical considerations. This requirement con-
sists in controlling the detriment from a
given practice or radiation source to a
value such that further reductions are less
significant than the additional efforts re-
quired to achieve such reductions.

3. ICRI1 Publication 37 (2) presents the
basic principles of optimization, explains
its use as a decision tool, discusses the
criteria involved in the requirement and de-
scribes the conceptual basis and the tech-
niques of cost-benefit procedures for
optimization.

4. There is a wide range of other possi-
ble techniques to establish what is "reason-
ably achievable" in the control of radiation
exposures. The use of any given technique im
plies, either explicitly or implicitly, some
value judgments about the several possible
criteria that influence the decision.

2. Optimization as Decision Analysis

S. The aggregative methods in Decision
Analysis attempt to combine the valuations
assigned to the different criteria involved,
ranking the results of the different protec-
tion options in order to select the best. An
inherent requirement of such methods is an
adequate quantification of the various
criteria (all individual doses involved,

cost and inconveniences of the different le-
vels of protection and all other effects
that the decision is expected to have).

d. Many widely used decision methods are
based on utility functions. In radiation prô
tection the decision involves uncertainty oT
the outcome and at a given level of protec-
tion the actual numher of stochastic effects
can be I), 1, 2, n. A typical approach in
this case can he found in the use of "util-
ity" functions probabilistically based. Op-
timization would then involve minimizing (or
maximizing) some aggregate of probabilities.
This, a classical approach which can be
found in Decision Analysis textbooks, is
summarized in the following paragraphs.

7. Provided that the requirement on indi-
vidual dose limitation is satisfied, the fur
ther requirement on optimization of protec-
tion implies the examination of available
protection options which would further re-
duce the risk hut would also involve social
costs.

8. These options may be listed as
11 i (ll|. (l 11 ••• % ) . and must be analyzed

in connection with all the possible occur-
rence of stochastic events K. (E.., E-,, ... E ),

namely the number of stochastic effects
caused by the source, probabilities of
which may be denoted P. (I1,, I',, ... P )•

Obviously J P. = 1, if the non-occurrence

of stochastic effects is also listed as an
event and if the occurrence of one event
excludes the others.

9. If a particular option 0. is selected,

this involves a given social "cost", includ-
ing monetary costs, restrictions and incon-
veniences in order to reduce the probability
of the possible events E. ... Iin> If one

particular event, P. • , actually occurs, in

spite of the risk-reducing efforts implied
by 0-, all uncertainty is removed from the

problem and a definite consequence is asso-
ciated with the selection of the protective
option. Since the protective option 0. not

only has influenced the probability of oc-
currence of -?vent F.. but also involves a

social cost, the "consequence" will depend
on both 0. and E.. The components of this

consequence C . are not necessarily amena

ble to aggregation into a single quantity.
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10. However, it is conceptually possible
to rank all the possible consequences as de-
fined above (i.e. Cj. for all values of i

and j) in order, from the best to the worst,
according to the preferences of the decision
-maker. The ranking must be coherent, in the
sense that if a consequence Ĉ  is pre-
ferred to C2> and C, is preferred to C^,
then Cf must also be preferred to Cj. It

is conceivable that two consequences may be
equally desirable (or undesirable).

11. If a coherent ranking of the conse-
quences C. • is feasible, it is possible

probabilistically to establish a set of
"utility" values associated with the conse-
quences. For this purpose, two reference
consequences, Cg and Cw, are postulated,

such that Cg is more or at least equally

acceptable than the "best" of the consequen-
ces in the ranking, and that no consequence
is "worse" than C^ .

12. By means of these postulated refer-
ence consequences, Cg and Cw, it is then

possible to design a theoretical random
experiment for the purpose of comparing, from
the point of view of preferences, the proba-
bilities of the reference consequences in
the experiment with the certain occurrence
of each of the various actually possible
consequences C-•. In this random experi-
ment, Cg and Cw are the only possible
outcomes, Cg with a probability U and,
therefore, Cw with a probability 1 • U.

From the point of view of preference, there
will be a unique value of the probability U,
at which the actual occurrence of a particu-
lar consequence C-. is considered equal in

preference to the gamble with outcomes CR

Cw. This value ofor

"utility" of

U can be called the

and may be denoted U(C - . ) •

13. As defined, the utility values can be
used in probabilistic expressions. In the
hypothetical random experiment, U(C.-) is

the conditional probability of obtaining Cg

(the "best" outcome) , given both the protec-
tive option (K and the actual occurrence

of a particular probabilistic event E-, i.e.:

u(cij) = PCCBIOJ and E.)

14. For a given protection option 0-,
the "random experiment" probability of C D
would therefore be B

because each event E. excludes all the

others. The larger p (CTB 10 v J , and, as a

necessary consequence, the smaller p(C w|CK).

the better the protection option O j , judged

in the framework of preferences involved in
the assignment of utility values. Optimiza-
tion of protection should therefore be
achieved with an option CK such that

£ ll(C. • • ) . P • - max
j ''' "'

15. The selection of the consequences Cg
and C w in designing the hypothetical ran-
dom experiment is quite arbitrary. However,
provided that they are "better" and "worse",
respectively, than all the actual possible
consequences, the selection of the optimum
protection option will not depend on this
element of arbitrariness.

1b. The method of optimization of ra-
diation protection presented above can be
used not only for "normal" situations, where
the radiation source is under control, but
also for cases of random disruptive events.
In these cases of a random accidental event
the risk depends on the probability of the
event and on the resulting doses. Regarding
radiation effects one deals, therefore, with
effects of second order stochasticity (3).

17. It must be stressed that assigning
probabilistic utilities, as well as ranking
consequences, are basically the result of
social valuations intrinsic in the concept
of preference. If the criteria selected
are that the consequence becomes "worse"
linearly with the actual number of
stochastic effects due to the source and
that it is possible to aggregate this part
of the consequence with the cost of the
protection option, then the equation of
paragraph 14 can be easily manipulated to
give as the objective function for optimiza-
tion:

X(w) + a S (w) = rain

provided no other preference criteria are
taken to apply. In the above expression o
is monetary value assigned per unit of col-
lective dose (resulting from the product of
the cost assigned to a stochastic effect
and the probability of occurrence per unit
dose), X is the cost of protection, and S
is the collective dose from the source, both
at a level of protection represented by w
(e.g., shielding thickness, ventilation
rate, alternative options of protective
equipment, etc.). It should be noted that
w, X(w) and S(w) can in some cases be
continuous, while in other cases they take
only discrete values.

18. In publication 37(2), the ICRP takes
also account of further components of con-
sequences, such as risk aversion and nation-
al or managerial regulations. These compo-
nents are taken to be functions of the dis-
tribution of individual dose, but no recom-
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mendations are given to the shape of such
functions. However, the recommendations pro-
scribe that these components (called the B
term) are add it i ve to those represented by
the number of stochastic effects and by the
cost of protection.

I!). It seems 1 i kel y
techniques will be inc
optimizing radiation p
other methods than the
fication of paragraph
gativc techniques and
methods will probably
importance, the basic
the applications being
once ranking and consi

that Decision Analysis
reasingly used for
rotection, including
cost-benefit simpli-
17. Different aggre-
also multiattribute
have an increasing
conditions to develop
coherence in prcfer-
stencv in their use.

3. The Assessment of Collective dose in
Cost-benefit Optimi zation

2(1. If the p, term of the detriment cost
is not taken into account, cost-benefit
optimization is reduced to solve the
expression given in paragraph 17, namely

X(wJ + a S(wJ = minimum

21. The minimum for the expression usually
callou the object ive function, can be obtain-
ed by d i f f e r e n t i a t i o n and making the resu l t

^- = - a -jj-, or as usuallyequal to zero:

presented (

-jj-,

The optimized

value S corresponds to a given optimum

protection parameter and a given protec-

tion cost X , because X can be expressed

as a function of S (the function being cal-
led the constraining function).

22. Examples of application of this procc
dure of optimization have heen published for
radiation shielding and for ventilation de-
sign in installations handling radioactive
materials, in uranium mines and in buildings
(in relation to radon)(2). In many other
practical cases of optimization assessments,
the changes in protection levels are
achieved in finite increments, both X and S
being discrete instead of continuous varia-
bles. The decision of going from a level of
control A to a more expensive level of
control B would be taken if

XB - XA

complex cases where several protection sub-
systems are involved have been analysed for
the case of independent and interrelated sub-
sys reins ( 2)( 1) .

24. In all cost-benefit optimization
assessments it is necessary to evaluate the
collective dose differences between the dif-
ferent protection options, or alternatively
the first derivative of collective dose with
the protection parameter. With the assump-
tion of a linear non-threshold relationship
between dose and risk, there is a conceptual
necessity of integrating the total collec-
tive dose in space and time for each of the
protection options.

25. Problems associated with exposures
occurring over long time periods are fre-
quent, specially when a practice leads to
environmental contamination by long-lived
radionuc1 ides and, therefore, to subsequent
exposure in future populations. The concept
of collective effective dose equivalent com
mitment allows the calculation of detrimenF
in these cases. However, to use this com-
mitment in a linear calculation of detriment
cost implies a judgement giving the same
weight to present and future detriments, not
the usual practice in other types of human
judgments which involve the traditional
economical technique of discounting.

2(>. However, on ethical grounds it has
been argued that discounting may perhaps be
properly applied within the time period of
one generation, but that it should not he
applied when a substantial part of the det-
riment will occur in future generations.
Some have also expressed the opinion that
it is not valid to discount the cost of the
detriment (even if manifested in the future)
commited from one year of practice, because
only the present decision was relevant and
the future harm was unavoidable. However,
it would be legitimate to discount the cost
of the detriment committed successively
year after year of a continuing practice.

27. A problem is the time scale involved
in dose commitment assessments. Due to the
presence of very-long life nuclides, an
assessment of the complete collective dose
commitment is highly speculative. In optimi-
zation, however, one deals with differences
of collective doses between different pro-
tection options. Since the collective dose
is an extensive quantity, the total collec-
tive dose commitment can be divided
arbitrarily into components

SD - S
S a

A
S = S

Hxamples of application of this step by step
procedure have also been published, relating
to the control of release of radioactive
effluents (.2).

23. In all cases, optimization is con-
strained by the requirement of individual
dose limitation. The techniques used in

which could be defined by the area over
which the integration is carried out or bv
time periods oT integration. The difference
ol collective dose between two protection
options is, therefore

A S (S, - S,! IS, - S,)
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28. Only the differences (.S; - Sj) for

which there is un effect of selecting one
option or the other will have a value dif-
ferent than zero. For example, the time
period of interest is the period in which
the alternative protection levels (cnginecr-
inR solutions) have an influence on the
exposure pattern, because the longer exposure
tails would cancel when suhstruct ing collec-
tive doses of different options.

29. In these cases it is therefore suf-
ficient to integrate the "incomplete collec-
tive dose commitment' ST.

T- f
Jo

S(t)dt

where S is the collective dose rate from
the source and T is the period over which
the protective option is operative. The
period of interest for the assessment of the
relevant incomplete collective dose com-
mitments would make assessments more reason-
able that it would appear sometimes from the
half-lifes of the nuclidcs involved. For
these assessments, procedures similar to
those used by UNSCKAR(S) can be applied.

30. The same philosophy applies to the
summation of collective dose in space, when
there is a common global component of col-
lective dose between protection options
(e.g. different dilution of effluents may
influence local collective dose without
changing the regional or global components) .

31. A problem of different nature is
associated with the uncertainty qualifying
collective dose assessments. Obviously the
optimality of the selected level of protec-
tion depends heavily upon the quality of the
models and of the data which went into the
analysis. Clearly, the extreme conceptual
case is one where nothing is known about the
collective doses involved and, therefore,
cost-benefit optimization assessments are
impossible.

32. If different parts of the collective
dose can be assessed with different uncertain
ty, it may be unwise to carry out optimiza- ~~
tion using the total collective dose when
some components are very uncertain. The
standard deviation of the difference of
collective dose between two protection
options is given by

the selection of protection options, may
indicate what is the relevant summation
pattern.
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and some components i may make the assess-
ed £.S meaningless.

33. It is not possible to prescribe
general rules for the exclusion of some
components of the collective dose in the as-
sessments. The combined effect of uncertainty
gross estimates and of educated guesses that
"there is no reason to believe" that a given
part of the collective dose is influenced by
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THE CONSEQUENCES OF THE LATEST 1CRP RECOMMENDATIONS ON A REVISION OF PUBLICATION 24

H. JAMMET and R. COULON

I n s t i t u t de P r o t e c t i o n e t de Sure te Nuclea i re
B.P . n° 6 - 92260 FONTENAY-AUX-ROSES (France)

ABSTRACT

Tn 1976, ICRP issued its Publication n° 24, entitled
"Radiation Protection in uranium and other mines" which
discusses the principles of protection of uranium
miners and the methods of application of these princi-
ples.

Since 1976, ICRP has published new recommendations,
notably :
. in its Publication 26, which deals with new general
principles of radiation protection,

. in Publication 32, where new values for the dose
limits related to inhalation of 222R D decay products
are recommended,

. in Publication 35, which discusses the general prin-
ciples of monitoring for workers,

. in Publication 37, which treats in a detailed way
the cost-benefit analysis procedure to be applied
when optimizing the level of protection.

Since 1976, experience has also been accumulating
on the ways and means leading to the improvement of
the individual and collective levels of protection for
workers in uranium mines, especially in the field of
dosimetry. Optimization methods are now applied in
uranium mines to a large extent and individual expo-
sures are known with accuracy in the countries where
miners are equipped with personal dosimeters both for
external and internal irradiation.

In viev of the particular importance of uranium
mining in the nuclear fuel cycle, the ICRP has found
it necessary to undertake a revision of Publication 24.
In this document, new limits, such as the secondary
limit of 0.02 joule for the potential alpha energy
intake of 222^n decay products in a year, are intro-
duced as well as guidance on how the level of protec-
tion can be optimized.

INTRODUCTION

As the result of the work of the International
Commission on Radiological Protection, recommendations
are drawn up which are to a very great extent intro-
duced into the regulations adopted in individual
countries. The scope of these recommendations may be
very general or narrower ; some of them bear on the
doctrine of protection and its basic underlying prin-
ciples, whereas others are of a more specific nature
and prescribe the measures to be adopted to ensure the
protection of a given category of persons - workers or
members of the public - for a given type of operation.

Thus, in 1976, the ICRP adopted, as Publication 24,
a report issued in 1977 and entiteld "Radiation Protec-
tion in Uranium and Other Mines". Its particular inte-
rest In the subject was warranted by the importance of
the raining stage in the nuclear fuel cycle, the rela-
tively high degrees of exposure to which the miners
are subjected and the correlations it had been possible
to establish with an increase in the observed frequency
of lung cancers.

Since the above work appeared, the Commission has
been led to define with greater precision, or even to
modify, its position on various aspects of protection
and it has published a certain number of important
reports, viz :
. Publication 26 |1], issued in 1977, which represents
the latest expression of the doctrine on protection
against ionizing radiation ; it was supplemented
later by various statements 12], 13] and, in 1983,
by Publication 37 I1*] on the application of one of
the 3 basic principles underlying this doctrine.

. Publication 30 15], issued 1979-1981, recommending
Annual Limits of Intake for the various radionuclides.

. Publication 32 16], issued in 1982, on "Limits for
inhalation of radon daughters by workers".

Meanwhile experience of mining practice was conti-
nuing to improve the store of knowledge, and the
development of dosimetric methods and technical means
of protection was likewise progressing. Consequently,
the ICRP felt that Publication 24 needed revision ;
this work is now in progress and should result in a
new report in 1985 or 1986.

Without anticipating on the contents of this new
report, we shall first stress the important points
contained in Publication 26 and in the subsequent
publications and then examine their main implications.

A BRIEF REMINDER OF THE CONTENTS OF PUBLICATION 24

With regard to the limitation of exposure,
Publication 24 adopts the basic principle to be found
in Publication 22, which is that "all doses should be
kept as low as reasonably achievable", and recommends
annual and quarterly Maximum Permissible Doses for
miners. Theoretically, these limits apply to the sum
of the external and internal doses, though in practice
the rule need not be so strictly applied, since the
contribution of external irradiation is usually low.
The two major sources ox exposure being inhalation of
radon daughters and ore dust, the critical organ is
the lung.

For external exposure the recommended annual limit
is 5 rem (0-05 Sv) for the whole body, the quarterly
limit being 3 rem (0.03 Sv).

For internal exposure due to the inhalation of
radon daughters a secondary limit, expressed as the
average concentration in the air, is recommended, i.e.
30 pCi for 222Rn in equilibrium w-'th its daughters or
for any other mixture corresponding to an equivalent
alpha energy. To take into account the fact that in
practice monitoring generally uses the measurement of
radon only, Publication 24 recommends the use of a
'equilibrium equivalent radon concentration" (Rn)F,
where F is the equilibrium factor whose value, if
unknown, may be taken as 0.5 in the case of uranium
mines.

For internal exposure due to the inhalation of ore
dust the recommended limit is 70 pCi.h.l"1 for the
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mixture of different nuclides, which are assumed to
be members of the -38u series in secular equilibrium.
This limit has been calculated from the formula

L.

where P̂  is the activity fraction of the mixture for
nuclide i and Li the MPCair for the same nuclide
assumed to be in an insoluble form.

The recommendations given in Publication 24 on the
monitoring of workers are based on Publication 12, of
which Publication 35 [71 is a revised version.

Individual monitoring for external exposure is not
expressly required, except in certain cases where,
because of the practical difficulties of wearing a
personal, monitoring device, the dose may be evaluated
from the results of environmental monitoring. For
exposure to radon daughters individual monitoring is
recommended, in view of the fact that a large number
of miners are liable to receive dose exceeding JL of
the annual recommended limit. Here again, for practical
reasons it may be evaluated indirectly from measure-
ment of the air concentrations at the work place and
from the time spent by the workers on these locations.

For ore dust area monitoring only is recommended.

MAIN FEATURES OF THE NEW RECOMMENDATIONS

The important points which emerge from the various
publications mentioned above are as follows :

Fundamental principles

In Publication 26 the ICRP defines the three basic
principles underlying radiation protection :
. No practice shall be adopted unless its introduction
produces a positive net benefit.

. All exposures shall be kept as low as reasonably
achievable, economic and social factors being
taken into account.

. The dose equivalent to individuals shall not exceed
the limits recommended for the appropriate circums-
tances by the Commission.

The three components are generally identified by
the terms "justification of the practice","optimization
of radiation protection", and "limitation of indivi-
dual doses".

Justification. The position of the ICRP is that the
detriment suffered by individuals as the result of
radiological hazards derivi.ig from the adoption of a
given practice can be justified only if an overall
assessment of the benefits and disadvantages gives a
generally positive result. Such an assessment must
naturally make allowance for criteria other than those
relating to health - social, economic and political
criteria, for example.

Optimization. A level of protection may always be
improved : it will suffice to make the necessary tech-
nical and economic efforts. However, it is a matter of
common .cense that such efforts may become unjustified
if they weigh too heavily on the community in propor-
tion to the benefits produced. There is therefore a
limit, or optimum, that can be determined by a diffe-

rential analysis in which the benefits deriving from
the reduction of the risks involved is weighed
against the cost of the improvements required in
order to ohtain the reduction.

In the calculation of this optimum the collective
health detriment, which is assumed to be proportional
to the collective exposure, is an important factor.
This simple formulation can be modified by including
other components not directly related to collective
exposure, such as the statistical distribution of in-
dividual doses. This point is discussed in Publication
37, which further suggests the use of methods other
than the cost-benefit differential analysis as aids
to the decision making process.

Limitation of individual exposures. In Publication 26,
Che [CRP recommends annual individual exposure limits
whose observance will ensure that the potential risk
will be kept at an acceptable level. For stochastic
effects, the limits are expressed as dose equivalents,
received or committed during one year for uniform ex-
posure of the whole body, or ~s effective dose equi-
valents for non-uniform exposures ; for workers the
recommended limit is 0.05 Sv per year. For non sto-
chastic effects a limit is recommended for each indi-
vidual organ to prevent their occurrence, viz : 0.5
Sv per year (0.3 Sv for the lens), for workers.

It is expressly stated that in the case of simul-
taneous external and internal exposure the sum of the
two must be maintained below the recommended limit.

Though compliance with the limits is one of the
fundamental recommendations of the ICRP, attention
should be drawn to a statement issued at its Brighton
meeting in 1980 13] concerning uranium mines, which
emphasizes that "the Commission is aware that some
mining conditions are such that it is not possible to
operate within the combined limits recommended by the
Commission on a year to year basis. The National Au-
thorities will then have to take decisions on how
best to deal with these few, but difficult, situations".

Lastly, in addition to the primary basic limits
dealing with dose equivalents, Publication 26 recom-
mends the use of limits dealing with other quantities,
generally for practical purposes. The limits involved
are chiefly :
. secondary basic limits, including in particular, in
the case of internal exposure, Annual Limits of
Intake (ALI) representing the activity which, inges-
ted or inhaled in the course of a year, will cause
exposure to a level equal to the corresponding an-
nual exposure limit.

. derived limits, for example for the dose equivalent
rate or air contamination, which are related by a
model to the basic limits.

. reference levels which serve to determine the
actions to be taken should they be exceeded.

Secondary and derived limits

The ALIs have been calculated for the various
nuclides, taking their characteristics into account
and on the basis of the annual dose equivalent limits
for the various organs and the annual effective dose
equivalents. They are given in Publication 30.

222
Publication 32 deals with the inhalation of Rn

daughters by workers and recommend? an Annual Limit
of Intake, expressed as potential alpha energy, of 0.02
joule, whatever the composition of the mixture. It
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also recommends a limit for the air concentration of
222^,, _ taking into account that measurement of 222^n
is still widely used for monitoring purposes - and
derived limits for ^22Rn an(j ^ts daughters and

 2^0Rn

and its daughters. The values are given in the follo-
wing table.

RECOMMENDED ANNUAL LIMITS OF INTAKE (AL1)
AND EXPOSURE (ALE) AND DERIVED AIR CONCENTRATION

(DAC):THE TRIHARY LIMITS ARE UNDERLINED.FOR FARTICAL
APPLICATION THE DERIVED VALUES CAN BE

ROUNDED TO ONE SIGNIFICANT NUMBER

222n , 220
Rn and Rn

Type of limit
and DAC Unit

222
Rn

(Rn)

220 216n
PRn + '"'"Po

(Tn + ThA)

ALE
ALI
DAC

Bq h m~

Bq m

3 log
3.6 10°

J 1.5 10

5 10°
6.0 10°
2.5 lO1"

DAUGHTERS OF 222Rn AND 22°Rn

Typo of
limit
and DAC

Unit
222R.,(Rn)- 22ORn(Tn)-

daughters daughters

ALI

ALE

DAC1

Potential
o energy

Equil.-equiv.
Rn-activity

Bq

Potential J.h m
a energy WLM

Equil.-equiv. Bq h m
Rn-activity

Potential J m~3

a energy UL

Equil.-equiv. Bq m
Rn-activi ty

-3

-3

0.02

3.6 I06

0.017
4.8

3.0 106

0.06

8.0 JO5

0.050
14

6.6 106

_ T

S.3 10
0.40

1 500

"6 2.5 10
1.2

300

"5

Monitoring

The general principles for monitoring of occupa-
tional exposure are laid down in Publication 26.
They rest on two classes of working conditions, i.e. :
. "A" working conditions, where the annual dose
equivalents might exceed -̂ j- of the relevant annual
limit.

. "B" working conditions, where it is most unlikely
that the annual dose equivalents will exceed -£r of
relevant annual limits.

An important consequence is that individual moni-
toring should be recommended for workers in "A" con-
ditions .

Publication 35 expands and specifies the Commission's
various recommendations regarding the monitoring of
workers, its purpose and conditions of implementation.
In general it makes no basic changes in tb.; former
recr.-nmendations.

MAIN IMPLICATIONS OF A REVISION OF PUBLICATION 24

The various considerations developed above were

established by the ICRP within a general context ;
their application to a given practice must take into
account its specificities. From this point of view
raining presents important specificities, particularly
because it taker, place in a natural environment, dif-
ficult to control, the si tuation is evoluting on ac-
count of the changes encountered as mine operation
proceeds, and finally because the distribution of
individual doses is very large, a significative pro-
portion of workers being likely to receive annual
doses approaching the recommended limits.

The problem of radiological hazard* is not specific
to uranium mines ; it has been observed that in other
mines (e.g. coal or metal ores) certain workers may
likewise be exposed to levels of radiation exceeding
the limits recommended by the Commission, chiefly
because of inhalation of Rn daughters. Consequently,
suitable recommendations deserve to be drawn up, par-
ticularly on the improvement of ventilation.

The main respects in which Publication 24 should
be revised are as follows.

Jus tificacion

Theoretically the justification principle is not
applicable to the uranium mining. The balance between
advantages and drawbacks must be made only within the
framework of an overall view on energy production ;
once the use of nuclear energy is shown to be justi-
fied, uranium mining is automatically justified since
it is an essential operation.

Optimization

A policy of improvement of protection level in a
mine may call on :
. The choice of raining methods making it possible to
lower levels of exposure to be reduced.

. The implementation of a very large number of tech-
nical means, ventilation being the most important.

. Better organization of the workings and workplaces.

They all have their own limits ; seme methods are
very costly and others will encounter technical obs-
tacles. A higher ventilation rate may finally cause
lung diseases. Job rotation can reduce individual ex-
posures but may increase the collective exposure.

Recommendations must be drawn up for the operators,
so that they should consider these various aspects.
They must also be made aware that the distribution of
individual exposure levels being very large it is
unappropriate to specify a protection policy without
making simultaneous allowance for both individual and
collective requirements -

Future recommendations must also consider that a
policy of reducing exposures to a level considered as
optimum must be implemented at two different stages.

The first stage precedes the opening of the mine.
It consists in the choice of the mining method and a
preliminary determination of the arrangements to be
adopted to ensure collective and individual protec-
tion for the workers. As regards mining methods, the
operatoi may have to choose between underground and
open-pit mining. Open-pit mining ensures exposure
levels significantly lower, but may present drawkacks
from the profitability point of view according to the
caracteristics of the location and the ore body. The
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preliminary choice of Che methods to be adopted is
made in the light of doubtful data obtained from
theoretical knowledge or a necessarily limited number
of test borings.

The second stage concerns the mine operation. At
this stage the models used during the previous stage
can be improved with the help of actual field para-
meters. As the mine operation progresses, the opera-
tors must be uware of the need for constant readjus-
tment of the arrangements taken to maintain protection
at an optimum level. Actions must be undertaken day by
day, especially to prevent deterioration of the clea-
ning systems, month by month for maintenance of the
quality of primary ventilation, and on a longer-Lsrm
basis in the light of the experience gained.

Limitation of individual exposures

As stated above (Cf. Limitation of individual
exposures and Secondary and derived limits) the va-
rious primary, secondary and derived limits have been
recommended in Publications 26, 30 and 32.

The combination formula can be expressed as :

HE,
0.05

Rn
0.02

Tn
0.06

where

t, ext is the annual effective dose equivalent due
to external exposure, expressed in Sv

Rn

Tn

Th

222is the annual intake by inhalation of
daughters, expressed in joules ; , „
is the annual intake by inhalation of " Rn
daughters, expressed in joules ;
is the annual intake by inhalation of uranium
ore dust expressed in Bq ;
is the ?->" )̂ intake by inhalation of thorium
ore dust expi-ssed in Bq.

The numerator values correspond, respectively, to
the annual effective dose equivalent limit, to the
ALIsjnt,diat£on for radon and thoron daughters, and to
the ALIs^nnala t^on for mixtures o£ nuclides present
in the uranium and thorium ore dusts. The latter were
calculated according to the formula used in Publica-
tion 24 (Cf. A brief reminder of the contents of
Publication 24), but taking the ALIs for the various
nuclides assumed to be in their most insoluble form.

Consequently a revision of Publication 24 will
have to consider the whole of these new limits and
give recommendations governing the use of reference
levels making i t possible to remedy any exceptional
or progressively deteriorating situation in time.

Monitoring

The recommendations that can be made on monitoring
must be in keeping with the general principles con-
tained in Publication 35. Apart from enabling to check
compliance with regulations, the monitoring must allow
a permanent follow up of the evolution of the opera-
tion in order to verify the effectiveness of Lhe
measures adopted or to start preventive actions in
the t/ent of deterioration.

Considerable progress has been made in the develop-
ment of personal dosimeters. Devices now exist a l lo-
wing monthly measurements of the exposure to gamma

radiation, to the alpha potential energy of radon
and thoron daughters, and to ore dusts. Their use
must therefore be strongly recommended, especially
for miners liable to be exposed to levels exceeding
JL of the annual limit ("A" working conditions). Area
monitoring, however, may be used as an indirect means
of assessing individual exposures, especially where
the use of individual monitors brings too heavy res-
traints.

Monitoring of the physical environment is a prime
necessity because of the changing nature of operations.
It must enable primary and secondary ventilation to
be constantly of the required standard : in this
respect, a centralized network for the continuous
measurement of radon concentrations at strategic
points on the ventilation system may prove highly
efficient.

Special importance must also be assigned to
medical surveillance of the miners : radiation
hazards are added to the usual hazards whose conse-
quences have long been known, and such habits as
heavy smoking are likely to aggravate matters.

CONCLUSION

The l e v e l s of exposures to which miners are sub-
j e c t e d , p a r t i c u l a r l y in uranium mines, a re such as
to warrant s p e c i a l a t t en t ion to p r o t e c t i o n problems.
The ICRP must the re fore update i t s recommendations
given in Pub l i ca t ion 24 so that the re levan t national
a u t h o r i t i e s and the mine operators can make the neces-
sary adjustments in che rules and p r a c t i c e s in force .

REFERENCES

[1] ICRP - Recommendations ot the I n t e r n a t i o n a l Commis-
sion on Radiological Protect ion - ICRP Publicat ion
26 - Fergamon Press , Oxford (1977).

[2] ICRP - Statement from the 1978 Stockholm Meeting
of the ICRP - Psrgamon Press - Ann. ICRP, 2, n° 1,
1978.

[3] ICRP - Statement from the 1980 Brighton Meeting of
the ICRP - Pergaraon Press - Ann. ICRP, 24, n° 3/4,
(!980) .

[<4] ICRP - Cos t -benef i t Analysis in the Optimization of
Radiation Pro tec t ion - ICRi; Pub l ica t ion 37 - Per-
gamon P re s s , Oxford (1983).

[5] ICRP - Limits for Intakes of Radionuclides by
Workers - ICRP Publicat ion 30 - Pergamon Press,
Oxford (1979, 1980, 1981).

[6] ICRP - Limits of Inhalat ion of Radon Daughters by
Workers - ICRP Publ icat ion 32 - Pergamon Press,
Oxford (1932) .

[7] ICRP - General Pr inc ip les of Monitoring for Radia-
t ion P ro tec t ion of Workers - ICRP Publ ica t ion 35 -
Pergamon P re s s , Oxford (1982).



16 IAMMET, ET AL

DISCUSSION

Question (Bates): Does ICRP consider the
possibility of recommending a maximal lifetime
exposure in WLM? One possible preventive strategy
is similar to that being used for coal dust; after
some level of cumulative dose has occurred, the
worker can be given a good pension but he required
to leave exposure. This might make good sense,
but I do not know whether ICRP considers that such
possibilities fall within its mandate.

grade ore by conventional underground mining
techniques might not be acceptable, even if
radiation protection is optimized and the dose
limits are respected, if, for example, the full
dose limit was to be received in a short time such
as a week. In such a case, I suggest that the
practice would not be justified if conventional
mining techniques were to be used and that a
better alternative approach would be required
be:~ore the practice could be justified* Would you
comment?

Answer: As I am not a member of ICRP, I am not in
a position to answer this question properly.
Professor W. JACOBI, as a member of the Main
Commission of ICRP, indicated that the possibility
of recommending a lifetime dose limit is under
discussion.

Question (Bush): With respect to the addition of
risks from radon daughters, gamma radiation, etc.,
the ICRP recommends that:

gamma dose/50mSv + radon daughter intake/0.02J +
... be less than or equal to unity.

In deriving the intake limit of 0.02 Ja"1, the
weighted dose equivalent to the bronchial tissues
was calculated; then the limit derived therefrom
was adjusted by comparison with the limits derived
from epidemiological studies which inherently
included exposure to gamma radiation, ore dust,
etc., in addition to radon daughters.
Consequently, some amount of gamma exposure is
implicit in the 0.02 J value, and to add an
unadjusted term for gamma radiation results in the
counting of the same gamma dose more than once.
It follows that the amount of gamma radiation
included implicitly in the 0.02 J limit should be
subtracted from the gamma radiation term. Could
you comment?

Answer: In the system of Dose Limitation
recommended by the ICRP, the principle of
justification is the one that has received least
attention from the viewpoint of its application.
It is however generally considered that the
justification principle does not apply to uranium
mining per se but to the whole nuclear fuel cycle.
The balance between advantages and drawbacks,
taking account of, among other factors, health,
social, economic and political criteria, must be
made only within the framework of an overall view
of energy production; once the use of nuclear
energy is shown to be justified, uranium mining is
automatically justified since it is an essential
operation of the fuel cycle. The question, as it
is put, appears to relate more to the optimization
principle; a proper optimization procedure has to
be examined, in which the limitation of individual
doses is a constraint and in which all the
possible mining techniques are to be considered.

Answer: The annual limit of 0.02 J was adopted by
the ICRP after consideration of the results
obtained by the epidemiological approach and by
the dosimetric approach. Data provided in ICRP
Publication 32 indicate that the epidemiological
approach would yield an annual limit of 0.0075 J
to 0.023 J whereas the dosimetric approach would
give a range of 0.020 J to 0.059 J. The epidemio-
logical approach includes, among other factors,
the gamma-ray exposure but the dosimetric approach
does not. The annual limit of 0.02 J adopted by
the ICRP lies in the area where the results
obtained with the two approaches overlap.
Professor W. JACOBI commented that, although it is
true that the limit of 0.02 J includes a component
due to the gamma-ray exposure, the contribution of
this component is in fact relatively small.

Question (Bush): I question the statement that
uranium mining has been automatically justified by
the justification of nuclear power, and suggest
that each mining operation should be justified
individually. For example, the mining of high
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ABSTRACT

All epidemiological studies on radiation-induced
lung cancer indicate that the observed age distrib-
ution of lung cancer rate is similar to the expected
rate without radiation. On the basis of this general
finding a proportional hazard model for the age-spe-
cific lung cancer rate as function of Rn-exposure is
set up. The promoting influence of smoking is taken
into account, using the observed correlations be-
tween smokers and nonsmokers in the general popul-
ation.

The derived relationships between lung cancer
frequency, exposure, age and followup-time agree
rather well with the observed data for uranium mi-
ners. The model enables a prediction of lifetime
lung cancer risk for different occupational exposure
conditions.

INTRODUCTION

At the last International Conference on Radiation
Hazards in Mining one of the authors has outlined
the concept for the assessment of occupational li-
mits for inhaled radon daughters which was applied
in the recommendation of the ICRP/1,2/. The decision
on these recommended limits was based on a compar-
ison of two different types of approaches for the
estimation of the associated lung cancer risk: (1)
The so-called "dosimetric approach" which proceeded
from the improved dosimetric lung models for inhaled
radon daughters; and (2) the more direct "epidemio-
logical approach" which used the data on the excess
lung cancer frequency among uranium miners. Assuming
a proportional relationship between dose or expos-
ure, respectively, and the committed excess risk of
lung cancer the risk coefficients, derived from
these two models, differed in the average by a
factor of 2-3 111.

In both approaches an absolute risk concept was
used. This means that only the excess risk was con-
sidered, assuming no correlation with the strongly
age-dependent rate of the normal lung cancer fre-
quency. A similar concept was followed in the re
ports of UNSCEAR /3/ and of the BEIR-Committee HI.
To estimate the lifetime risk on the basis of this
simplifying absolute risk concept assumptions have
to be made which cannot be examined empirically.

tt seems therefore worthwhile to look for other
empirical models which can yield a relationship be-
tween the exposure pattern and the associated dis-
tribution of the lung cancer rate as function of
time, taking into account the influence of other
variables, like age, and concomitant factors, like
smoking. In this context one should have in mind

that the age specific lung cancer rate in our popul-
ation increases strongly whith age, roughly with the
6th power of age up to 70 years. This age dependency
reflects mainly the kinetics of the processes during
the latency period which determine the development
and promotion of lung tumors. If we regard ionizing
radiation as an initiator for the formation of po-
tential malignant cells in the lungs a similiar time
or age pattern should be expected.

This suggests an assessment of the radiation-in-
duced lung cancer risk on the basis of a relative
risk concept. We have used a proportional hazard
model for the estimation of the lung cancer risk of
populations from indoor exposure to radon daughters;
the preliminary results were published recently 151.
In this context we examined also the compatibility
of this model with the epidemiological findings
among the uranium miners in the CSSR and USA. In the
following the results and conclusions of this study
are outlined and compared with the previously men-
tioned absolute risk models.

THE PROPORTIONAL HAZARD MODEL

The epidemiological studies on lung cancer among
Rn-exposed uranium miners as well as among the
Y-irradiated atomic bomb survivors agree in the
following finding:

The latency period distribution of radiation-in-
duced lung cancer is similar to the age-adjusted
distribution of the normal lung cancer rate in
comparable non-exposed populations.

This general empirical finding forms the basis for
at: assessment of the additional lung cancer rate,
associated with radiation, by means of a relative
risk concept. The same conclusion follows from the
results of experimental studies with Rn-exposed rats
161.

In our study we used a proportional hazard model.
It proceeds from the assumption that irradiation
leads after a minimum latency period to an increment
AV* of the age-specific lung cancer rate in the
subsequent lifetime which is proportional to the
normal rate \ expected at this age t without ra-
diation: A\*<t> = \*-\ - \<t>.
The hazard rate \ gives the probability per unit
time to die from lung cancer, having reached the
considered age t.

The epidemiological studies among Rn-exposed
miners furthermore indicate that up to exposure
levels of several hundred WLH the increase of the
excess lung cancer frequency with cumulated exposure
E can be fitted rather well by a proportional rela-
tionship. Combining these two empirical findings it
follows for the radiation-induced increment
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(la) AX*<t,E> = rx E<t-t> X<t> C5) o= k0 t«

and for the total rate:

(lb) X*<t,E> = X<t> E<t-T>l

The minimum latency period T between irradia-
tion and death by lung cancer is in the range of a
few years; in our calculation a value x = 5 a was
inserted. The relative risk coefficient r^ =
AX* /XE in this equation defines the relative
increment of the age-specific lung cancer rate per
unit of exposure. In the later comparison with epi-
demiological data it is regarded as a variable, but
age-independent parameter; a reduction at high ex-
posure levels due to cell killing was not taken into
account.

From the age-specific rate X* given by equa-
tion (1) the cumulated total frequency or risk of
lung cancer for different exposure patterns can be
derived. For a group of miners with an age te at
start of occupational En-exposure the total lung
cancer risk R during a followup-period Tf fol-
lows from the integral

(2) R <T
f,E

t +e
J
t

p <t ,t> X <t,E> dt

where

(3) p <te,t> = exp [-J [A<t> + X*<t, E>)dt]

is the survival probability from age te until age
t. Here A defines the age specific death rate from
all causes except lung cancer which can be deter-
mined from lifetime tables for different values of
the life-expectancy L.

From eq. (2) and (3) the excess lung cancer risk
AR* - R*<E> - R<E=o> can be evaluated. At low
exposures where the reduction of the survival proba-
bility by the excess lung cancer rate is small
(p* = p), it follows:

(4) AR <T.,E> J
t

p<t X<t> E<t> dt

The corresponding ewess lifetime risk of lung can-
cer results for Tf -» oo.

Summarizing the proportional hazard model enables
in a rather simple way the assessment of the lung
cancer risk, associated with occupational Rn-ex-
posure of miners, as function of exposure and age,
if the relative risk factor r^ and the normal
age specific lung cancer rate X is known.

Values of X<t> for male populations in differ-
ent areas of the world are compiled in several re-
; .cis of international Institutions /7,8/. These
data refer to mixed populations of smokers and non-
smokers. The available, epidemiological data for
nonsmokers /9, 10, 11/ indicate an age specific lung
cancer rate which can be approximated by a Weibull
^unction

with ka = 4C2) lu"'
rj a'1 for males. For smokers a

correction factor has to be introduced, which is
discussed in the following section.

THE INFLUENCE OF SMOKING

Among the study groups of U-miners in the CSSR
and USA about 70 percent of the miners were ciga-
rette smokers, with an average smoking rate of about
20 cigarettes per day. The observed number of lung
cancer deaths, therefore, refers mainly to smoking
miners. The US-data indicate a cocarcinogenic or
promoting influence of smoking. For the Czech' mi-
ners who died from lung cancer no smoking histories
are available. In any case in all these epidemiolo-
gical surveys among Rn-exposed niners, including the
smaller groups of metal and iron-ore miners in
Sweden, the number of lung cancer cases among non-
smokers is too small to allow a quantitative, re
liable estimate of this cocarcinogenic of promoting
factor of smoking /12/.

It seems, therefore, more reasonable to judge the
influence of smoking on the basis of correlations
between smoking and lung cancer as they result from
epidemiological studies among the general popul-
ation. These studies clearly indicate an amplifi-
cation or promotion of the age-specific lung cancer
rate by smoking. Compared with the rate X o for
nonsmokers, the rate for chronic smokers (index s )
can be expressed by the general relationship:

(6) xs<t> = xo<t> n + ss<t>]

From the four larger comparative studies between
smokers and nonsmokers follows that the smoking
factor S s in this equation increases with smoking
rate and reaches for chronic smokers an equilibrium
value which is roughly proportional to their mean
cigarette consumption rate cs : Sg = a?cs /13/;
from these studies as best estimate' a smoking risk
coefficient as = 0,7 (±0,2) per cigarette/day
can be derived. Taking into account a mean smoking
rate cs = 20 cigarettes/day, as it seems represen-
tative for the smoking fraction of the U-miners in
the CSSR- and US-study, it would result an equili-
brium smoking factor Ss = 14 (±4).

The question arises whether this factor is due to
the initiating carcinogenic action or the the tu-
mour-promoting influence of tobacco smoke. Several
studies have shown that after stop of smoking the
lung cancer rate among exsmokers approaches rather
rapidly the age- adjusted rate of nonsmokers /ll,
13/. This means that the damage of the bronchial
epithelium caused by smoking can be repaired rather
efficiently after stopping smoking This explains
also the above mentioned observation that the smo-
king factor Ss depends on the smoking rate but not
on the cumulative number of cigarettes.

It follows from these findings that the mode of
action of smoking on the development of lung cancer
is obviously different from that of radiation. In
accordance with animal experiments it leads to the
conclusion that the direct carcinogenic effect of
tobacco smoke is rather small compared with its pro-
moting influence /12/. Probably this promoting ac-
tion is connected with the non-specific effects of
smoking on the bronchial epithelium. If we regard



1 PLENARY SESSION 19

ionizing radiation mainly as an initiating carcino-
genic agent, smoking should have the same promoting
influence like in the case of other init iat ing
agents which are responsible for lung cancer in our
population. This conclusion is supported by the ob-
servation that the histological types of tumors are
the same.

Combining the empirical relationships on the car-
cinogenic effect of radiation (see eq. 1) and on the
promoting influence of smoking (see eq. 6) i t re
suits an age-specific lung rate

( 7 )

• V 1 V
for Rn-exposed smokers, with Ss ~ cs. A simi-
lar relationship has been derived by Whittemore et
al. /14/ from an internal correlation analysis of
the lung cancer cases among the US-uranium miners.
It fits also to the results of experiments with
Rn-exposed rats which inhaled tobacco smoke after
irradiation /15/. The synergistic or promoting in-
fluence of smoking is described by the multipli-
cative term (Ssr\E) in this equation. From
this relationship follows that the ratios \ /\
and A\*/\ which determine the relative radiat-
ion risk, should be equal for smokers and nonsmokers.

For a mixed group of Rn- exposed nonsmokers and
smokers follows the age-specific lung cancer rate

(8) \*= X

age zero which seems to be an appropriate value for
the nonsmoking miners involved in these epidemiolo-
gical studies.

In both groups of miners about 70 percent were
smokers (fs =±0.7). "he smoking habits of the US-
miners indicate a mean smoking rate cs = 20 ci-
garettes per day. Taking into account a smoking risk
coefficient as - 0.7 (to.2) per cigarette/day,
as it follows as best estimate from the comparative
studies on lung cancer among smokers and nonsmokers,
this yields a mean value of the smoking factor Ss

= ascs = 14 (±4) for smokers and of S =
fsSs « 10 U 3 ) for the total group. For the
Czech" miners the same promoting factor was used in
the calculation. The survival function p of smok-
ing miners was calculated from eq. 3, taking into
account the enhanced rate of lung cancer given by
eq. 6 and an empirical correction factor for other
smoking-related causes of death, particularly from
ischaemic heart diseases.

In the model calculation for these two epidemio-
logical study groups an exposure period Tg = 10
years was inserted, which is in accordance with the
mean underground working period of these miners.
Taking into account that most of these miners re-
ceived the main fraction of their Rn-exposure during
the first years, the choice of this parameter has
little influence on the results.

Exposure-Risk Relationship. In figures 1 and 2 the
observed increase of lung cancer frequency with Rn-
daughter exposure among the uranium miners in the
CSSR and USA is plotted. The Czech1 data (fig. 1)
refer to the period 1948-75 and show the excess fre
quency /16/. In the case of the US-miners (fig. 2)
the lung cancer frequency is given; it was derived
from the observed number of lung cancer cases in
each exposure cohort during the period 1950-78 /14/.

where fs is the relative fraction of smokers.

Inserting this relationship in eq. (2) the total
lung cancer frequency R* and the excess frequency
AR*, associated with Rn-exposure, can be eva-
luated ss function of exposure and followup-period.
In the following the results of this generalized
proportional hazard model are compared with the
epidemiological data for Rn-exposed uranium miners-

COMPARISON WITH EPIDEMIOLOGICAL DATA FROM URANIUM
MINERS

On the basis of the described proportional hazard
model the lung cancer frequency among the uranium
miners in the CSSR and USA was calcula^ad, taking
into account the Rn-exposure, the age distribution
at start of mining and the variation of followup in
these two epidemiological study groups. The calcu-
lated values are compared with the observed lung
cancer frequencies among these miners to check the
applicability of this model. From this comparison
finally a best estimate of the relative risk coeffi-
cient r\ can be derived which determines the ra-
diation-induced increment AX* of the age-speci-
fic lung cancer rate.

Input Parameters. For nonsmokers a normal age-speci-
fic lung cancer rate \ 0 was assumed as it is
given by the empirical formula in eq. 5 with kc =
4.1O~1S a"7. Their survival function po was
normalized to a life e:tpectancy Lo = 70 years at
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Fig. 1. Observed excess lung cancer frequency among
the CSSR-uranium miners (1948-75) as function of
their cumulative exposure; comparison with the cal-
culated exposure-risk relationship (dotted lines)
resulting from the proportional hazard mndel (para-
meter: Relative risk coefficient t-̂ )
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Fig. 2. Observed lung cancer frequency among the
US-uranium miners (1950-78) as function of their cu-
mulative exposure, compared with the exposure-risk
relationship calculated from the proportional hazard
model for different values of r^ (dotted lines)

The dotted lines in both figures give the calcu-
lated exposure-risk relationships for different
values of the relative risk coefficient r^ as
they follow from the proportional hazard model for
the considered followup period of those miners. It
should be noted that this model proceeds from a
linear relationship A\*/\ = r\E between
exposure E and the radiation-induced increment
AX* of the age-specific lung cancer rate. In
accordance with the epidemiological results the
calculated curves for the cumulated frequency show a
downward curvature at high exposure levels. This
shape follows from the reduction of the survival
probability with increasing lung cancer frequency.
Obviously only at extremely high levels above
1000-2000 WLM to which some groups of the US-miners
were exposed, the additional influence of cell
killing may be of importance; this conclusion is
supported by the results of animal experiments Ibl.

From the comparison of observed and calculated
exposure-risk relationships given in figures 1 and 2
the relative risk coefficient r\ can be derived
(see eq. 1). It results as best estimate a value
v\ = 0.015 (i0.005) WLH"1 for the CSSR-miners
and r\ = 0.007 (±0.003) WUT 1 for the US-mi-
ners, which differ by a factor of about two. In
brackets the probable error of these best estimates
is given as it should be expected from the statisti-
cal uncertainty of the epidemiological data.

The preliminary results of the epidemiological
study among the uranium miners in Ontario/Canada
/17/ indicate also a value of r\ in the range
0.01-0,02 WLM""1. Giving these studies an equal
weight it results a mean relative risk coefficient
r\ - 0.012 (±0.006) WLH"1 for the radiation-
induced increment of the age-specific lung cancer
rate.

Variation with Age and Time after Start of Mining•
Another possibility to proof the applicability of
this proportional hazard model is a comparison of
the observed and calculated cumulated number of lung
cancer deaths among these miners as function of time
after start of uranium mining- Figure 3 shows this
comparison for the US miners for the observation
period until 1978.
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Fig. 3. Cumulated number of observed and expected
lung cancer cases among the US-U miners (1950-78) as
function of time after start of mining. Comparison
of epidemiological data (points) with the calculated
curves (closed lines), derived from the proportional
hazard model for r\ = 0.007 WLM"1.

The points in this figure give the number of ob-
served and expected cases, respectively, in this
epidemiological study /IB/; The closed lines show
the calculated number of lung cancer deaths result-
ing from the proportional hazard model with r]^ =
0.007 WLM"1. These theoretical curves agree well
with the epidemiological data.

The epidemiological studies among A- bomb survi-
vors and Rn- exposed miners indicate an increasing
excess lung cancer frequency per unit dose or expos-
ure with increasing age at time of exposure. To ex-
plain this age dependency in a recently published
NCRP-report /19/ the assumption has been made that
the excess rate decreases with a biological half-
life of 20 years due to repair, cell death or unspe-
cified mechanisms; however, no radiobiological proof
for this hypothesis can be given.

The proportional hazard model yields a simple ex-
planation of the observed age dependency. Due to the
strong increase of the lung cancer appearance rate
with age the mean latency period decreases with age
at time of exposure. Therefore, the cummulated lung
cancer ri'.fc depends strongly on the length of the
followup-jer.od. For example in the epidemiological
study among the CSSR-miners up to 1975 the average
followup-period was 26 years. This means that miners
in the younger age group at start of mining have
passed during this followup-period only the initial
part of the latency period distribution, whereas the
oldest age group (>40 years at start of mining) has
nearly reached the total lifetime risk. The describ-
ed proportional hazard model yields an age dependen-
cy which is consistent with the epidemiological
findings without additional assumptions.
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RISK PREDICTIONS FOR RADON- EXPOSED MINERS

The previous analysis has shown that the present-
ed proportional hazard model enables a quantitative
description of the essential epidemiological find-
ings among Rn-exposed uranium miners. This consist-
ency encourages the application of this model for
the predicition of the lung cancer risk under dif-
ferent exposure conditions; particularly this model
allows an estimate of the lifetime risk without
further assumptions. In the following some results
are presented; they refer to a chronic occupational
exposure at a constant annual rate (< S WLH/year)
over the whole working life from age 20 to 60. For
the calculation a relative risk coefficient rĵ  -
0.012 WLM"1 was inserted, which follows as mean
value from the previous analysis.

Figure A shows the resulting absolute lifetime
risk per unit of exposure (left ordinate) or poten-
tial energy inhaled (right ordinate) as function of
the smoking factor S3 » as^s> t h e curves
refer to different values of the life expectancy
Lo (at age zero) for nonsmokers. An increase of
this life expectancy fr->m 70 to 75 years causes an
'.ncrease of this absolute risk coefficient by a fac-
tor of about 1.5, independent of smoking habits.

mixed mining population with nearly equal fractions
of nonsmokers and smokers this synergistic factor
should be in the range of about three.

For comparison in figure 4 also the lifetime risk
estimates are plotted which have been derived on the
basis of absolute risk models. As expected, the re-
sult of the dosimetric approach 121 seems to be ap-
propriate for nonsmokers. The epidemiological ap-
proach 12, 3/ covers a range which is in accordance
with the prediction of the proportional hazard model
for mixed mining populations of nonsmokers and smo-
kers. However, this model yields higher individual-
related risks for strong smokers if the life expect-
ancy Lo (ns) exceeds 70 years.

For the judgement of these absolute risk values a
comparison with the normal lung cancer frequency
seems to be appropriate. Figure 5 shows the result-
ing relative lifetime risk increment AR*/RE per
unit of exposure, as it follows from the propor-
tional hazard model for a chronic occupational ex-
posure at different annual exposure rates. This
relative risk decreases slowly with increasing ex-
posure and smoking rate, due to the associated re
duction of survival probability and life expectancy.
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Fig. 4. Estimated absolute lifetime risk of lung
cancer per unit of exposure (left ordinate) or
inhaled potential a energy (right ordinate) for
chronic occupational exposure. Comparison of the
proportional hazard model with estimates, based on
an absolute risk concept.

The promoting influence of smoking leads to an
increase of this absolute risk. For chronic strong
smokers (Ss > 15 : cs > 15 cigarettes/ day) an
absolute risk factor should be expected which is
about a factor 5 higher than for nonsmokers. For a

Fig. 5. Relative increment of normal lung cancer
frequency per unit of exposure; estimated variation
with smoking and exposure rate.

This variation is, however, small compared with
the uncertainty of the input parameters of this
model, particularly of the value for r\. A lung
cancer risk increment of 1 percent per WLH, related
to the normal lung cancer frequency, seems to be a
reasonable mean value for chronic occupational ex-
posure to 222Hn_aaUgj,ters under the exposure con-
ditions of present mining populations.
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FINAL REMARKS

In the past most risk estimates for radiation-in-
duced lung cancer were based on an absolute risk
concept. For this purpose simplifiying assumptions
on the tumor appearance rate have to be made which
disregard the influence of other factors.

However, carcinogenesis is a stochastic, mul-
tiple-step process caused and influenced by dif-
ferent initiating and promoting factors, including
disposition and age. This is particularly valid for
lung cancer, or more specifically for bronchial can-
cer. Ionizing radiation is only one of these fac-
tors, acting probably mainly as an initiator at low
dose levels. This explains the finding why the rela-
tive age-dependency of tumor appearance rate after
irradiation does not significantly differ from the
lung cancer rate observed in the general population;
the same similarity is valid with respect to the
histological types of lung tumors.

Therefore, in the case of radiation-induced lung
cancer a relative risk concept might be more appro-
priate than the previously used absolute risk mo-
dels. The proportional hazard model described in
this paper supports this suggestion. In the future
we should aim at a further development and improve-
ment of such relative risk models. Possibly such
models yield also a better and more realistic
scientific basis for the setting of exposure limits
for inhalation of radon daughters by workers.
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DISCUSSION

Question (Chanbers): You referred to differences
between cigarette smoking and radiation exposure;
namely, if you remove someone from cigarette
exposure, the excess risk diminishes with time,
whereas for radiation, the excess risk continues.
Is it not possible that the plateau of risk (i.e.,
period of excess risk) could also diminish with
time after removal from exposure?

Granted that mechanisms leading to cell damage are
different, but once a damaged cell is created, why
would normal repair/renewal not occur?

Answer: There is no reason such a phenomenon
could not occur hut we do not have any data, at
least at this time. In any case such a repair
effect should lead to a reduction of the relative
risk with increasing time after exposure. The
data for the Colorado miners show, however, that
the ratio of the cumulative number of observed
lung cancer cases to the corresponding number of
expected cases seems to be rather constant up to
40 years after start of exposure (see Fig. 3).

Question (Dory): All previous epidemiological
studies used exposure data based on a
retrospective estimation of working environment
quality. It is assumed that, since the risks per
unit of exposure determined by these studies are
comparable, they should be reasonably accurate.

However, very few individuals were involved in
deriving these estimates and they kept in close
contact with one another, which might have
resulted in the same biases appearing In all the
studies. This may have been the reason for the
agreement on risk estimation.

Answer: With respect to the two major studies,
the study among the Colorado miners and the study
among the Czechoslovakian miners, there was surely
no close contact between the involved scientists.
These studies were carried out independently and
nearly simultaneously. And I'm sure also that the
study among the Ontario miners is being prepared
in the best objective manner. We should also have
in mind that all these studies are very critically
reviewed by other competent experts. In my
opinion there is no indication of the supposition
expressed in your question.

Answer: It is clearly pointed out in ICRP Publ.32
that the risk factor derived from the epidemio-
logical approach includes the excess lung cancer
risk from external gamma radiation and from thoron
daughters in mines, and also takes into account
the possible co-carcinogenic or synergistic
Influences of non-radioactive materials. Thus the
real risk from inhaled 222Ra daughters alone
might be lower. However, in most of the epidemio-
logical studies among miners, the contribution
from thoron daughters and gamma radiation to the
lung cancer risk seems to be rather small. One
exception might be the Elliot Lake miners where
the contribution from thoron daughters might be of
some significance. However these corrections are
small compared with uncertainties of the exposure
estimates involved in these studies.

Question (Chakravatti): I refer to Dr. D.V.
Bates' remark earlier in the morning that Dr.
Carter (Australia) has pointed out in his paper
that it is unfortunate that the radon daughter
exposure limit, applicable to uranium miners, is
the only one in the fuel cycle that has had to be
derived from epidemiology. A similar capricious
statement was made at the specialist meeting of
the NEA held in Elliot Lake (1976).

Isn't it true that the ICRP has used
epidemiologic data from Japanese A-bomb survivors,
X-ray users, radium dial painters, etc. (including
those of Curie's personal experiences), in
deriving protection limits for all facets of
nuclear energy activity?

Answer: Yes! All basic recommendations by the
ICRP for radiation protection limits are based on
epidemiologic evidence. The reference values for
the risk factors given in ICRP Publ.26 were set on
the basis of the conclusions which were drawn in
the UNSCEAR report (1977) from a critical review
of the available epidemiological studies on
radiation-induced lung cancer in various body
tissues. These risk factors are usually given as
the committed lifetime risk per unit dose
equivalent. In the special case of
222Ra-daughters, we can directly derive a risk
factor per unit of exposure (WLM). This direct
"epidemiological" approach has the advantage that
it requires no additional step for the estimation
of the relationship between lung dose and
exposure•

Question (Dory): The epidemiological approach,
from which the risk per unit of exposure is
derived, includes the risk not only from part of
the external exposure, but also from the full
effect of thoron daughters, in some studies, and
from ore dust in all cases, as *.jll as from other
carcinogens in the mine atmosphere. Therefore,
the effective dose equivalent approach presents
some difficulty.

Question (Ginevan): Dr. Alice Whittemore has
obtained a proportional hazard coefficient of 0.3%
per WLM from the U.S. miners' data, which is about
one-half of your estimate. Her study also showed,
however, that the value of the risk coefficient
obtained is quite sensitive to the assumptions
incorporated in one's model. Probably, the most
important aspect of this sensitivity is the
underlying lung cancer hazard function assumed for
the "at risk" population (age-specific death
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rates) which is difficult to estimate. How should
this sensitivity be taken into account? Should we
assume a reference population, or should we set
regulations in terras of risk, thus allowing
different exposures for different populations?

Answer: Dr. Whittemore derived this risk
coefficient of 0.3% per WLM from an internal
correlation analysis of this group of miners. In
our study we estimated this value by a comparison
with a control population of the same age
distribution and similar smoking habits as that of
these miners. This is probably one reason for
the difference. In addition you should take into
account that our value refers to the lower
exposure groups. See Fig. 2 of my paper. For the
higher exposure groups, there results a value in
the range of 0.3 - 0.5 % per WLM. Taking into
account the stat is t ical error, this agrees rather
will with Alice Whitteraore's estimate.

With respect to the second question you raised,
i t seems, in my opinion, reasonable to define for
regulatory purposes a reference value or a
reference population. For the lat ter case, it
seems reasonable to proceed from the age-specific
lung cancer mortality rates observed in different
countries. We have made such individual- and
population-related risk assessments from inhaled
radon daughters. The results will be published
next year in a report of an ICRP Task Group.

Question (Bernstein): In 1980 (J. Nat. Cancer
Ins t . ) , Day and Brown made a distinction between
the probable benefits that individuals and
populations would gain from cessation of exposure
to a late-acting or transient carcinogen (e.g.,
cigarette smoke) and the lesser likelihood of a
benefit to be gained by those exposed to early-
acting and persistent carcinogens (e.g.,
asbestos). In 1984 (Radiation Carcinogenesis),
Day suggested that alpha radiation from the decay
of radon and thoron gases may exert i ts
carcinogenic action on the bronchial epithelium in
a manner which is more like that of cigarette
smoke (late—acting, non-persistent or short-acting
because of short half-life) than like those of
asbestos and of other sources of longer-lived
ionizing radiation. In both of the above
publications, the authors have expressed a
preference for "primary" prevention of risk by
elimination or str ict control of exposure; but,
they have also noted that for previously exposed
individuals, "secondary" prevention by cessation
of exposure is likely to provide benefits for
radon-exposed miners which would not be realized
by asbestos-exposed workers and by workers exposed
to other sources of ionizing radiation.

Considering the above discussion, do you
believe that i t would be appropriate to establish
a policy of lifetime limitation on exposure to
radon and thoron decay products with medical
removal protection and retention of pay at a level
of about 40 WLM (cumulative) as suggested in NCRP
No. 78 (1984)?

Answer: The epidemiological data indicate that
the lifetime lung cancer risk of radon exposed
miners depends on their cumulative exposure as a
function of age. From this scientific standpoint
i t seems reasonable to consider a policy which
limits this cumulative exposure as a function of
age. However, for the practical application we
need, in my opinion, in addition, an annual
exposure limit.

With respect to these limits we should clearly
distinguish between primary limits and authorized
limits. The primary limit of 4 WLM per year for
radon daughters recommended by ICRP defines the
lower boundary of a forbidden exposure region; i t
should not be interpreted as a maximum permissible
level as is often done. In addition the ALARA
principle should be taken into account. This may
lead to authorized limits below the primary limit.
The assessment of such authorized limits depends
on the mining situation and on the reasonably
achievable protection measures.

In the NCKP report No.78, no lifetime limit of
40 WLM is recommended. It is only mentioned that
this level would be reached, taking into account
the annual limit of 4 WLM/year and an average
underground working period of 10 years, which
follows from the studies of the uranium miners in
Colorado in t. past. Thus this value might
represent an average lifetime limit, averaged
over al l these workers. But i t cannot be
interpreted as a lifetime limit for an
individual miner, taking into account the
variation of working periods in such mines.
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lnt roduct ion

The very existence of this conference and its
title raises the basic question: "Is the uranium
nining industry a 'safe' industry in terms of the
radiation exposure LO its workers ?" Here 1 am
using the term "safe in relation to the risk to
workers in a "safe" non-nuclear industry. Let me
be more specific. I am only referring to the
radiation risks of mining and not to the other
hazards associated with working underground. The
quest ion of radiation safety does not have a simple
answer. While theoretical analyses and animal ex-
periment: at ion offer some insight into the nature of
the potential hazards we must ult imately fall back
on human experience to guide us to the answer.

Historical perspective

The fi rst large-scale uranium mines which ope-
rated during the 1950s and early 60s used the
mining technology available at the t ime. While
everyone was conscious of general radiation protec-
tion principles there was no regulatory 1imit on
exposure to the daughter products of radon gas in
the mines. We know that miners accumulated expo-
sures to radon daughters which were ten to one
hundred times higher than are permitted under to-
day's standards. In the early sixties excess lung
cancers were start ing to appear among uranium
miners. In 1967, a regulatory limit of 12 WLM/year
was established in the uranium mining industry.
With the passage of time it became possible to
estimate the incidence of lung cancer in former
uranium miners. The year 1971 saw the somewhat
arbitrary introduction of 4 WLM/year as the maximum
permissable exposure limit to radon daughter pro-
ducts. This regulatory limit is still in use today.

Today's situation

In the light of these changes in regulatory
limits and the introduction of changes in mining
methods and radiation control techniques. The
original quest ion asked should be rephrased: "Is
the present uranium industry a safe industry in
terms of the radiation expos"re to its workers ?"
In other words, will today's uranium miners working
under a h WLM/year regime still exhibit excess
cases of lung cancer 10 to 20 years hence °

Our experience gives us some insight into this
quest ion. Careful evaluation of the epidemiolo-
gical data for the early Czech and U.S. uranium
rriners shows that there were no statistically signi-
ficant excess lung cancers below a total working
life exposure of 120 WLM. A present diy miner who
works underground for 30 years exposed each year to
the regulatory limit of 4 WLM/year would accumulate
120 WLM during his working life. Based on the
above noted ep idemiological data, if such a sit na-
tion were widespread it would obviously be cause
for concern. However the records show thai through-

out. North America, Loday's underground ur.ini urn
rr iners are exposed to an average of 1 WLM/yea r.
Ninety percent are exposed to less than 3 WLM/year
and less than 17, are exposed near the regulatory
limit in any given yea r. Fun hurmore ( the records
show that today1s miners work for an average of 10
years in uranium mines. Thus at present the ave-
rage uranium miner has a working life exposure of
10 WLM. Expressing this in terms of lifetime risk
it is equivalent to the risk from working for 10
years in the average of all other industries.
However, the conclusion would be unchanged i f
miners worked underground for 15 or 20 years.

This leads those of us who speak for the uranium
mining companies to conelude that under today's
conditions we are operating a radiation "safe"
indust ry.

Future standards,

The world, however, dot's not stand still. At the
last conference in Golden Colorado, Dr. Moure and
other union spokesmen urged a reduet ion in the
regulatory limit for radon daughters from 4 WLM/-
year to 0.7 WLM/year. A union is now taking act ion
through the court s to have the U.S. government
impose such a limit. Is such a drama t ic lowering
of the 1 imit necessary ? That is, will it save the
lives of miners' ? It also begs the question. Can
such a \imit be achieved in an underground opera-
tion ? Can such a change be justified on social
and economic grounds ?

Let us consider these quest ions in turn. The
Canadian Nuclear Association's interpretation of
the epidemiological data suggests that reducing the
regulatory 1imiL f rom 4 to 0.7 WLM/year would not
show a statistically significant reduct ion in the
lung cancer incidence among uranium miners.

Achieving a 0.7 WLM/year last man standard (i.e.
the level at which the most exposed man would be
exposed) underground by technical means is just not
practical. At present underground uranium mine
ventilation is 10 times that generally used in the
hard-rock mining industry. In the mines in Elliot
Lake, Ontario, 14 tonnes of fresh air are pumped
underground for every tonne of ore brought to the
surface. In fact, the further reduction of radon
concentration by increasing ventilation has already
passed the point of diminishing returns. Another
approach would be to hire more underground workers
in order to reduce individua1 exposure but this
does not reduce total radiation detriment it simply
spreads the radiation exposure among a larger work
force. In fact, it would expose a much larger
group of miners to the greater conventional risks
of underground mining. In the CNA's view such an
approach to meeting a lower regulatory limit is
totally impractical. Under the present and foresee-
able uranium irarkets, where the underground mines
must control their costs of production within the
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range of cents per pound U-,0.,, a dramatic increase
in the number of mineri with no increase in output
would be an invitation to bankrupcy.

The CNA (eels the onus of the proof is on those
proposing a 0,7 WLM/year regulatory limit. They
must establish conclusively that a net saving of
lives would result from such a reduction in radia-
tion exposure and that the social and economic
costs are warranted-

The overriding rationale for the nuclear regu-
latory process is to ensure public and worker
safety. Thus the regulatory process is an appro-
priate subject for discussion at this conference.
In the area of regulatory change there are a number
of initiatives which, in the view of the uranium
producers, require more discussion and reflection
before implementation.

The significance of ALARA

In introducing the subject of ALARA it should be
stated that the members of the CNA have some diffi-
culty agreeing on what is meant by ALARA.

While we generally subscribe to ALARA as a
guiding principle of radiation protection, we see
difficulties in its direct incorporation into regu-
lations. For example, as yet no one has been able
to prescribe a recipe for conducting an ALARA
analysis for a uranium mine. The final option avail-
able to the regulator in dealing with a company
which has failed to comply with the requirements of
its licence is to prosecute that company in a court
of law. For some time now we in the uranium
industry have wondered out loud how the courts will
deal with a regulation as vague and subjective as
ALARA. We may soon gain some insight into this
question, however, as the British Government prose-
cutes BNFL for its failure to comply with ALARA
regulations. In the meantime we suggest that all
proposed ALARA regulations be held in abeyance
until the British courts at least find whether or
not ALARA is a workable legal principle.

WLM-Rem equivalence

The move to make the maximum annual radiation
exposure for uranium miners equivalent to the 5
rem/year limit for other radiation workers is logi-
cal and just. In terms of radiation protection
uranium miners should not be second class citizens.
We agree that in establishing this equivalence all
sources of underground radiation should be in-
cluded, that is radon, thoron, gamma rays and long-
lived dust. It should be remembered, however, that
the risk of radon daughter exposure based on epide-
miological data already includes a component of
risk from these other sources. The dilemma arises
in establishing the conversion factors which allow
us to add the contributions from these various
radiation sources in the same units. The diffi-
culty of this problem can be shown. Based largely
on a dosimetric model the ICRP has suggested that a
dose of 4.8 WLM from radon daughters is equivalent
to 5 rem. Earlier this year the CNA commissioned a
scudy by Dr. Gordon Stewart, former Chairman of the
ICRP. He concluded on the basis of an analysis of
the Czech and U.S. epidemiological data that the
WLM to rem equivalence is more likely between 7.2
ULM equals 5 rem from the Czech data and 22 WLM
i-quals 5 rem from the U.S. data. Thus this study
"iiggests that the 1CRP value is quite conservative.

We recognize thai uiher authors using different
methods and data have derived widely different ULM
to rem equivalence factors. This suggests to us in
thi! uranium industry thai arbitrary decisions will
not produce a ralional and scientifically based
solution to this complex problem. What is required
at Lhis lime is a broadly based effort Lo seek an
acceptable solution.

Dangers ot over-regulation

We in the Canadian industry believe that ihe
basic responsibility for a safe operation lies with
the mining companies. In this 1 believe that we
are in complete agreement with the principles
spelled out by Mr. Jennekens of the AECB in his
speech to the Golden conference. Regulators are
only monitoring conditions after the fact, they can
prosecute infringement of regulations but they can
do little by way of active prevention. The regula-
tory philosophy should be to set performance sLand-
ards, in the form of annual radiation dose limitSt
and leave it to us the licencees to develop systems
to meet these standards in specific circumstances.
We in the industry have noted a disturbing tendency
for licences to require performance standards which
ere much more stringent than regulatory require-
ments. In our view this suggests the introduction
of a "best practical technology" approach which is
fundamentally at variance with the application of
ALARA. If this is the case then the licencing
practice is at odds with some of the basic prin-
ciples of the regulatory process. Furthermore when
the regulatory agency gets into writing detailed
specifications which tell the licencees how to meet
the standards, then there is a danger that the
system will degenerate to a continuing effort to
fulfill ever more complicated regulations, losing
sight completely of the basic goal of a safe opera-
tion. The penalties of over regulation can be
severe, from loss of productivity, to loss of
markets, and eventually loss of jobs.

Cum lus iun

I have tried to illustrate the differing per-
ceptions of regulatory standards which exist bet-
ween the groups represented at this conference. It
is obvious chat we analyse the same sets of basic
data and often reach very different conclusions.
We would urge that there be no abrupt and arbitrary
changes in the regulatory limits applied to the
uranium mining industry until an international pro-
cess of scientifically evaluating all the available
data demonstrates the necessity for a change. The
uranium industry is committed to such a process and
we would invite the unions and the regulatory
agencies to join in such a cooperative evaluation
process.
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It gives me great pleasure to address this
international gathering of experts in the field of
occupational radiation safety in raining. I am
especially impressed by the broad range of
expertise this conference represents.

With us today are eminent researchers in
radiation epidemiology, health physicists skilled
in assessing radiation exposure, mining engineers
responsible for the design of underground
ventilation systems, and public servants whose duty
it is to assure radiation safety in our mines and
mills.

There is another kind of expertise here as well.
Several participants in this conference are miners
themselves — men and women who, when they leave
the conference, will return, not to a comfortable
office in a university, government building, or
corporate headquarters, but to a working face
thousands of feet underground where they will again
face the radiation hazards you will be discussing
in the next few days. For them, radiation safety
in mining is not just a research subject or a set
of regulations — it is, in the most literal sense,
a matter of life and death.

Workers who face hazards every day on the job
gain a special kind of expertise. They know
firsthand the dangers and the practical problems of
control. Frequently, they are the first to
identify an occupational disease. In the case of
mining, it was the minetB of uranium-bearing ores
in the Erz Mountains of Central Europe who first
described radiation-induced lung disease to
Georgius Agricola more than 400 years ago.

And all too often, effective control of
occupational hazards has come only through
political action by workers themselves and the
unions which represent them.

I sometimes hear it said that occupational
safety and health is a new issue for the trade
union movement. Nothing could be further from the
truth.

Historians know that the first person to
identify an occupational carcinogen was Percival
Pott, who in 1775 identified coal soot as the cause
of skin cancer in chimney sweeps.

What is not well known is that two years later
the Danish Chimney Sweepers Guild, hearing of
Pott's findings, demanded better protective
clothing and a daily bath. Thus, the first
definitive medical report of occupational cancer
was quickly followed by the first attempt by a
workers' organization to control the hazard.

Nor is that the only example of worker and union
concern for safety and health. In 1845 female
textile workers in Massachusetts, represented by

one of the earliest North American labor unions,
marched, agitated, and petitioned the state
legislature for shorter hours and better
ventilation in the mills in order to combat a
"wasting sickness" which they correctly attributed
to cotton dust. Of course, the legislature did
nothing, citing a possible competitive
disadvantage with Connecticut and Rhode Island if
Massachusetts attempted to regulate, and
suggesting that the real solution was to be found
in the wider spread of "Christian principles"
among the mill owners.

It took almost 100 years for tbe medical
profession to catch up to the Massachusetts women
by identifying their disease as byssinosis. It
took 133 years for the first effective cotton dust
regulation in North America.

Miners too have been concerned with safer
working conditions. Many of the strikes in the
early days of the industry in Canada and the
United States concerned such issues as unsafe
blasting, the need for better rcof supports, and
hazardous drilling practices.

In short, workers have always cared about
safety and health. But despite our best efforts,
and the efforts of a few enlightened physicians
and government officials, it took the rise of
strong unions to bring real reform. Even then, it
took decades of hard work through collective
bargaining and political agitation by the trade
union movement to achieve joint safety and health
committees, the right of a worker to refuse an
unsafe assignment, and strong safety and health
legislation, such as Bill 70 in Ontario and Bill
17 in Quebec.

I am proud that my union, the United
Steelworkers of America, was part of that history
in the Elliot Lake uranium mines and, indeed,
across Canada and the United States.

Uranium was first discovered in Elliot Lake in
1949; and the first mines opened in the
mid-1950's. Our union began its organizing
efforts at about the same time, and in 1956 we won
our first contract with Rio Algom. That contract
included a joint safety and health committee. As
early as 1958, the u.ion began to raise questions
about radiation exposure, and in that year
submitted a brief to the government asking for
oetter controls. Of course, no Elliot Lake miners
had yet died from radiation-induced lung cancer —
not enough time had elapsed. But in 1957 the
United States Public Health Service, reviewing
evidence from the uranium mines on the Colorado
plateau, had predicted high rates of lung cancer
among miners unless levels of radon daughters were
sharply reduced. He saw that study, and were
concerned. At that time, the international
guideline was 12 working-level-monthB per year.
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and even that inadequate standard vas rarely
enforced.

The main result of our efforts in 1958 was a
debate between the federal and provincial
governments over who did — or more accurately, did
not — have responsibility for safety and health in
uranium mining. Little was done to reduce
exposure.

Then, in 1959, the United States announced that
it would not renew its option on Canadian uranium,
and the industry plummeted from 10,000 miners to
1500. The bust continued until the early 1970's.
By that tire, the union was beginning to see the
results of the high radiation exposures in the
early years of the Elliot Lake operations.

One of those cases was a determined and
courageous miner named Gus Frobel. Shortly after
his lung cancer was first diagnosed in 1968, Gus
Frobel applied for workers compensation. His claim
was denied, in both his initial application and on
appeal. But Gus Frobel didn't quit and neither did
our union. We worked on the case for almost four
years — collecting evidence, appealing the claim,
enlisting the help of outside experts like Dr.
Irving Selikoff. Finally, in 1972, Gus Frobel
became the first uranium miner to be compensated
for radiation-induced cancer by the Ontario Workers
Compensation Board.

Radiation safety was a growing concern
throughout the 70's. In 1974 preliminary studies
indicated that Elliot Lake uranium miners were
dying of lung cancer at a rate considerably higher
than expected for the general population.

1974 also saw a three-week strike at Denison
Mines for improved working conditions, including
improvements in radiation safety. That strike led
to the Ham Commission and, ultimately, to Ontario
Bill 70.

But two weeks after Bill 70 became law, Labour
Canada exempted Elliot Lake uranium miners from its
coverage, adopting instead the obsolete Ontario
Mining Act for workers under federal jurisdiction.
It was only this past year that Ontario uranium
miners won the protection of the Ontario law they
worked so hard to establish.

Our union also used collective bargaining to
gain better conditions. In 1975, safety and health
articles in our contracts were greatly improved.
The 1978 contracts established full-time union
safety and health chairmen in the uranium locals.
In 1981 we won the right to have a number of
full-time safety and "working environment"
inspectors, chosen by the union, in the uranium
mines and mills.

Of course, the Atomic Energy Control Board now
has jurisdiction over radiation safety in Canada.
Unfortunately, the Ontario government and the AECB
were slow to lower the dose limit. The U.S. limit
was lowered to four working-level-months per year
in 1971, but the Ontario limit remained at 12 until
1973, when it was lowered to 8. In 1974 the limit
was lowered to 6, finally reaching 4 in 1975. The
Board extended the limit to all of Canada in 1977.
We do not yet know how many lung cancer cases were
induced during this delay in adopting more

stringent standards.

Nor do we know how many current miners will
contract lung cancer as a result of exposure tc
radiation at levels permitted by the current
regulations. That number can only be estimated
through mathematical procedures dependent on a
large body of assumptions and imperfect
epidemiological data. Nevertheless, our union,
the labour movement generally, and many
researchers believe that risk of cancer at the
Atomic Energy Control Board's current limit of 4
working-level-months per year is far too high.

We believe the most reliable estimate of risk
is contained in a report prepared in 1983 for the
Board by Drs. Duncan Thomas and K.G. McNeil1.
Their estimates range from 60 to 250 cancer deaths
per thousand miners exposed at the current limit
over a working lifetime. That risk is
unconscionable by any standard.

Of course, we are aware that others have
derived risk estimates which are somewhat lower,
but it is interesting that most credible
estimates, including those from Thomas and
McNeil 1, the International Commission on
Radiological Protection, and Canada's Advisory
Committee on Radiological Protection, are not too
far apart. In fact, they vary by about one order
of magnitude, which is not too bad for cancer risk
estimation.

We believe that the higher risk estimates
should be used for setting occupational dose
limits, since occupational standards should err,
if at all, on the side of safety. To put it
bluntly, the question is whether this society is
willing to bet the lives of miners on the hope
that the risk is low.

The industry and the government made such a bet
in the 60's and early 70" s. Our members were
assured that the risk at twelve working-level-
months was very low. We all know the result.
Scores of miners paid off that wager with their
lives.

Our members are familiar with all the old,
tiresome arguments against lowering the dose
limit. One recent submission from the Canadian
Nuclear Association suggests that there is little
risk below twenty-two working-level-months per
year. You will forgive us if we remain skeptical,
based on bitter experience.

We have also heard philosophical arguments
against reducing the dose limit. For example, it
has been suggested that most miners accumulate far
less than the maximum permitted dose; therefore,
the average risk is smaller. We agree. But in
1983, 66 Elliot Lake miners accumulated doses
between three and four working-level-months. We
believe that every individual has the right to a
safe and healthful workplace. It is fundamentally
wrong to permit a high risk to some individuals
just because their fellow workers on the average
face lower risks.

It has also been stated that lower dose liaits
are redundant in the light of the ALARA Principle,
which requires that doses be kept "as low as
reasonably achievable, social and economic factors
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being taken into account."

He support the ALARA Principle, although we find
the concept of "social and economic factors"
dangerously vague. In particular, the "social and
economic factors" could be used by some to justify
comparing lives and dollars. Indeed, such a
suggestion was made recently in a submission to
the Board by the Canadian Nuclear Association and
the mining companies. Our members will not stand
for any such attempt to trade their lives for
someone else's profit.

I hope those who make these "cost-benefit" and
other arguments against lower dose limits would
consider the potential damage they do to the
industry itself. Our members work in the nuclear
industry. We would like to see it thrive. But
nuclear power is facing a serious challenge from
others who believe it is dangerous. If the
industry is seen as unwilling to provide adequate
protection for its own workers, how can it expect
to win public confidence?

How then should we set an appropriate dose
limit? Some have suggested that the dose limit
should be set at the point where the risk of
radiation-induced cancer is roughly equivalent to
the risk of accidents faced by workers in
low-hazard industries. Of course, we believe the
current dose limit permits risks much higher than
that now.

But more fundamentally, we are troubled by the
kind of risk balancing contemplated by this
philosophy. The goal of public health is to prevent
disease, not just to even out the risks from
different sources.

So far as we know, there is no safe level of
radiation. Therefore, radiation dose limits should
be reduced as much as feasible — to the point
where further reductions cannot be made without
creating greater risks to the public health and
welfare.

Obviously, a control which would result in
closing down the nuclear industry is not feasible.
Alternative sources of power also create risks to
the public health, such as sulfur dioxide,
particulates, the long-term building up of carbon
dioxide from fossil fuel plants, and environmental
damage from massive hydropower projects.
Unemployment is itself a serious health hazard, as
our members who survived the bad times in Elliot
Lake know so well.

Therefore, our union believes that the dose
limits should be set through an explicit review of
what is feasible in the industry. We have proposed
a tripartite committee, with representatives from
labour, the mining companies, and the government,
to examine the issue of feasibility.
Unfortunately, the Atomic Energy Control Board has
not yet accepted our proposal. In the meantime, be
assured that we shall continue to fight for a
substantial reduction in the dose limit.

Let me close by addressing a few comments to
each of the groups represented here.

others: I salute your long fight for better
working conditions. I am proud to have played a
part in that effort. Your struggle, your
victories, the issues you are raising are
important for all workers. The labour movement in
North America will always be with you.

To the management of the mining companies: Let
me say that, while we do not always see eye-to-eye
on the issues, we have usually been able to
work together, so long as management and labour
are seen as equal partners on questions of safety
and health. The process may be adversarial, but
it works. Through collective bargaining, through
tripartite efforts such as our recent discussions
on the uranium mine regulations, through the
day-to-day work of the joint safety and health
committees, we have been able to solve problems
and create safer working conditions. We expect
that relationship to flourish in the years ahead.

To the members and employees of the Atomic
Energy Control Board and other government
organizations: While the union is frequently
critical, we know how difficult it is to translate
these complicated scientific issues into public
policy; we sympathize with your efforts. And in
recent years, we have gained the greatest respect
and admiration for the skill and dedication with
which your inspectors enforce the regulations in
Elliot Lake and throughout Canada.

To the scientific community: Your research
continues to reveal truth, which is the only firm
basis for public policy. And many of you have
done more — you have added your voices to the
effort to reduce the radiation risks to miners.
You stand in a long tradition of researchers, like
John Snow, Louis Pasteur, and Paul Ehrlich, who
fought for public health. Such scientists are
objective researchers, but they are not
"disinterested" — they are passionately committed
to human welfare.

During this conference we will no doubt hear
about the great strides which have been made in
radiation protection. But I hope we also consider
how far we have to go.

Three years ago, in Colorado, another such
conference was held entitled "Radiation Hazards in
Mining." The title of this conference is
"Radiation Safety." The title is significant: our
purpose is not just an intellectual review of
hazards, but the ongoing effort to assure safety.

Too many miners have died from radiation — in
Elliot Lake, on the Colorado plateau, and
throughout the world. This conference will be a
failure if it does not lead to greater efforts to
ensure that no miner faces such risks in the
future.

Thank you.

To my fellow members of the United Steelworkers
of America, to the Energy and Chemical Workers, and
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DISCUSSION

Question (Oresegun): As I understand It, the ICRP
recommends an increase in the annual maximum
permissible exposure from 4 WLM to 5 WLM; yet your
organization wants a reduction to 0.7 WLM (about
14% of the recommendation). Why is this? What
are the scientific facts behind your demand? You
mentioned a risk estimate report of 1982; can you
elaborate on this paper?

Answer: First, I want to make it clear that the
Steelworkers are not asking for a reduction to 0.7
WLM/yr for underground mines in Canada. We do
think that a 0.7 WLM/yr standard is fully
justified c. health grounds, and to that extent we
support such a reduction. Indeed, we would
support even greater reductions, if we consider
health effects only. However, standards must also
be feasible. Therefore, we support the lowest
feasible limit, that is, the lowest limit that can
be achieved through ventilation, work practices,
enclosed booths for fixed work stations and other
feasible engineering controls.

We've proposed a tripartite committee — the
union, the mining companies, and the Atomic Energy
Control Board — to consider questions of
feasibility and to determine that lowest feasible
dose limit.

I will not list all the epideraiological studies
and risk estimates which support a lower standard.
We will hear all that throughout the conference;
but a study (Thomas and McNeill) commissioned by
the Atomic Energy Control Board itself estimated
that 130 out of 1000 miners exposed to legally
permitted levels of radiation over a working
lifetime could die of lung cancer.

Given that estimate, I'd like to turn the
question around. How can the Atomic Energy
Control Board justify its current or proposed dose
limits, if they can be feasibly reduced?
Shouldn't we provide miners all the protection we
can?
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THE REGULATORY VIEWPOINT

BY: W.D. Smythe

Atomic Energy Control Board
Ottawa, Ontario, Canada

ABSTRACT

The Atomic Energy Control Board has been
responsible for radiation occupational health and
safety in uranium mines since the introduction of
the Atomic Energy Control Act in 1946. It is only
in the last 9 years however that the Board has
moved to fully exercise this responsibility.
During this period the Board has developed a
comprehensive licensing system and recently
published draft uranium mining regulations.

The new regulations are an expression of the
regulatory viewpoint. They reflect the operating
philosophy of the Board, its relationships with
industry and labour and its attitude towards the
role of regulations in occupational health and
safety. The Board believes that the new
regulations are a reasonable compromise between
the various viewpoints of industry and labour put
forth during the drafting and public comment
stages. It is also recognizes that one impact of
the regulations will be additional cost to
industry, but believes that it is a reasonable
cost.

When I first looked at the title of this
presentation, given to me by the organizing
committee, I had some difficulty deciding exactly
what a "viewpoint" should be. The dictionary
defines "viewpoint" as a mental attitude and in
the case of a regulatory body, that is best
expressed by its regulations and the way they are
implemented. Therefore, I want to base my talk
today on a set of draft regulations that has
recently been published for public comment, the
background that led up to this point and a brief
glimpse into the future.

There are two sets of regulations in draft form
that have important implications for the Canadian
uranium mining industry; those dealing with
radiation protection standards, which are the
subject of a paper in session 3C this afternoon,
and those dealing with all the various means by
which the Control Board ensures that both industry
and labour act to meet the radiation protection
standards. it is the latter that I will talk
about; not in detail - I am sure that most of you
are familiar with the detail - but why we did it
that way.

History is important in understanding where we
are today. The Control Board has been responsible
for radiation safety in Canadian uranium mines
since 1946, a continuous period with an important
turning point - 1975. That was about mid-way

through the life of the Ontario Royal Commission on
the Health and Safety of Workers in Mines, better
known as the Ham Commission, after the
Commissioner, Dr. James Ham. It is Interesting to
note that most Royal Commissions and similar
hearings become known by the name of their
chairman, sometimes so well known that the formal
title and perhaps the mandate, is forgotten. In
any case, the Ham Commission investigated health
and safety in all Ontario mines and found many
things to criticize. In uranium mines it
criticized both industry and government citing
jurisdiction as an important problem with
government, interdepartmental problems at both the
federal and provincial levels and confusion among
affected parties over the roles of the two levels
of government. Although the final report briefly
mentioned the Canada labour Code, no one
anticipated the importance that the Code would have
in subsequent years and the legal developments that
have taken place as a consequence. The most recent
development is, of course, the deletion of the
reference in the Canada Labour Code to the Ontario
Occupational Health and Safety Regulations and the
simultaneous incorporation of those regulations, by
reference, in the Atomic Energy Control
Regulations.

Most important for the Control Board was the
finding by the Commission that the Board had
"failed to exercise its fundamental
responsibility". In the early years, despite
having the legal mandate to regulate health and
safety directly, the Board issued operating permits
which Invoked provincial health and safety
regulations. As a consequence, the Board never
developed Its own expertise in the type of
radiation safety icculiar to the mining industry.
It was in 1974 while preparing for an appearance
before the Ham Commission that we realized this
weakness and prepared to correct it. The final
report of the Commission in 1976 confirmed this
realization.

Since 1975 we have done many things to correct
that situation. We hired people with mining
experience. We developed a comprehensive licensing
system that catered to specific problems at each
mine. We sponsored research on the problems of
radiation in the uranium mining work environment,
We issued specific regulations for exposure to
radon daughters. We developed a working
relationship with organized labour - a first for
the AECB. All of this with regulations that,
except for the modification to introduce standards
for radon daughter exposure in 1978, have remained
unchanged since 1974 and which have no special
provisions for uranium mines. From many points of
view, this has been and still is a workable,
effective system for regulating the industry.
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Before explaining why this apparent stability is
about to change I want to digress a little.

The Control Board is different from other
government regulatory agencies that deal with the
uranium mining industry. Within provincial
governments, responsibilities for regulation of
industry are clearly distributed among more than
one agency; occupational health and safety,
environment and some aspects of public health.
The same is true within the federal government,
except that for the nuclear industry the
regulatory responsibility for all aspects rests
with the Atomic Energy Control Board. The Board
is responsible for all uses of Atomic Energy in
Canada and in that field it regulates occupational
health and safety, protection of the environment
and public safety, so far as any use has an impact
on those areas. As in any corporation, we have
developed a common approach to the various parts
of our mandate, and we apply it uniformly across
Canada, It is also fair to say that our corporate
approach to regulation has been most strongly
influenced by our involvement with nuclear
reactors, the most complex technology that we deal
with.

Mining is different from other activities that
we regulate. The technology Is less complicated
than reactor technology but in some ways more
difficult to regulate. The physical conditions of
the workplace are more difficult to control, and
more variable, not only from day to day but from
one mine to another. The principal radiation
hazards in uranium mines are not as severe as
those in the reactor environment but with the
exception of gamma radiation, are more difficult
to measure. Finally, the role of organized labour
in occupational health and safety, certainly as it
affects our relationship with the licensees, is
much more significant than elsewhere in the
nuclear fuel cycle. Recent interest in our
affairs shown by the Canadian Labour Congress and
some of its affiliates may change that imbalance
and result in more input from organized labour in
the rest of the nuclear industry.

1 said we appear to have established a
satisfactory and workable system for regulating
the uranium mining industry - a system that
depends on general regulations, extensive dialogue
with affected parties, and competent staff. Why
are we proposing to change? The pressure to
change comes from several sources; from organized
labour which is accustomed to more detailed and
visible regulations for so-called conventional
occupational health and safety, from industry
which would like to see some of our discretionary
powers limited, from our own legal advisors who,
recognizing the evolution of government
regulations, persuaded us that requirements
routinely imposed by licence, should really be in
regulations, and finally, from the Standing Joint
Committee on Regulations and Other Statutory
Instruments, which believes among other things,
that laws should be clear and precise and should
not permit unlimited discretion in their
administration.

The result of these pressures was a decision in
1980 to draft specific uranium mining regulations.

A tripartite committee consisting of the AECB,
representatives of industry and organized labour
subsequently met over a period of 18 months to
produce a draft. That draft became the basis of an
AECB document and now, following a period of public
consultation, we are taking a number of
administrative steps that we hope will result in
new regulations some time in 1985.

There are at least two major schools of thought
on style of regulation; one that specifies a
performance standard and another that specifies
precisely how a standard must be met. The AECB
uses both but believes that performance
requirements are preferable for large nuclear
facilities and corporations, which have the
resources to develop their own response to
regulations. This system permits the licensee to
choose the most cost-effective means of compliance.
We also believe that safety In the workplace is
achieved by the combination of good workplace
conditions, safe work practices and safe attitudes
by both management and labour. Our draft
regulations reflect this and impose requirements on
both the licensee and worker.

We believe that inspection by itself is not
sufficient - that prevention by safe design is
esssential, and the latter is strongly emphasized
in the regulations. Finally, we believe that the
worker plays a fundamental role in his own safety
and we have reinforced his role by insuring that he
has training, information and input to the control
of his workplace.

This set of regulations is only one of several
initiatives to improve health and safety in uranium
mining in the past two years but it is a major
step. It is a fair question to ask how far do we
intend to go in this direction - how much
regulation is enough? Our elected representatives
determine when and how governments should intervene
in the private sector, but bureaucrats, by their
authority to formulate and administer regulations,
determine the impact. From the Board's point of
view, most of what is being proposed in these new
regulations, is already being imposed through
licence conditions. Requirements for training and
medical surveillance are new and will be an
additional cost for industry. We recognize that
there is an incremental cost to these regulations
and we have tried to estimate it to ensure that
government guidelines on the impact of new
regulations are observed. Despite the
participation of both industry and labour in the
drafting of these regulations and the many
compromises that were made, it is my impression
that industry thinks we have put too much into them
and labour thinks we haven't put enough.

Consider the background into which these
regulations are being introduced. Uranium is
primarily an export commodity and present market
conditions are depressed in-~ response to external
demand. There is a wide range of profitability
within the Canadian uranium industry and therefore
varying capability to absorb the Impact of new
regulations. There is a wide range of physical
workplace conditions within the industry which also
affect the impact of new regulations on any one
company. These factors are quite familiar to the



2 PLENARY SESSION 35

raining industry, but to the regulatory agency,
they represent conditions which are very different
from what it normally sees in the rest of the
nuclear fuel cycle. Any fair attempt to satisfy
all of these factors, the pressures to introduce
regulations and the constraints in doing so, must
be a compromise for which there is no simple
solution.

What then is a formula for compromise?

- when all affected parties have been
consulted and have been able to express
their views;

- when the social and economic impact of the
proposals has been assessed and considered
to meet guidelines, and in our case those
are dictated by Cabinet;

- when the regulatory agency believes that in
the interest of health and safety it must
make a decision. Sitting down with industry
and labour to draft regulations may have
some of the characteristics of a negotiation
with the regulatory agency in the role of an
arbitrator, but it is different. The
regulatory agency is not just looking for a
compromise that is acceptable to both
parties. It has its own mandate to fulfill,
its own regulatory philosophy to guide its
judgement and sometimes it must be
arbitrary;

- finally, a formula for compromise must
recognize and acknowledge the need to
monitor the implementation of new
regulations and make changes where
necessary. So often the argument over
wording of a new regulation boils down to
confidence or lack of confidence in
implementation. Regulations are meaningless
unless they are fairly implemented.

In case some of the things that I have said
suggest that enough is enough, I have a word of
caution. Regulations are never absolute, they
must change - because the thing that is being
regulated changes, because technical knowledge
changes and because social and political attitudes
change.

In suuLnary, the new regulations are an
expression of the regulatory viewpoint. They
reflect the operating philosophy of the Board, its
relationship with industry and labour and its
attitude towards the role of regulations in
occupational health and safety. We have come
through a period of important change, of
significant improvement in regulatory control and
with the expectation that a high level of
radiation safety will be maintained in Canadian
uranium mines.

DISCUSSION

Question (Bernstein): The Thomas and McNeill
Report of 1982 was developed for the AECB as a
technical support document concerning the basic
science and epidemiologic criteria for revising
the current limits on exposure to radon and thoron
decay products in underground mining. The report,
recognizing considerable limitations on the
available data, noted that the lung cancer
lifetime risk appeared to be doubled at about 44
WLM (cumulative). The draft AECB regulatory
standards for limitation of exposures appears to
be at variance with the conclusions and
recommendations of Thomas and McNeill, unless the
working lifetime of exposed miners is to be
limited to 10 years underground. Can you comment
on the apparent discrepancy between these
documents?

Answer: Clarification should be available in the
paper by W.R. Bush in Session 3c. In addition,
the AECB expects to publish very soon a paper
explaining the way in which the Thomas and McNeill
report has been taken into consideration in
developing the current proposal.
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ABSTRACT

It is shown that the cancer risk from radon ex-
posure as determined from miner data is completely
inconsistent with the data on environmental radon,
over predicting the risk by at least one or two
orders of magnitude. This discrepancy is real, it
is very large, and it cannot be ignored. It means
either that most of the lung cancer among miners is
due to causes other than radon, or that the linear-
no threshold dose-response relationship for radiation
carcinogenesis seriously over-predicts risks at low
doses even for alpha particles. For the Swedish
miners, whose exposures were essentially in the en-
vironmental dose region, Llit' lurmer explanation is
required.

RESULTS FOR NON-SMOKING MINERS

The latest estimate (1) of the lifetime risk of
fatal lung cancer from radon exposure is 850 x
10~6/WLM for non-smokers. This Is based on a study
of Swedish miners, but it is said (1) to agree well
with Che information on other miner groups, with the
exception of the U.S. uranium miners for whom there
are said to be large uncertainties in dose.

COMPARISON WITH RESULTS FROM ENVIRONMENTAL RADON

For the past few years, I have not been working
with miner data, but rather have become involved
with environmental radon problems. I therefore find
it interesting to compare this 850 x 10-6/WLM miner
risk with data on environmental radon. One complica-
tion in this is that the radiation dose from 1 WLM
depends on inhalation rate, on the probability of a
particle attaching to the bronchial surfaces, on the
dimensions of the latter, etc. The most recent and
most elaborate analysis of these factors (2) concludes
that, if anything, a WLM gives somewhat less dose to a
miner than to those environmentally exposed, but the
difference is not large, so we will ignore it, assum-
ing the dose/WLM is the same for all.

There has been a large number of studies of radon
levels in houses (3), (4), (5), and the general con-
clusion is that the average exposure in the temper-
ate regions of the world is about 0.2 MLM/yr. The
exposure in a 75 year lifetime is then 15 WLM. This
would be effectively reduced slightly by latency
considerations, but it would be effectively in-
creased equally by the fact that dose/WLM is higher
for children.

Recent deaths from radon are presumably due to
exposures over the last 50 years or so; this raises
the possibility that exposures may have been lower
in the past because of changes in ventilation. This
question has been studied by comparing radon levels
in homes of various ages, and by soliciting opinions
from experts in home construction; my conclusion is

that past exposures may have been only 60% as large
as those in recent years, reducing average lifetime
exposures to 9 WLM.

The fraction of all deaths that is due to radon
exposure, f, is predicted from the miner data by
multiplying by 850 x 10~6. This prediction, fo, is

f = 850 x 10-6 x 9 = 7.7 x 10"3

We now seek the value of R, the ratio of fo to ob-
served values of f. If we find R<1, this is easily
explained as including observed cases of lung cancer
due to factors other than radon. If we find R>1,
there must be something wrong with the prediction.

The fraction of all deaths that is due to lung
cancer, f, can be obtained from statistical mortal-
ity data. Some of the groups for which it is low are
listed in Table 1.

TABLE 1: f x 10', DEATHS/THOUSAND THAT ARE
DUE TO LUNG CANCER

Group
U.S. male non-smokers
U.S. female non-smokers

All females in
- Switzerland
- Norway
- Spain
- France

U.S. white females, 1950-69
- Utah
- Wyoming
- S. Dakota
- N. Carolina
- Minnesota-Iowa

f'(xlO3)
7.0
4.5

6.5
6.4
5.5
5.1

3.4±.2
4.5±.4
4.6±.3
4.6±.l
4.9±.l

If we assume that all rases of lung cancer In these
groups are due to radon, R « f o/f. Averaging over
the listings in Table 1 gives R~1.8, which exceeds
the limit R-l. One might argue that there is a sex
difference, but the male/female ratio for lung can-
cer among Japanese A-bomb survivors was 1.0. In
the era before 1920, when smoking was not an im-
portant cause of lung cancer, the average male/female
lung cancer ratio in countries for which data are
available was about 1.3. It therefore seems clear
that, according to the Swedish miner data, essen-
tially all lung cancers in non-smokers must be due
to radon; and even that requires something of a
stretch in the data.

The above discussion was based on World average
values; a more stringent test is obtained by con-
sidering countries where radon levels have been
fairly accurately determined and found to be high
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namely Sweden and Finland,

In Sweden (6), the average exposure is 0.56 WLM/yr
or 42 WLM per lifetime. Applying our correction for
better ventilation in the past (x0.6) reduces this to
25 WLM. The miner data then predict fo =
(850 x N T 6 x 25 =) 21 x 10"3. For all females in
Sweden, f = 7.6 x 10"3; the ratio of these gives
R = 2.8.

For Finland (7) the average exposure is 0.5 WLM/yr
= 37 WLM/lifetime, or corrected for more ventilation
in the past, about 22 WLM/lifetime. The miner data
then predict fo = 19 x 10~

3, as compared to actual
data for all females, 1955-74 giving f = 5.2 x 10"3;
the ratio of these is R = 3.7. We therefore have
here two rather reliable cases where the miner data
overpredict by a factor of 3. If we consider the
fact that there was some smoking among Swedish and
Finnish females, the overprediction is increased.

FACTORS ACCENTUATING THE DISCREPANCY (8)

For the U.S., Canadian, and Czechoslovakia!} uran-
ium miners and for the Japanese A-bomb survivors,
about 40% of the excess lung cancers caused by radia-
tion have been histologically classified as World
Health Organization Type 2 (WHO-2), small cell un-
differentiated. However, among non-smokers this type
is very rare, representing only about 4% of all lung
cancers. This means that no more than 4/40 • 10% of
all lung cancers in non-smokers can be due to radia-
tion; even this fraction can only be attained if all
WHO-2 lung cancer is due to radiation. This conclu-
sion can be mathematically demonstrated. Even it re-
quires that all WHO-2 in non-smokers is due to radon.

However, that seems most unlikely, because there
are many other known causes of lung cancer including
numerous aromatic hydrocarbons, alkylating agents,
and metal dusts; cities have twice the lung cancer
rates of rural areas, and there are strong correla-
tions with industrial pollution — the Louisiana rate
is 2.6x that in North Dakota. Some chemicals are
known to cause WHO-2 lung cancer — about 25% of
lung cancers in cigarette smokers are WHO-2 vs only
4% in non-smokers. It therefore seems reasonable to
assume that at least half of all WHO-2 lung cancers
in non-smokers are not due to radon. This means that
no more than 1/2 of 10% • 5% of all lung cancer in
non-smokers is due to radon.

An alternative approach to accentuating the dis-
crepancy is based on a comparison between Great
Britain and Sweden In the early twentieth century,
before cigarette smoking became a factor. In that
period, Britain had 7 times as much lung cancer as
Sweden, whereas Sweden has now, and can be presumed
to have had then, 3 times higher radon exposure.
According to this, even If all the lung cancer in
Sweden were due to radon, only (l/7x3«)5Z of the
lung cancer in Britain could have been due to radon.
If that conclusion is accepted, it becomes hard to
believe that all the lung cancer in Sweden was due
to radon.

A third Independent approach to demonstrating
that there are large factors accentuating the dis-
crepancy is the most clear cut and convincing. If
essentially all lung cancer in non-smokers is due to
radon, areas with high radon exposure must have high
lung cancer. There are now two good tests of this

conclusion from the miner data.

One of these is a study of two areas in Guangdong
Province, China (9). The high radon area lias ex-
posures of 0.60 WLM/yr while the other area used us
a control has exposures of 0.24 WLM/yr. We would
thus expect the lung cancer rate to be
(0.60/0.24=) 2.5 times higher in the high radon area.
The observed rate is only 0.56 timea as high. The
"excess" in the high radon area is -1.7(±1.0) x 10~3

lifetime risk as opposed to an expected (from the
miner data) excess of +4.6 x 10"3, a discrepancy of
more than 6 standard deviations.

The other example is a high radon area of Finland
where the average exposure is 1.6 WLM/yr, giving
a lifetime exposure, after making allowance for the
better ventilation in the past, of 72 WLM. All of
Finland, with an average exposure of 22 WLM/lifetime,
is used as a control, so we expect the cancer rate in
the high radon area to be larger hy a factor of
(72/22*)3.3. The observed rate among females is
lower in the high radon area, 4.7 x 10"3 vs
5.2 x 10"3. Cancer statistics cover a 20 year
period, so statistical accuracy is reasonably good,
but not available. The "excess" in the high radon
area is -0.6; even if the standard deviation is
15% (i.e. only 45 cases over 20 years), the dis-
crepancy is over 6 standard deviations.

These results clearly show that only an insig-
nificant fraction of lung cancers in non-smokers
can be due to radon.

RELATIVE RISK MODEL

One way that has been employed (10) to avoid the
large discrepancy in the above treatment is to use a
Relative Risk Model (RRM) rather than the Absolute
Risk Model (ARM) used above. It should be understood
that this choice is completely unrelated to the
ARM vs RRM issue in analyses of data on the Japanese
A-bomb survivors. In that situation, the effect of
RRM is to allow the risk to increase with age, rather
than depending only on age at time of exposure as in
ARM. This could equally well be achieved by allowing
the absolute risk in ARM to increase with age. In
fact that is regularly done in treatments of the
miner data, so the reason for use of RRM on the
A-bomb survivors is not present here.

There are some very serious problems in use of
RRM on the radon data. In cRM, the risk r from a
dose D is

rQ (1+ ciD) (1)

where r0 is the rlBk in the absence of radiation.
The Swedish miner data for non-smokers (1) include
18 deaths vs 1.8 expected due Co an average exposure
of 84 WLM; this has been glibly interpreted (10) as
r/ro-10, which is fit by (1) with a - 0.107/WLM.
However, this ignores the exposure, E, from environ-
mental radon which, for the whole population of
Sweden used to calculate the expected number of
cases, was 25 WLM (cf. above). The correct treat-
ment is to apply (1) to both the risks of mining,
tm, and the risks of environmental exposure, re,
giving
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r [l+a(84+E>]

ro[WaE]

l+109a
l+25a

10

This is clearly mathematical nonsense, yielding a
negative value of a.

However, even if one uses the glib interpretation
of (1), inserting ct=0.107, great difficulties are en-
countered in comparing different data for environment-
al exposure. For the two groups in Guangdong Province
(China) discussed above, the more exposed group ex-
periences an extra 22 WLM and therefore should have
(22 x 0.107 =) 2.3 times higher lung cancer inci-
dence, whereas in fact the incidence is considerably
lower. For the two groups in Finland one has an
excess exposure of 50 WLM and should therefore have
5.3 times higher lung cancer incidence, whereas the
observed incidence is actually lower!

With all of these problems, it is clear that a
Relative Risk Model is not a way to avoid our dis-
crepancy.

CONCLUSIONS

1. If the dose-response relationship for radiation
carcinogenesis is linear-no threshold, and if the
excess lung cancer in Swedish miners is due to radon,
each of the following is required:

(a) The data from the high radon areas of
both China and Finland are grossly in
error.

(b) The histological evidence is grossly
misleading.

(c) Radon exposure estimates for all of
Finland and all of Sweden are too high
by a factor of 3.

(d) Essentially ell lung cancer in non-
smokers is due to radon.

The only reasonable conclusion here is that the
excess lung cancer in the Swedish mines is not due
to radon. This is a very important break-through
because substantial effort was made in that study
to find other causes, and none were found. The
catch here is that the causes of cancer are not
generally known.

2. If the dose-response relationship is linear-
no threshold, and if the excess lung cancer In the
Czech and Newfoundland mines is due to radon, each
of the following is required:

(a) as above
(b) as above
(c) Essentially all lung cancer in Swedish

and Finnish non-smokers is due to radon.
(d) The unknown agent that causes lung cancer

in the Swedish mines is not present in
other mines. In this connection! it
should be noted that a statistical
analysis of the Czech data (8) shows a
much stronger correlation with the
number of years worked In the mines
(which is a rough measure of exposure
to other carcinogens) than with radon
exposure.

This would seem tu be highly improbable.

3. If an appreciable fraction of the lung cancer in
the Czech, U.S., Newfound 1 and, or Ontario miners is
due to radon, and if any OIK- "I' ihe tliri'o approaches
that "accentuate the discrepancy" is accepted (e.g.
the data from Finland), we must conclude that the
linear-no threshold dose-response relationship grossly
over—predicts the effects of low dose radiation, even
for alpha particles.

Establishment of this breakdown woull be of
earth-shaking importance, probably Lhe most im-
portant scientific development of the second half
of the twentieth century. It would mean that nearly
all the money being spent on reducing routine emis-
sions from nuclear power plants, on covering uranium
mill tailings, and on disposal of radioactive waste
could be saved. The estimated health effects of
reactor accidents would be greatly reduced, greatly
reducing the safety measures now being practiced. In
all, tens of billions of dollars would be saved every
year. The cost of nuclear electricity would be cut
in half, and it would soon replace nearly all other
energy sources.

With this sort of pay-off in prospect, we must not
let the large discrepancy between effects of radon
from miner exposure and environmental exposure be
swept under the rug. We must insist that the science
be done right, and thai any methods used to avoid
this discrepancy be applied equally in all other
cases of radiation carcinogenesis.
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DISCUSSION

Conment (Bates): Only with chloronethyl ether is
there a specific lung cell type. There is none
with arsenic, smoking, asbestos, etc.

Answer: I didn't say there was a specific lung
cell type for radon; that would Imply that 100% of
radon-Induced lung cancer* are of one type. I
•aid that about 50% of radiation-induced lung
cancers are WHO Type 2.

Question (Bates): French hematite Miners (in
Lorraine) have experienced lung cancer and there
is no radon.

Answer: I did not know of this work. It supports
ny analysis, Indicating that there are other
causes of lung cancer than radon in mines.

Question (Bates): Why Ignore the Iowa data? It
Is by far the best.

Answer: I did not know of this work. I wilt look
Into It.

Question (Chakravattl): Given that this Is the
age of equality between the *exe», your data
suggest differences In response between Mies and
females exposed to radon and Its progeny. Are
these due to Metabolic differences or do the
female lungs have some better tolerance to
radiation dose?

Answer: Awing the Japanese A-bomb survivors, the
Male/female ratio for radiation-Induced lung
cancer Is M/F - 1.0. In U.S. non-smokers, the M/F
ratio Is about 1.5. In the early years of this
century, before cigarette smoking became
widespread, the average for all countries was
about M/F • 1,3. One can explain a Modest excess
for Mies *M due to occupational exposures. Thus
there Is no good evidence for a real Mlc-feMle
difference In susceptibility to radon-Induced lung
cancer.
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1. INTRODUCTION

Radiation exposure regulat ions are Implemented
in Canada by the Atomic Knergy Control Board
(AECB). The AECB regulations are generally based
on the recommendations of the Internallon.il
Commission on Radiological Protection (ICKH). In
November 1983, the AECB (1983a, 1983b) Issued for
public comment proposed new radiation protection
regulations which were in the most part based on
recommendations in ICRP Publication 26 ([CRP
1977). The proposed changes in the AECB
regulations are extensive and include a specific
requirement that "every licensee should establish,
implement and maintain procedures designed to
maintain doses of radiation as low as reasonably
achievable, social and economic factors being
taken into account." (AECB 1983b)

While the ICRP and others have published
extensive philosophical discussions and Idealized
"practical" applications of the ALARA concept and
how It should be applied, there are little, If
any, published data discussing the application of
ALARA to an actual uranium mine. Consequently,
the difficulties in actually doing an ALARA
analysis for an operating uranium mine are largely
unknown and a matter of speculation. Recognizing
these uncertainties, Denlson Mines Limited and Rio
Algoffl Limited retained SENES Consultants Limited
to prepare a study to Identify the possible
practical difficulties Involved in applying ALARA
to the underground uranium mine environment. This
paper presents the results of that study.

The study focussed on the reduction of exposure
to radon (and thoron) daughters by Increased mine
ventilation. The Increased costs of ventilation
were compared to potential collective dose
reductions, both for specific worker categories
and for the entire underground mining population.
The resultant "alphas" (Incremental cost/dose
saved) were compared to published values from
radiation and other occupational protection
sources. Data requirements for doing the ALARA
analysis and the findings of the preliminary study
are discussed in this paper.

2. THK ALARA CDNCKPf

Bar kfjrmmd I.""•»"i_lderaJUonti

According to the [CRP (1977, 1983), the
application of tin- AI.AKA principle requires the
optimization of radiation protection in all
situations where radiation exposure can be
controlled by protection measures, particularly in
the selection and design of protection systems,
equipment and operations. The maximum permissible
exposure limits for individuals (ICRP values of 50
mSv/a and 4.8 WLM/a) are upper boundary conditions
for the optimization procedure. The ALARA level
for a particular operation is that level of
collective effective dose (average effective dose
multiplied by the number of workers exposed) below
which the cost of any additional radiation
protection measures would exceed the worth of the
resulting reduction in health detriment. Optimized
limits are determined on a case-by-case basis and
by definition must be below the regulatory limits,
as shown schematically In Figure 1 (after Jacobi
1981).

flQUOE I

DIFFERENCE IETWEEN (MIC LIMIT!
AND OPTIMIZED EXPOSURE LEVELS (AFTER J K M l I t t l )

Radiation Exposure

Primary
Limit ~ I I

ALARA-Principle

Optimized Levels

Practices

The optimization procedure can be Interpreted
as being some form of differential cost-benefit
(or risk-benefit) analysis and this is the
approach examined In this paper. (The ICRP also
notes that the optimization of radiation
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protection is not necessar i ly confined to
procedures based on cost-benefit analysis. It is
important to realize that other techniques (noted
in ICKP 1977) which may be more qualitative may
also be used in the optimtzatton of radiation
protection.) Theoretically, the ccsts required to
achieve incremental dose reductions are weighed
against the benefits that may be obtained. The
benefits are primarily in the form of reduced
risks of adverse health effects among the exposed
population. The theoretical optimum is achieved
when "...the increase in the cost of protection
per unit dose equivalent balances the reduction in
detriment per unit dose equivalent" (ICRP 1977).

In the past, ALARA has not been incorporated
Into the AECB regulations although thy AECB
believe that the application oE the ALARA concept
has been encouraged through their licensing and
compliance activities (Bush 1979). In particular,
the AECB considers that one of the important tools
in implementing the ALARA pr inc ip le i s the
application of a "Code of Practice". Such a code
provides a set of action levels (concentrations or
dose rates) specif ical ly set for the Individual
f a c i l i t i e s based on actual f a c i l i t y specific
conditions. Each action leveL triggers a specific
corrective action. The higher the action l e v e l ,
the more serious the corrective action required.
The code is developed by the licensee, reviewed by
the AECB, and modified if necessary. When the
code is approved by the Board, It becomes a
condition of the facil ity licence (Dory 1979).

Value of a Person-Sievert

To determine the value of the risk or health
detriment in the ALARA optimization procedure, the
ICRP advocates the use of a mathematical constant
(alpha) which is applied to the c o l l e c t i v e or
population dose commitment. Since, for
comparative purposes, the cost (risk) of the
detriment should be represented In the same units
as the cost of radiation protection, alpha ts
usually expressed in units of dollars per person-
sievert . However, different approaches used In
different countries and by different international
organizations have suggested alpha values that
extend over many orders of magnitude. As noted by
Webb (1979), the large range in alpha values
reflects the difficulty of trying to quantify the
monetary value of a human l i fe .

The ICKP (1973) has noted estimates of alpha
Chat range from $1,000 to $25,000 per person-
slevert (in 1966 to 1972 U.S. dol lars) with a
median of about $5 ,000 /person-s levert . A
literature survey of alpha values by the IAEA also
shows a wide range, from $1,000 to $100,000 (Ahmed
and Daw 1980). The U.S. NRC uses an alpha value
of $100,000 aa a guideline in select ing waste
disposal mechanisms for high level reactor waste
(U.S. NRC 1976). However, the U.S. NRC remarks
that this figure arose In the context of a reactor
rule-making proceeding and i n v o l v e s v a s t l y
different considerations than encountered within
the context of uranium mines und mi l l s (U.S. NRC
1980). The National Radiological Protection Board
(U.K.) has suggested a unit cost of about 2,000
pounds per person-sievort ($4,000 to $5,000 In
1980 dollars) for optimization purposes (Clark et
al 1981).

The ICRP lias used alpha values of $10,000-
$20,000 per person sievc-rt to work out example
ALARA calculations (ICRP V, 1983). By inference,
we take this to moan that expenditures resulting
in alphas larger tliau this value would be

A study of the social costs of radiation
exposure In the U.S. in 1981 suggested that an
alpha value of $3,000 is an appropriate value to
use in determining whether dose reduction actions
are reasonably achievable (Voilleque and Pavlick
1981).

A socio-economic impact analysis for the
regulation of the chemical compound chlorohiphenyl
in Canada provided a range of estimates for the
economic value of a l ife (EPS 1982). The authors
defined the economic value of l i f e as the worth
that administrators place on l i f e when making
decisions to a l locate resources to increase
longevity. The values (in 1982 Canadian dollars)
cited in that report ranged from $57,800 to
$4,741,00J. Three values, $400,000, $1,000,000,
and $2,000,000, were subsequently selected for a
sens i t iv i ty analysis . If the total s t a t i s t i c a l
risk of death from radiation (including genetic
risk) Is 1 in f>0 pur person-slevert (AECB 1983b),
the corresponding alpha values would be $6,700,
$17,000 and $33,000, respectively.

The proposed AECB regulations do not specify a
particular monetary value for the elimination of a
person-sievert. The AECB believes that to do so
would be somewhat contrary to the way in which the
importance of dose reductions i s g e n e r a l l y
perceived i.e. in practice, greater attention (a
higher alpha value) i s given to higher rather
than to lower doses. According to the AECB
(1983b), the dose values that are judged to be as
low as reasonably achievable for any given
operation depend very much on the ctrcumstances
and therefore are best decided case-by-case after
consultation betweeen the licensee and the AECB.

In general however, the range of $10,000 -
$20,000 per person-slevert suggested by the ICRP
appears to f i t well within the range of alpha
values noted above. For our study, an alpha value
of $20,000 was chosen to carry out the preliminary
ALARA calculations.

3. DATA BASE FOR THIS STUDY

This preliminary .study was concerned only with
radiological hazards, and thuB exposure data for
radjn daughters and external gamma radiation
formed the basis of the analysis. Thoron daughter
l e v e l s , due to the presence of natural thorium in
El l iot Lake ores, were also considered.

Exposure data for i n d i v i d u a l s working
underground during 1983 were provided by the
mining companies. Workers were ca tegor i zed
according to Job descriptions provided by the
mining companies and the data were grouped
according to job category. The Job categories
were based on company-union wage discussions and
working procedures. However, because workers frou
different job categories often work together, It
was not expected that the exposure data would
depend greatly on job category.
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Radon daughter exposures were based on routine
measurements made by the mining companies using
the modified Kusnetz method, an accepted method
for establishing radon daughter concentrations. A
f u l l 12 months of radon daughter data were
available.

The gamma radiation exposures were measured at
three month intervals using TLD badges supplied by
the Radiation Protection Branch of Health and
Welfare Canada. At the time of the preparation of
this study, only the results for the f i rs t nine
months of 1983 were avai lable . In order to
maintain a data base consistent with the radon
daughter measurements, the gamma results were pro-
rated to a 12 month basis.

A series of more than 200 measurements made by
the E l l i o t Lake mining companies in 1983
suggested that the actual exposure attributable to
radon daughters is about 90% of the working level
measured using the modified Kusnetz method, and
that the remaining 10% is at t r ibutable to the
influence of thoron daughters (Black 1984,
Chakravatti 1984). On this basis, "90%" of the
measured working level concentrations was used as
an indication of the the radon daughter exposure
component.

The mining companies also established, through
subsequent counting of the sampling f i l t e r s
several hours after the i n i t i a l Kusnetz count,
t h a t the thoron daughter l e v e l s were
approximately equal to the init ial working level
measurement. On this basis, the "100%" working
level measurement (or that value normally reported
as the radon daughter concentration) was used as
an estimate of the thoron daughter exposure. For
example, if the concentration determined using the
modified Kusnetz method was 0.1 WL, then the radon
daughter concentration was considered to be 0.09
WL and the thoron daughter concentration was
considered to be 0.1 WL.

For this preliminary study, five job categories
of underground miners were selected for detailed
analysis. These were chosen on the basis of
having enough workers to provide reasonably valid
resul ts from the s t a t i s t i c a l point of view, and
that the nature of the work being carried out
would represent a "typical" underground miner. It
should be noted that a complete ALARA analysis
would necessarily entail the consideration of a l l
underground work classif icat ions and not just a
representative sample.

4. DATA ANALYSIS

Computer databases, constructed for each of the
five work classifications, consisted of radon
daughter and gamma exposures, and exposure rates,
total hours worked and a calculated exposure
index, for each employee. The index was
empirically calculated according to the following
expression:

idux = I Radon Daughter + Gamma + Thoron I :
I Component Component Daughter
! Component \

Exposure Limit
(50 nSv/a)

This was based on an assumed equivalence (on
a risk basis) of whole body exposure of 50 mSv =
4.7 WLM of radon daughters (AECB 1983a) = 14.1 WLM
of thoron daughters (i.e. the risk associated with
1 WL:\ of radon daughters was assumed equal to the
risk associated with 3 WLM of thoron daughters,
ICRP 32, 1981). An index value of unity (1)
indicates that the maximum permissible equivalent
whole body exposure limit of 50 mSv/a has been
reached.

Summary s t a t i s t i c s (arithmetic and geometric
means, standard deviations and medians) were
computed for each of the data fields in each of
the five job classif icat ions. The resul ts for
radon daughter exposures, gamma exposures and
indices for two of the job classif icat ions are
summarized on Figures 2 and 3. The distributions
underlying the data were found to be variable,
ranging between normal and lognormal. These types
of distributions are typical for occupational
radiation exposure data (Health and Welfare Canada
1981).
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The total exposures for four of the five worker
categories examined were relatively constant,
giving average exposure indices of 0.44, 0.40,
0.45, 0.43. The one exception had a lower
exposure index of 0.15. The major contributions
to the estimated exposures for four of the five
worker categories were radon (and thoron)
daughters although the contribution from gamma
radiation was not insignificant. For the five
worker categories examined, gamma radiation
contributed 17, 28, 27, 32 and 85 percent of the
total exposure index with the latter value
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resu l t ing from a low radon daughter exposure,
rather than a high gamma exposure. The gamma
contribution to the exposure index is la rge ly
unaffected by ventilation changes.

In addition to the above, mean radon daughter
and gamma exposure values for a l l underground
miners in 1983 were provided by the mining
companies. The mean, uncorrected (for thoron)
annual radon daughter exposures (modified Kusnetz
method) were ca lcu la ted to be 1.02 WLM and 1.04
WLM at the two companies. The estimated annual
gamma exposures for full-time underground miners
(>1500 hours in 1983) at the two companies were
6.0 + 3.1 mSv and 5.7 + 4.0 mSv, respec t ive ly .

FIGURE 3
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5. COST OF WORKER PROTECTION

While t h e r e I s l i t t l e pub l i shed In format ion
about the direct costs of worker protection in
uranium mines, ventilation is generally recognized
as the major component. Limited data on
venti lat ion costs re la t ive to one of the El l io t
Lake mines are avai lable for the period 1971 to
1977 (Stenning 1979). These costs, expressed as
dol lars per ton of ore produced have risen from
$1.68 in 1971 to $8.94 in 1977, normalized to
January 1984 do l la r s . This normalization was
based on the January 1984 Consumer Price Index
(CPI) applied to the CPI for the data year. The
CPI was considered to best reflect the changes in
annual capital and operating costs attributable to
the increased costs In material power, fuel,
maintenance and labour requirements.

The major and principal considerations in the
design of the ventilation for the uranium mines In
El l io t Lake are related to the control of dust,
radiation (radon and i t s decay products) and
diesel emissions in order to comply with the
existing occupational exposure standards. During
the period 1972 to 1975, the Working Level Month
standard (or "last man" exposure, LME) underwent a
systematic reductiun from 12 WLM/a to the current
4 WLM/a. This decrease in the standard prompted
the mines to modify their existing venti lat ion
systems. Figure 4 depicts the average exposures
in WLM at the El l io t Lake mines for the period
1971 to 1983 and the corresponding WLM standard
for that year. Since 1975 when the 4 WLM/a
standard came into effect, the ratio between the
average WLM/a exposure and the last man exposure
(LME) has been approximately 1:4 at both mines.

The venti lat ion system at one of the mines
required modi f l ea t ion in order to meet the
appropriate WLM standard. Figure 5 i l l u s t r a t e s
annual venti lat ion costs in relat ion to the
average annual WLM for the period 1971 to 1977.
The venti lat ion cost data are based on Stenning
(1979) as previously described and the exposure
(WLM) data were supplied by the mining companies.

FIGURE 4

AVERAGE ANNUAL WLM
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Based on these data, a trend line was estimated
by f i t t ing a power function curve to the data
shown in Figure 5. The least squares regression
analysis provided the following estimate of cost:

Cost/ton = 8.43 (WLM)"1"3* (r2 = 0.92) (1)
where

- Cost/ton is cost (1984 dol lars) per ton of
ore hoisted

- WLM is mine average WLM

This r e l a t i o n s h i p can be used as an
approximation o£ the ventilation costs required to
achieve a specific average WLM exposure. It
should be noted that the average WLM presented in
this figure is a result of the use of the last-man
exposure (LME) concept, whereby the venti lat ion
rate is such that a l l miners (ie. the las t man)
are below the WLM standard. It is evident that
were the las t man standard to be lowered, the
overall average WLM would also be lowered. It is
also evident that the cost of ventilation would be
increased correspondingly. On the basis that LME
= 4 x average WLM, equation (1) can be rewritten
as:

cost/ton = 54(LME)"1'34 (2)

Bates (1983) also analysed vent i la t ion costs
for control of radon daughters in underground
uranium mines and derived relationships similar in
form to equations (1) and (2). The form of these
equations shows that the incremental cost/ton per
unit decrease in WLM increases in a greater than
linear fashion as the mean WLM decreases.

6. PRELIMINARY ALARA ANALYSIS

Compensating t h e measured radon d a u g h t e r
exposures for the presence of thoron daughters, as
discussed ear l ie r , the collective dose for the
miners to radon and thoron daughters in 1983 were
estimated. For example, for 1869 employees at one
of the mines with an average radon daughter
"exposure" of 1.02 WLM, the collective dose from
radon and thoron daughters was:

( 0.9 x 1.02 + 1.02 ) x 50 mSv x 1869 employees
4.7 14.1

= 25 person-sieverts

In this manner, the incremental costs of extra
worker protection required to decrease the last
man exposure (LME) standard were estimated.
Sample calculations are shown in Table 1. The
alpha-values are factors of 120-520 times larger
than the ICRP suggested value of $20,000 per
person-sievert. Thus, the costs of ventilation
improvements required to lower the LME standard
could not be justified by this simplistic ALARA
analysis.

INCREMENTAL IXISTS UF KKUUCINU EXPOSURE TO RADON DAUGHTERS

Exposure (WLM)
Last Han Average ' CosL/luii T o t « l J Dose "Aljilia" Value
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1. Average VILM Is based on the assumption that the ratio of Last
Han to Average (4 to 1) Is constant for lower exposures

2. Cost/ton is based on Equation (1)

3. Total Cost is based on an average 3.5 X 10" tons/year of ore
(Chakravatti 1984).

4. Dose Saved is based on a nominal average of 1900 workers.

It was considered worthwhile to estimate what
resources would be required to lower the present
exposure index if an ALARA-type methodology were
followed. This was done by assigning an
appropriate dollar value to the collective dose
saved. For these calculations, the upper range of
the alpha values used in example ALARA
calculations by the ICRP (1983), $20,000/person-
sievert, was used.

It was assumed that the average exposure index
of the miner was to be reduced by, say, 25%. It
was also assumed that this could be accomplished
only by reducing radon daughter exposures (the
thoron daughter exposures would only be slightly
affected). The resu l t s are shown in Table 2. It
should be noted that the index for the worker
category 5 could at most be reduced by 15% because
of the already low radon exposures.

The results demonstrate that even if exposures
could be reduced for specific worker categories,
the available expenditures as determined from an
ALARA analysis are quite small. In other words,
the required 25% reduction in the exposure index
could only be justified through ALARA if i t could
be accomplished using the calculated expenditures.

The 25% reduction in the index for a l l workers
could be justified from an ALARA point of view if
the required reduction in radon daughter exposures
could be accomplished for $200,000/a at Mine A
and $158,000/a at Mine B. The resultant average
radon daughter exposure of a l l workers to effect
the 25% reduction in the exposure index would be
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about 0.7 HLM/a (Table 2). (This equates to an
average radon-daughter concentration of about 0.07
WL, assuming an average underground exposure time
of 1700 hours or 10 working months.) Based on
equation (1). the incremental costs required to
reach a 0.7 WLM/a average are orders of magnitude
higher than these ALARA-justified costs . As a
matter of interest, total elimination of a l l the
remaining radon exposure to a l l workers (an
obvious impossibility) would save a further 31 and
26 person-siever ts per year to Mine A and Mine B
workers, respect ive ly . From an ALARA point of
view, this further reduction would be justified if
i t could be accomplished for expenditures of no
more than $620,000 and $520,000 per year at mines
A and B respectively.

7. DISCUSSION

Notwithstanding the re s t r i c t ions imposed by
the a v a i l a b l e data, the study described in th is
paper provided a number of useful observations:

1) Very l i t t l e addi t ional effort in dose
reduction by means of increased ventilation
at the El l iot Lake mines appears justifiable
under an ALARA analysis.

2) Alpha values (do l l a r s per person-sievert)
ca lcula ted on the basis of present day
ventilation costs and worker exposures appear
to be factors of 100 higher than alpha values
normally accepted by the ICRP and other
radiation protection authorities.

3) The current overall exposures of miner groups
examined in th is study are well within
present standards. For example, the to t a l
exposure index (radon, thoron and gamma
radiation) for miners averaged less than 0.5.
The major contribution to worker exposure is
from radon daughters although gamma radiation
exposure is not insignificant. Calculations
done by the mining companies suggest the
thoron exposure index is generally about 1/3
of the radon exposure index.

Although somewhat se l f -ev iden t , i t is a lso
worth noting that a f u l l ALARA analysis would
requ i re examination of a l l worker exposure
categories and the cumulative effect that a dose
reduction effort in one work area could have on
the o v e ra l l mine. In addit ion, if ALARA were to
be incorporated in regulations, further guidance
would be required in several areas including: how
small a worker population should undergo an ALARA
analysis; assignment of cost to radiation
protection; and how to balance radiation
protection costs and costs for other worker
hazards.
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or not based on the sort of analysis presented in
the paper, be made by an individual or even the
mine management?

Answer: I agree that, historically, a type of
ALARA (optimization) analysis is carried out as
part of the normal routine either consciously or
subsconsciously. The latter part of the question
is a matter of philosophical debate. Personally,
I think that some general guidance is desirable as
to how an ALARA analysis should be performed (and
as to which factors should be included). However,
line by line specification is inappropriate since
the facilities vary widely.

Question (Martinson): The analysis presented in
the paper is apparently based on conditions in two
existing mines; might not the conclusion regarding
costs be very different if the analysis were Co be
undertaken ab lnitio in the design process?

Answer: I agree that, for a new facility,
optimization should be carried out during the
design process. This is already done, of course,
but it may not be recognized as such.

DISCUSSION

Question (Bush): Optimization of radiation
protection calls for examining a range of
alternatives. Only one alternative was presented,
namely, improving the overall ventilation to
reduce exposures in general. Another, perhaps
more relevant, alternative would be to improve the
auxiliary ventilation in each workplace. This
might be done, for example, by optimizing the
distance from the end of an auxiliary ventilation
duct and the working face. Have you considered
this alternative?

Answer: In our assessment we had a look at
several alternatives including local air
distribution, personal protection, worker rotation
and others. From Table 3 of the paper one or more
of these options could be justified if the annual
cost of protection did not exceed the "ALARA
Justified Expenditure". This aspect and others
would need to be given more detailed consideration
in a "full" ALARA analysis. The paper reports the
results of a "Pilot Scale" analysis.

One further point is worth noting with regard
to worker rotation. This approach does not save
(i.e., reduce) cumulative exposure and may
increase risk from conventional hazards since it
is clear that new miners (i.e., those with only
brief work experience) are more likely to incur
accidents.

Question (Martinson): Historically, mining
engineers have consciously or unconsciously
performed some sort of ALARA analysis In
determining how much air should be circulated In
the mine workings; should this decision, whether

Question (Bernstein): Your conclusions are
strongly dependent on the selection of the two
mines for study and the job categories/work
practices of the "miners" for whom exposure data
are available. How representative were the mines
(size, production, mining methods, age of ore
bodies, depth and environmental conditions in the
mines)? Were exposure measurements relevant to
radon hazards in mining (e.g., taken at working
faces, in stopes, in lunch rooms, etc., or taken
for supervisors, clerks, elevator operators,
surface workers, etc.) and representative of usual
working conditions or taken especially for these
studies? Who supported the studies?

Answer: The monitoring data were provided by the
two mining companies Rio Algora and Denison Mines
(1983). The data were reported to the National
Dose Registry (of the Department of National
Health and Welfare) and to the Atomic Energy
Control Board. Data were selected for 5 full-time
miner categories (i.e., involving work in excess
of 1500 h/year) considered to be representative of
the radiological hazards in the two mines. The
numbers of miners are tabulated in Table 3 of the
paper. (Remember this was a pilot scale study.)
In addition, more than 200 measurements (a special
study carried out by the mines) made during 1983
indicated that, on average, about 902 of the
actual exposure from airborne radon and thoron
progeny was attributable to radon daughters.
Total exposure was given, for example, for 0.1 WL
(Kusnetz), by 0.09 WL radon and 0.01 WL thoron.
This pilot study was supported by the mining
companies.
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This paper discuss the radiation safety

aspects of open-pit mining in Brazil and

presents results of exposure rate

measurements at points located at different

work-front sites, primary crushing, static

leaching sites and ore storage patio. Results

of surface contamination and air monitoring

in the hauling trucks and area control cabs

are presented. Routine difficulties in trying

to comply with the radiation safety procedures

required is discussed and suggestions

presented.

all occupational areas. In this way CNEN can

help the industry to overcome any lack of

sufficient equipment necessary by helping to

have an adequate health physics control

needed at all new installations. This paper

will not discuss the environment a 1 inspectioi

program, but will deal only with the health

physics aspects of the occupational areas at

the mine, and present the results of the

monitoring program performed at the C1PC by

CNEN.

DTSCRIPTION OK T!'E MINE OPERATIONS

INTRODUCTION

The only uranium mining and milling

installation in Brazil operating on a

commercial basis at the moment is the

Industrial Mining Complex of the Pogos de

Caldas (CIPC) installed by NUCLEBRAS (Empresas

Nucleates Brasileiras), a government owned

company. The Brazilian Nuclear Energy

Commission (CNEN) has among others, the

responsabi1ity of the health physics

inspection of all mining and milling

facilities. The inspection is performed to

assure that the work is being supervised and

oriented to follow the radiation protection

procedures it recommends.

CNEN, (different from other nuclear

regulatory bodies) has an auditing program as

well as a monitoring one. This monitoring

program is not so extense as the operator's

routine program, but it is designed to permit

CNEN to evaluate the radiological problems at

The Osamu Utsumi mine is of the open-pit

type with calculated reserves clos<? to 22

thousand tons of IKOg. The average ore

production to Die mill is 2500 t per day. Thi

uranium mill facility operating at a distanct

of about 3 km from the mine has 500 t per

year nominal capacity, and produces the

uranium concentrate as Ammonium Oiuranate

(ADU).

The mining operations include drilling,

explosion, ore removal, hauling, main

crushing, storage and static leaching piles.

The average uranium (O-Oj.) grade is 800 ppm.

Drilling is performed according to the

geological survey results which indicate

where is to be placed dynamite at the area t

be worked at the front. The explosions and

ore removal have generated a 800 m diameter

pit at the mine presently.

All the ore presenting U,,Og grade less

than 200 ppm is hauled to the overburden
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area. Above 200 ppm the run of mine is hauled

to a main crushing area where the ore is

reduced to an average size of about 15 cm(6").

The crushed ore is sent to a patio where is

stored in piles according to type and grade.

since no air cleaning system is used, and

windows are driven opened.

There is a burst of dust generated when

each truck unloads the ore at the main

The ore presenting U_Og grade between 200 and crushing area. The control booth situated on

400 ppm is stored in separate piles to undergo

static leaching. This is done by wetting the

piles with sulfuric acid solution, and

getting a licor rich in uranium vhich is

added to the process at a latter stage.

All the crushed ore is blended, screened

and then wet grounded in a ball mill, and

transferred as a slurry (about 50% solids)

to acid leaching tanks. Other plysical-

chemical processes follow until the ycllowcake

is produced and packaged for shipment.

The excavation at this point is being

performed at a depth below the water table

level, and hence there is high humidity

in the surroundings of the working face. Yet

the drilling operation itself generates a

heavy plume of dust exposing the personnel to

inhalation hazards. The drilling is performed

by four drills placed at different work

fronts. At the present three frontsare worked

at simultaneously. There are 3 to A workers

envolved in each drilling operation, and each

one works an eight-hour shift, six days a

week. One of CNKN recommendations was to use

wet drilling or make use of aspirators with

filters in case of dry operations. There are

still problems related to supervision since

the use of masks for respiratory protection

is mandatory, and workers have had problems

adjusting to them. After detonation the

workers wait for about an hour until the dust

settles, and they restart operations.

Fourteen rear dump trucks (22 tons

capacity) are utilized for hauling. The ore

is hauled approximately 600 m from the pit in

four to eight trucks to the main crushing

area. Two showels (5.4 and 3.2 m capacity)

are used in the pit. Water is sprayed on the

road to reduce the amount of dust generated.

The rear dump trucks get very dusty increasing

the risk of dust inhalation by the drivers

level up the unloading point gets much of th

dust cloud, and the situation worsens when

its windows stay openned. Two or three

employees stay at the control booth during

one work shift. Another employee stays at a

point situated two levels down the unloading

point to control crushing operations at that

level. There is significant amount of ore

dust at that level, but the worker is suppose

to wear a mask. The fifth and last level dow

the unloading point can be reached by a

stairway, and is almost underground as well

as dark and very humid. Workers stay there

only in maintenance tasks or for a few

minutes. At this point radon is a more crucia

problem than dust.

The crushed ore is stored in piles in a

two hundred thousand-ton capacity patio. The

control cab of the stacker utilized to pile

the ore according to grade gets very dusty,

and the stacker operator is exposed to the

risk of ore dust inhalation. Static pile

leaching is performed in a close-by area but

no worker stays there on a routine basis.

MATERIALS AND METHODS

The occupational inspection program

performed (1) is divided in monitoring

and auditing. Monitoring consists monthly of

air monitoring, external radiation and surfaci

contamination measurements at the various

occupational areas of the installation.

Monitoring points were chosen based on the

potential occupational radiological hazards

likely to be present in each area. During o n

dust monitoring the points chosen wore not

the ones where the ore dust concentrations

were the highest but points were the employee

was most likely to stay during the work shift

A high volume Staplex sampler with a glass

fiber filter (1 vim pore size) was used at tht
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working face of the pit area and two other

suitable places at the main crushing. A low-

volume portable air sampler (BendixMicronair)

was used by a rear dump truck driver during

ore hauling in one eight-hour work shift. The

sampling times varied from 20 to 60 minutes

for the high volume sampling. The glass fiber

filters were used to collect the airborne r>re

dust, and counted for gross alpha activity 10

days after the end of sampling with an

Eberline scintillation alpha counter. The

results of this study are based upon 12 months

of inspection trips from January to December

of 1983.

Radon daughters contribution was evaluated

using the Tsivoglou technique (2) at one

place at the working face. A MDA Instant

Working Level Meter was utilized for

measurements at the fifth level down the

unloading point at the main crushing site.

Measurements of alpha removable

contamination were made using the smear test

on the control booth benches as well as

hauling trucks seats and panne Is during one

inspection trip.

Monitoring of gamma exposure was

accomplished using a Johnson GSM-5 Geiger

Muller detector (probe 90) held approximately

one meter from the ground and one meter from

five storage piles, and at other points as

the working face, truck cabs before unloading

the ore and the main crushing area.

For the drilling sites difficult access

did not permit reasonable monitoring.

RESULTS AND DISCUSSIONS

The radiation protection survey results

at the mine Bites at CIPC are presented in

Tables 1 through 4 . Table 1 shows the ore

dust monitoring results. According to

Brazilian regulations the 1imit value utilized

for regulatory purposes is 1.3 Bq/tn (3).

TABLE 1: ORE DUST CONCENTRATION

Working F^ce

Main Crushing

- control

- 2%! level

Stacker cab

Truck cab

Concentration (Bq/m-*J

Average*

1.5
(7)

5.2 X 10~3

(12)

34 X 10"3

(14)

8.S X 10"1

(2)

4.2 X 10'1

(1)

8.8

11

4.2

Max

2

X

X

1.

X

.3

10"J

,o-2

5

10"'

1.

1.5

10

1.9

4.2

Min

2 X 10"2

X

X

X

X

lO"3

io-3

to"1

to"1

*Number of measurements in brackets.

Assuming that worker inhaled the average

amounts presented in Table 1(2000 h/year),

and that the alpha activity measured is due
o o Q

to V in the original ore the estimated

effective dose equivalent would be as in

Table 2.

TABLE 2: EFFECTIVE DOSE EQUIVALENT DUE TO

INHALATION OF ORE DUST*

Occupational
Class

Pit Area Worker

Control Booth
Operator

2i? level
Crushing worker

Stacker
Operator

Rear Dump
Truck Driver

Effective Dose
Equivalent (mSv)

75

0.31

2.0

51

21

*ICRP 30 ALI value used (4)

Results of particle induced X-rayemission

technique utilized on the analysis of filters

to quantify for thorium is under way, and

will be presented elsewhere (5). Those

calculations assumed class Y and AMAD equal

to 1 vm. At this moment results of particle

size distribution at the mining areas are not
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available. The first efforts of such studies

were directed into the yellowcake area where

the uranium is handled in a more concentrated

form. The results presented are conservative

if one considers the fact that there is a lack

of information on the real time spent by a

worker at a specific monitoring location. The

worker in question may be performing a task

which will not last long. Therefore one can

have several different workers coming and

going during a certain monitoring period

especially at the pit area. The workers at

the second level down the crushing area wore

masks even though there was no strick

supervision to garantee that the mask was

used at all the times the main crushing was

operating. The results were calculated not

considering the protection factor, and assumed

continuous operation of the main crushing

(2000 h/year). The rear dump truck and stacker

operators were instructed to frequently clean

the seats and pannels to avoid dust

resuspension. It was also pointed out the

need of more frequent road spraying to avoid

heavy dusty environment during ore transport

to the crushing area.

The radon daughters contribution results

of the working face were 0.012 ML and 0.03 WL.

At the fifth level down of the main crushing

it was 0.21 WL. The value used for Brazilian

regulatory purposes is 0.3 WL. Several other

points at the pit area that were monitored

using the instant working level meter

presented results below the 0.01 WL detection

limit.

TABLE 3: EXPOSURE RATE MEASUREMENTS

Local

Pit

Crushing

Truck Cabs

Storage Patio

Exposure Rate (yC/kgh)

Average*

0.06
(26)

0.02
(21)

0.02
(8)

0.09
(150)

Max

0.15

0.07

0.03

0.20

Min

0.02

0.01

0.01

0.03

*Number of measurements are in brackets

The values of measured and estimated

doses due to external exposure were compared

as part of the auditing program. The most

probable exposure rate was selected for two

different job categories namely the pit and

the main crushing. This was done because the

employees are listed according to those

categories instead of occupational classes.

Therefore the pit jobs included working face

tasks, drilling and hauling while the main

crushing included main crushing tasks plus

storage patio ones. Dosimetric records were

available for 43 pit area and 11 main crushing

employees. One 3-month period was chosen to

compare the film badge results to the

estimated values which were based on

measurements of the gamma radiation exposure

during that time. These results are presented

in Table 4.

TABLE 4: EXTERNAL EXPOSURE CONTRIBUTION

Results of removable alpha contaminations

at the truck cabs showed a value equal to

1.1 XIO"4 Bq/cm2 (3X10"9 uCi/cra2). Eight

different cabs were monitored, and Che highest

value encountered was 7.4 X 10~ Bq/cm . The

control booth removable contamination was

measured to be 1.8X10 Bq/cm'. Uranium ore

grade during those neiiureoenti varied from

400 to 700 ppn. Limit value used was

0.37 Bq/cm . Exposure rate measurements

results at four mine areas arc presented in

Table 3.

Occupational
Class

Pit area
personnel

Maincrushing
personnel

MPER*
(uC/kgh)

0.05

0.02

Estimated
Dose Equivalent

(mSv)**

1

0.4

Film Badge
Result
OnSv^SD)

1.27 *_ 0.3B

0.91 jf 0.37

*Most Probable Exposure Rate

"̂ Assuming 576 h exposure time.

It is important to mention that the number

of monitored (film badge) employees can be
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very small close to the real number of workers

at the pit area (45 monitored, 280 not

monitored). The large number of not monitored

personnel refers to the workers from a

different employer working at die mine on a

temporary basis.

CONCLUSIONS
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The results of this study show that there

is a need of more health physics supervision

towards the use of masks during jobs envoiving

considerable dust. The more adequate action

would be to avoid when possible dusty

environments. This could be done, for

instance, by making use of aspirators with

filters at the drills or water spraying of

the dry roads on a more frequent basis to

avoid truck drivers gutting surrounded by a

cloud of dust. Stacker and truck cabs and

control booths should have air cleaning

systems operating at all times. The results

of removable alpha contamination at cab seats

and pannels were lower than the limit value.
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INTRODUCTION

For more than 25 years, IPSN's Technical
Protection Department, jointly with French mining
companies (especially COGEMA) has been^triving to
reduce the radiological risks to which uranium miners
are expoaed. Figures la and lb show the changes in
the levels of the mean effective dose equivalent
commitment received annually in COGEMA's French
underground mines since 1959. Efforts have led to a
significant reduction in these levels which, however,
at about 25 mSv/year, remained in 1983 among the
high^est observed throughout the nuclaar fuel cycle
for routine situation*. And the lower level*
observed in opan pit mines ara still significant,
around IS mSv/yaar / 1 /.

Uranium mines therefore appear co be one of the
atapa in the nuclear fuel cycle in which the
principle optimization of radiation protactlon
deserves priority Implementation. Since the early
•eventlea, major efforts hava bean mounted in this
direction by our department, with the backing of the
mining companies of the CEA Group and the TOTAL
COHPAGNIE HINIERE Group.

This report presents the status of our
considaratlona on the methodology for Implementing
tha optimization principle In uranium mlnea, and the
conaequancea that we draw in terma of occupational
aafety. No measure* ara planned concerning operating
methods, job organization, or compliance with
lntarnal operational recommendations.

1. REVIEW OF PREVIOUS METHODOLOGICAL WORK

Ha regard tha optimization principle of
radiation protection as sat forth in ICRP'a
publication 26, at a procedura of rationalization to
efficient decisions concerning radiation protactlon.
Tha nuclaar operator has the possibility of reducing
exposure to Ionizing radiation by different technical
and organizational expedients. But tha more ha tries
to reduce exposure tha costlier tha Means employed.
Tha question Is to find tha Ideal compromise for tha
situation.

ICRP's publication 37 presents examples of the
application of the optimization principle In uranium
«lnaa. An example is prassnted in / 2 /. With raspect
to tha definition of tha dadslonal situation, these
examples ara distinguished by a number of
assumptions, of which tha main 5 ara tha following :

1. The alternative offered ara differentiated
exclusively by tha Implementation of different
technical means to prevent radiation exposure
Intended to Improve a reference alternative.

* IPSN : Instltut da Protection at da SQrete
NudCalra

2. The following can be determined without any
deadline or uncertainty, and for the entire duration
of the operation :

. costs of the additional means employed,

. corresponding reductions in individual
exposure.

3. No unforeseen factors concerning the deposit
and its geology.

4. The collective detriment la asaumed to be
suitably reprensented by the collective dose,
expressed in men-sicverts, for examples.

5. Financial coats and detriment reduction have
been made comparable because the decision-makers are
preaumed to agree on the monetary value of the
reduction of one unit of the collective detriment
(price per man-slevert).

The generalized cost of each alternative can
thus be calculated in monetary units, making it
extremely easy to select the alternative offering the
lowest generalized cost.

One calculation example is presented in / 2 /.
In this example, we have considered the price of tha
reduction of one unit of the collective doae aa a
free parameter. The values ascribed unofficially to
thla price, by certain experts, and based on
econometric considerations,on the price of human .
Ufa, lia in the range 10" -10 $ (man-sievarc) .
On the basis of these "objective" prices, tha
analysis presented in / 2 / shows that tha typical
Initial radiological altuation observed In French
mines does not need to be improved significantly,
bacause the coat of improvements la Immediately
greater than tha value of tha collective detriment
eliminated. This result contradicts the fact that for
radiological aituationa comparable to thoae taken aa
an example, we find that the operatora are
financially committed to measures dealgned to Improve
them. Apparently, theaa measures implicitly reflect
the acceptance of the price of tha reduction of one,
unit,of the collective,dosa lying In tha range 10
-10"" $ (man-aievert).

2. METHODOLOGICAL WORK UNDER HAY

Regardless of tha demonstrative value of these
preliminary approaches, alnce our teams ara directly
raaponaible for the radiological monitoring of
miners, wa cannot Ignore their academic character. In
fact, tha five assumptions adopted and explained
above to define tha daclsional situation ara
obviously far from tha reality that our teams
experience dally In tha mines, and this Is exactly
what tha operatora believe.

Hence the methodological approach must be
Improved to aacure more than polite Interest from tha
decision-makers. In comparison with tha group of
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assumptions described above to define the decisional
situation, the following corrections need to be made.

2.1. Broadening of the content of the alternatives

The implementation of additional technical
prevention measures is not the only type of action
possible. The following must also be considered, and
on a priority basis :

- The possibility of acting from the outset :
. on the operating method
. on the organization of the workings and work
stations.

- The possibility of then ensuring that the
existing prevention facilities are correctly used
throughout the life of the mine.

These measures are often the most effective and
the least expensive.

2.2. Uncertainty concerning date on irradiation
sources

Based on a sound description of the planned
working and their tine-table, It is possible, using a
model, to calculate the distribution of Individual
dole equivalents, and therefore, by summation, the
collective dose. We carried this out in the example
discussed in / 2 /. One can also use simpler models
designed to calculate the collective dose directly,
such as those that we have described / 3 /, or the
one that we developed more recently / 4 / for the
risk associated with radon daughters / 2 /.

At all events, the models imply the knowledge of
a number of field parameters such as the parietal
radon flux and the rate of production of non-settling
ore fines. One cannot ignore the fact that, before
the deposit is opened, namely at che time when
decisions are taken largely conditioning the
subsequent radiological status of the mine, the value
of these parameters Is poorly known. This means a
bade uncertainty that la reflected by an uncertainty
on the value of the alternatives, and consequently by
an uncertainty on the optimal alternative. Given the
overlap of margins of uncertainty, the optimal
•olutlon Is normally not unique anymore. While it
remains possible to narrow the degree of uncertainty
by preliminary measurement campaigns on these
parameters, the cost of these campaigns may be
non-negligible in relation to che budget available
for protection, and may delay the start of mining
operations.

In any case, it must be considered that a
probabilistic approach to the cost estimate of the
alternatives Is unavoidable.

2.3. Uncertainty concerning the deposit and Its
geology

The decisions taken when a mine is opened
condition the radiological consequences, often
revcrsibly. However! the operator knows that its
entire operation Is beset by major unforeseen
factors : he is still quite unaware of the value of
the reserves of the deposit, their layout, the
thickness of the mineralized zones, and the
mechanical and hydrologlcal properties of the rocks.
For deposits likely to last nor* than a few years, he
is actually unaware of the medium-term configuration
of the galleries and workings, and hence of its
ventilation arrangements, as well as the number and
location of the air exhaust shafts.

In describing the decisional situation, one
cannot ignore the fact that the operator may prefer
to "play it by ear", hy adapting to the effective
requirements as they arise, rather than plunging from
the outset into a costly solution that would have to
be amortized over the life of the mine, with the risk
of becoming inadequate somewhere along the way. By
acting in this way, lie can also benefit from advances
in mining techniques.

2.A. Accounting for the variability of the detriment
as a function of exposure level

In underground uranium mines, some groups of
workers undergo annual effective dose equivalent
commitments only slightly less, or even greater than
the limit of 50 mSv. The possibility of one
individual receiving an effective dose equivalent
greater than 50 mSv in one day is certainly real, the
moment he finds himself in unventilated mineralized
zones.

Operators, workers and the administration agree
in assigning preponderant importance to the
significant reduction of the collective dose of the
groups of the more exposed Individuals, and
especially In preventing any excesses of exposure
limits. This is balanced hy assigning greater
importance to an equivalent reduction of the
collective dose that would be obtained by acting
exclusively on the doses received by the least
exposed groups of individuals.

This means that in underground uranium mines, it
is unrealistic to represent the collective detriment
only by means of the collective dose. If the workers
are divided into exposure classes, the collective
dose of each of the classes represents a partial
detriment that is all the greater as the range of
exposure is closer to the limit.

The total detriment must therefore be expressed
In the following form* :

D » a T. (I + g ) N .H

where N, number of workers in class j of mean
J exposure H.

1 + g, weight allocated by decision-makers Co
J the collective detriment of workers In

clans j

a "objective" cost of reduction of one
unit of the collective dose I N. H.

.1 J J

In the example presented in / 2 /, the
collective detriment was assume to he proportional to
the collective dose.

We drew attention to the fact that the means
employed by the operators apparently revealed
much higher levels of costs implied by the
elimination of one unit of che collective dose than
those suggested by the objective econometric
analysis. We believe chat this can be Interpreted by
applying to the collective detriment the term

ICRP's publication 2fi gives the formula :

P • o X. N, H, + 0 E N. f (II.) which Introduces two

J J i i .1 J * J
unknown functions, where we feel one Is sufficient.
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containing the factor g.. For example, to transfer
workers from the 45-5O-'mSv/year to the 40-45 mSv/
year dose class, the gain in our example can be
perceived as 10 to 100 times more significant than
that achieved by transferring the same number of
workers from class 5-10 mSv/year, to class 0-5
mSv/year, for whom it can be assumed that only the
"objective" health component of the detriment should
be involved. For value of (I. close to 50 mSv/year,
the factor (1 + g.) must therefore apparently be
equal to 10 or 100^ In the collective detriment, the
share of the detriment of the least exposed groups
thus appears as negligible. To account for the fact
that the individual doses lower than 1 mSv/year are
not generally measured, and hence not Included In Che
detriment, one would logically have to consider that
for these groups g. is -1. We feel that one can
realistically state that the operators and workers
are far more strongly motivated today by the fear of
non-compliance with individual limits than by any
concern for reducing collective doses.

2.5. Accounting for the existence of the divergent
interests of decision-makers

Some experts feel that the cost of eliminating
one collective dose unit (value a) should be set at a
single value applicable In all countries and to all
activities giving rise to irradiations. In these
conditions, by a purely mathematical method, the
optimization analysis clearly helps to select the
optimal alternative, which is unique. It corresponds
to a certain balance between economic and social
costs, determined by experts, reflected by
administrative methods, but which does not take
account of the individual situation of the plant. For
the time being at least, this is not the way in which
decisions are taken to improve a level of protection
In plant. The decision taken are always more or less
an expression of the balance of power temporarily
existing in the between the different pressure groups
that may or may not he demanding greater collective
protection.

The operators want to reduce costs, but they
also demonstrate a sense of social responsibility and
the denire for a good brand image. The workers
express an overall concern for collective protection,
with a tendency to prefer Immediate or deferred
financial compensation to measures designed for the
prevention of low-probability risks lying in a
distant future. For the sake of realism, in selecting
alternatives, technical-economic criteria must be
assigned greater weight than protection criteria.
Hence the result of the optimization study only
represents one clement In the decision-making
process.

For this piirpo.se1, the value of a, or more
precisely with our notations, the vnlue of the terms
a (1 • g,), is no longer an Initial datum. The data
Is implicitly revealed an soon as all the decision-
maker* have Identified the alternative that appears
to offer the best compromise. By definition, this
compromise is the optimal solution for this plant.

3. ROLE OF RADIATION PROTECTION EXPERTS IN
IDENTIFYING OPTIMAL SOLUTIONS

BaBcd on the foregoing analysis, the role that
we try to purform ns radiation protection experts In
Che French nuclonr Industry is designed to ensure
that, when selecting protection alternatives, the
decision-mnking process will be as rational and

coherent as possible. We propose : a) initially, to
accustom decision-makers to comparing, as quantitati-
vely as possible, the costs and benefits liable to
stem from the different alternatives available
concerning protection and radiological risks ; b)
subsequently, from the decisions taken, to infer the
value of the unit cost of reducing the collective
dose for the most exposed underground miners, this
value could provide a reference for regulations.

To attain these objectives, independent of the
practical implications described in the following
chapter, it is necessary to consider prolonged action
concerning information to the different groups of
decision-makers, and specialized training of
technical managers. All those involved should speak
the same language and demonstrate the same level of
competence.

4. PRACTICAL IMPLICATIONS OF THE IMPLEMENTATION OF
THE OPTIMIZATION PRINCIPLE IN FRENCH URANIUM MINES

At the level of practival Implications, the
essential lesson that we can draw from our
methodological considerations is the need for a
dynamic approach to the implementation of the
optimization principle. We readily acknowledge that
from the start of the deliberations to the end, the
operating conditions and the exposure levels will
change constantly and substantially, and that
uncertainties concerning irradiation mechanisms and
their intensity, which are large at the outset, will
decline steadily. Consequently, an overall
optimization policy for the entire life of the mine
must include a step-wise decision-making process
which dovetails with the basic levels of mining
production.

In terms of the decisions to be taken, a
privileged moment is the one preceding the
inauguration of the mine, when the mining method
still remains to be determined. Subsequently, as soon
as mining has begun, personnel exposure will evolve
in accordance with different factors whose time
constants differ substantially. The basic principle
of the dynamic approach Is that each process must be
Identified with Its natural frequency : the
responsibility to deal with rapid occurrences must be
decentralized at the lowest execution levels, with
management ready to deal with slowly evolving
processes.

The health physlcists'responslbllity Is to
monitor every process with measuring systems adapted
to their rate of change. They must also provide
doslmetrlc assessment sufficiently accurate and
credible for the effectiveness of the Improvements
undertaken to he demonstrated a posteriori. In this
respect integrated individual doaimetry for external
and internal exposure risk* seems to us to he a
prerequisite to efficient health physics action. The
accuracy that we obtain on the absolute value ot the
collective dose Is around 10%. In the field, it is
therefore possible to observe the effects of a
prevention policy as soon as the reduction In the
collective dose exceeds this value of 10%.

4.1. Optimization at the moment of selecting the
mining method

The choice of the mining method before the start
of workings has major and Irreversible consequence*
on the Individual exposure distribution. One obvious
example is that in which one can hesitate, for a
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given deposit, between open pit and underground
mining. The collective dose will be around five times
greater in the latter case.

It is clear that in selecting mining methods,
technical and economic considerations bear greater
weight than considerations of occupational radiation
protection. The message that we wish to transmit is
the following :

- Before selecting the extraction methods, the
operator should carry out an optimization study of
occupational radiation protection.

- The results of this study must be taken into
account among other criteria in selecting extraction
methods.

Without disputing the basic technical alterna-
tives, our experience has shown that considerations
of radiation protection can serve to modify the
values of certain operating parameters, such as drift
cross-sections, exhaust fan capacities, etc.

He have developed different methodological
approaches to estimate the radiological detriment
associated with different mining methods. The quality
of these estimates depends on: 1) the time that can
be devoted to securing specific data about the
deposit ; these data are necessary for the physical
model to evaluate the dose equivalent distribution ;
2) the amount of expenditures that the operator can
allocate to this optimization study.

The two extreme situations are :

- No time, no money !
- A little time, a little money !

In the former case, we can propose a rough
estimate of the predicted collective dose using the
data gathered systematically on the different mines
that we monitor. For all the risks, the collective
dose for the entire mining period is proportlonsl to;
1) the reserve of the deposit expressed in tons of
uranium ; 2) a coefficient that we call the specific
irradlntlon, expressed as nan Sv/t uranium.

Fig. 2 provided a number of specific irradiation
values obtained for deposits In different geological
contexts (underground mines and open pit mines). The
distribution of the mean dose equivalents obtained as
a function of the different risks (external
Irradiation, Inhalation of radon daughters and
Inhalation of ere fines) Is given by Fig. 3.
Depending on the data sbout a new deposit, the value
of the collective dose of a given risk can be
provided to within a factor of 2.

Knowing the amount of expenditures accepted to
reduce the collective doses of the most exposed
groups, one can infer the order of magnitude of the
extra costs that would be acceptable for the
equipment required for risk prevention (see comments
to Fig. 2). The literature unfortunately does not
give the doslmetrlc results of the various mines In
the world. This would enriched our collection of data
about specific irritations, and could help to nakc a
statistical analysis of the parameters responsible
for variations In this value.

In the mining company still wishes to have
additional data, at minimum cost, we offer a computer
model to predict the collective dose in accordance
with the different risks. This model Is discussed In

/ 3, 4 / lor the case of radon. It only requires a
minimum of input data: mean flux of radon 222 at the
gallery wall; area of internal walls of the mine;
gallery cross-section; length of workings, their
volumes, and distances from the mine entrance; total
time spent in the ga^erles by the workers; total
time spent at the workings by the workers; primary
air flow; auxiliary air flow.

The uncertainties on the collective dose
correspond to uncertainties on the data of the
foregoing list, especially concerning the Rn222 flux.
If the geological characteristics of the deposit and
its mineralogy are unknown, we use the chart in
Fig. h. If the operator has more time and money,
using the same model, we can try to obtain more data
specific to the deposit concerned. With even more
financial resources, one can use a model that gives
both the collective dose and the individual dose
distribution III.

4.2. Optimization during the mining period

Between the start and end of mining, the
configuration of the mine and the ventilation, and
hence the drainage of the workings, ait constantly
evolving. Day after day, the operator must take
measure* to prevent any deterioration in the
effectiveness of the drainage systems of the workings
in progress, and to do this, he must first install a
procedure for the rapid detection of any
discrepancies. From month to month, he must check
that the available primary ventilation capacity is
used as intelligently as possible, and try to develop
the optimal configuration, by changing the circuits,
drilling new air shafts, or purchasing new blowers.

From year to year, the guidance of exposure
prevention measures designed for long-terme
optimization requires the implementation and
operation of a simulation model of collective
exposure to the different risks. Within the framework
of routine physical ambient monitoring and during ad
hoc campaigns, the Input of the data gathered on
Irradiation sources and levels gradually makes this
model more and more specific. The credibility of such
a model Is only borne out in the view of an operator
in so far as the results are corroborated by those
obtained through dosimetric monitoring, implying that
the latter Is credible.

4.2.1. Bayly prevention of the deterioration of
cleansing systems. Fluctuations In radon and fines
concentrations by a factor of 2 or even 5 are often
encountered in workings from day to day, or even In
Che same day between the beginning and end of the
shifts. These fluctuations are due to many causes.
Some of them are due to locsl features In the
deposit: unforeseen Inflows of radon-contnliiing
waters, passage into zones with abnormally high
mineralization, etc. Other* could have been avoided
by a better understsndlng of cleansing mechanisms and
greater vigilance: exposures corresponding to these
high vslues of radioactivity levels are unjustified
In the latter case. This may result from:

- Deterioration (perforation leaks) of the
non-rigid pipes conveying auxiliary air and Incorrect
installation of these vent pipes (choking, elbow)
Increasing their pressure drop. Table I gives an
example of measurement results pointing out the
effect of such deterioration. The measurements were
taken on the auxiliary ventilation, and the results
show that In 72? of the cases, air leaks in the ducts
exceeded 0.5 m'/s per 100 m at 100 mmHjO and in 65%
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of the cases, the resistance of the ventilation ducts
is four times greater than the theoretical resistance
of the ventilation duct employed.

- After blasting, incorrect positioning of the
end of the non-rigid pipe in relation to the working,
allowing the creation of unventilated zones, short-
circuits and recyclings, as well as the entrainment
of polluted air by a jet effect, for subsequent
shifts; more usually unefficient auxiliary air flow
in relation to the volume to be cleansed.

- Pollution of the air supply to the workings by
ore heaps awaiting loading (base of ventilation
funnels, storage bunkers, etc.).

- Malfunctions in the primary ventilation
circuit: incorrect closure of air locks, incorrect
positioning of air distribution system between the
different workings, etc.

- Non-compliance with deadlines to eliminate
transients: rapid feedback after blasting, late
startup of ventilation before the arrival of the
first shift. Fig. 5 is an example of the hourly
variation in radon 222 concentration in a working.

- Negligpnce in maintaining continuous operation
of the ventilation system at the time of changes in
work phases, such as phases of hydraulic fill.

To avoid the resulting unjustified exposures we
ask the operator to implement risk prevention
recommendations and a procedure for the rapid
detection of irregularities in the concentration of
radon and its daughters, as well as ore fines, and
unusual gamma dose rates. This procedure involves the
systematic monitoring of the different workings by
health physicists having the training and experience
of underground miners, who can thus be integrated
with the life of the mine and be aware of and
familiar with what is taking place. The miners too
must join their efforts, and consequently, they must
receive information about the radiological
consequences liable to any negligence in the
application of risk prevention recommendations.

For each type of exposure, we also ask the
operator to set levels of an operational character
determining the measures to be taken in case of
excess. These levels concern the gamma dose rate, the
concentration of radon or its daughters, and the
fines concentration. These levels can be taken as
equal to the derived limits, but this is not
absolutely necessary, and it is better to adapt them
both to the difficulties presented by the deposit and
the objectives of risk prevention.

In a normal configuration, the dose rates and
concentrations must remain below the corresponding
operational levels. Exceeding an operational level
leads to an investigation into the causes and
remedial methods. For example, we recommend the
following arrangements:

- If the level reaches 2 the value of the
operational level, the diagnosis must be performed
and remedial methods implemented.

- If the level reaches 5 the value of the
operational level, restrictions on the duration of
the work shifts must also be applied, and signs must
be installed until cleansing is achieved. A direct or
indirect measuring system of daily individual
exposure must be installed.

- If the level reaches 20 the value of the
operational level (case of old workings, for example
signs prohibiting access to unauthorized personnel
must be put up. Access authorization, under the
control of the health physicists, will be granted foi
short intervals subject to the adoption of individual
protection arrangements, including masks equiped if
possible with self-contained air supply. Helmets witl
wide-angle view and a filtered air screen, 85%
effective for fines and radon daughters are also
acceptable. The individual exposures resulting from
this type of action must be measured directly or
indirectly on an individual case basis.

A.2.2. Medium-term maintenance of primary ventilatioi
quality. From month to month, as the workings
penetrate deeper and deeper into the deposit, one maj
observed that: 1) quantities of primary air available
underground diminish, because the resistance of the
structures increases with varying degrees of speed,
depending on the flow/pressure drop characteristics
of the blowers. 2) The radon transported by this
primary air increases, because it is increasingly
collected in longer drifts, but also by the rise in
parietal flows off the surrounding rocks which are
increasingly fractured and permeable, and by the
increase in the relative influence of old workings.
A comparable situation exists with respect to ore
fines.

As part of the routine monitoring of physical
environments, the health physicists must be able to
detect the progressive pollution of primary air
picked up by the auxiliary blowers. To achieve this,
we recommend the installation of a centralized
network for continuous measurement oi the radon
concentration at strategic points of the ventilation
system, similar to those encountered in coal mines
for methane. Radon appears in this case to be an
ideal tracer of primary ventilation.

The intelligent use of the means provided to
the ventilation engineer to minimize pollution
demands a modeling of the primary ventilation and the
periodic updating of this model in accordance with
changes in the configurations of drifts and vertical
structures. The balancing of the model meshes is a
difficult exercise in practice, and the success of
the operation depends on the accuracy with which the
resistance of the different branches and their
flowrates have been measured during ad hoc campaigns.
Only such a model would make it possible, within the
framework of a cost-benefit analysis, to make a sound
choice of the most effective solution: increase in
blower capacity, drilling of new verticle ventilation
shafts, alteration of circuits, etc. Table 2 presents
an optimization analysis of a primary ventilation.
The standard situation would be that resulting from a
25 years'operation of the mine. In this mine, the
ventilation capacities and the gallery resistances do
not allow any increase of the primary ventilation
required by radiation protection. Following an in
situ measurement campaign of resistances and rates of
the gallery network and a procedure to adjust the
values to balance the circuits, the data have been
processed and the various options could thus be
compared.

4.2.3. Control of preventive measures within a
protection policy optimized for the duration of the
workings. During the routine monitoring of the
physical environments of the workings, irreplacable
experience can be gained on sources of radioactivity
and on the exposure mechanisms specific to the mine.
The operator can benefit from this experience to
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enhance the credibility of the forecasting models of
individual exposures and collective doses developed
in the design phase. However, this will only be
useful to him if the life of the nine is long enough,
i.e. several years. One year is actually necessary
to: 1) obtain for the collective dose relative to the
different risks incurred by the different critical
groups a measurement that would have sufficient
statistical validity; 2) identify fluctuations during
the life of the mine in sources of atmospheric
contamination, very often related to climatic factors
and seasonal variations in mining activity. An
example is given in Table 3, showing the variation
over one year of a quantity of radon 222 emitted by
an underground mine in shist much fractured.
A relation was observed between pluviometry and radon
rates ; 3) have the time to gather data on radon and
fines sources and on cleansing processes, which are
always specific to the configurations of workings
imposed by the morphology of the mineralized zones>
by means of specific campaigns, but also as part of
the routine monitoring of the physical environment.

In this respect, we systematically practice
physical ambient monitoring to compile statistics on:
1) the contamination level of the air picked up by
auxiliary ventilation system, relative to its value
in the general exhaust air of the mine and the values
of the operational levels of concentrations of radon
222 and its daughters, as well as ore fines; 2)
scavenging values of the workings; 3) radon fluxes in
mineralized and non-mineralized zones.

Data on the effective permeability of the
surrounding rocks must also be compiled, to supply
radon transfer models by means of ad hoc measurement
campaigns.

As the accuracy of these data increases, the
operator can, with greater confidence, consider the
implementation of measures to reduce collective
exposures that at the outset, were at the certainty
limit of the optimization procedure. In fact, during
mining operations, to invest in a costly dose
reduction process, such as electrostatic purification
or the application of negative pressure in a mine, is
a gamble that the operator can only take if convinced
that the anticipated optimization is not too
hazardous.

Another condition is psychologically necessary:
he must be able to determine that his financial
effort results in a measurable improvement in the
collective dose level. This was the case, for
example, with the dosimetric results in Figure 1:
3 peaks can be observed, each corresponding to a
change in mining technique, followed by the
adaptation of prevention techniques. If these
prevention techniques had been implemented before the
new mining methods, these peaks could have been
avoided.

Hence it is important to stress that "all other
things remaining equal" being a hypothesis never
substantiated in mining practice, one can never, by
the model alone, viz by reference to the past, prove
the practical effectiveness of a prevention system.
This must be achieved overall and a posteriori at the
level of the results of dosimetric monitoring which
must indicate a reduction in the collective dose. In
these conditions, one quality objective for
dosimetric monitoring is the ability to measure the
collective dose with an uncertainty lower than the
gains that do not usually exceed 10 to 20%, a set
value taking account of the investments made by the

operator to reduce exposure levels. This requirement
can only reasonable be met if dosimetric monitoring
is based on the data furnished by personal gamma and
alpha dosimeters distributed to all "underground"
personnel.
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Table 1 - Measurement of leakage and resistance
coefficients in about 50 installations, in 1983
(Nominal rate of the installations: 4 to 8 m3/s)

leakage coeffi-
cient* per 100 m
at 100 mmH20

% at
installations

resistance of
installations

% of
installations

leakage value:

< 0.2

15

0.2 to 0.5

13

< 2

19

2 to 4

16

i (m=7s)

0.5 to 1

22

> 1

50

practical resistance
theoretical resistance

4 to 6

26

6 to 8

28

> 8

13

* defined by BROWNING, in "The Mining Engineer",
September 1984

Comments: Leakage and practical resistance can be
decreased simply by a more rigorous and cautions
execution of mining operations. For a same
consumption of installed capacity, the efficiency of
working cleaning can be greatly improved. This is an
example showing that the collective dose can be
decreased by acting on task organisation rather than
by spending more.
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Tableau 2

Etude d'optimisation de la repartition de 1'aerage dans une mine d'uranium franpais

Hypothese Travaux a realiser
Puissance

kW
Debit
mVs

mVs
kW

Reseau d'origine 79 0,60

- Isolation de galeries pour mieux
canaliser 1'air.

- Suppression des freins d'aerage.
- Creusement d'un gros trou d'aerage
0 2400 mm sur le quartfer I) et
depiacement du ventilateur {Berry
37 kW) sur ce trou.

132 87 0,66 On obtient une meilleure repartition de 1'air en fonction
de la position des enantiers, et la diminution de
resistance du quartier II permet d'obtenir 12 m3/s d'air
supplemental re sur c& quartier tout en provoquant une
perte de 4 m V s sur le quartier I, surtout a 1'aval du
niveau -240 m.

- Isolation de galeries pour mieux
canaMser l'air.

* Suppression de freins d'aerage.
- Creusement d'une descenderie en entree
d'air du jour au niveau -160 m.

- Creusement d'un gros trou d'aerage
0 2400 mm sur le quartier III et
installation d'un ventilateur (Berry
37 kW) sur ce trou.

169 110 0,65 La nouvelle entree d'air perroet d'eviter la chute de
debit du ventilateur (Solyvent P200/95 kW) du quartier I.
La mise en aerage primaire du futur quartier III
permet de disposer oour ce quartier de 29 m V s sans
influencer les autres quartiers.

L'hypothese 2 etant realisee, on veut
augmenter le debit d'air du quartier I
a 1'aval du nfveau -240 m : creusement
d'une liaison jour •*• plan incline du
quartier I, installation sur ce perce-
ment d'un ventilateur (Aerex 46 kW) et
isolation du gros trou 0 2400 mm de
retour d'air jusqu'au niveau -240 m.

215 115 0,53 La separation du gros trou d'aerage du quartier I avec le
plan incline permet de diviser le quartier I en deux
sous-quartiers pratiquement independants. On peut de
cette facon disposer de 26 m V s d'afr a l'aval du niveau
-240 m. Le debit global d'air primaire varie peu par
rapport a l'hypothese precedente. Ceci est du au fait que
le ventilateur Solyvent P200/95 kW se trouve en dehors de
sa zone de fonctionnement normal (son debit chute de 63 a
33 m V s ) .

L'hypothese 3 etant realisee, on y
ajoute les travaux prevus dans
l'hypothese n° 1.

215 123 0,57 Cette situation permet de disposer de 29 m V s pour le
quartier III, 43 m V s pour le quartier I, a Tamont du
niveau -240 ms de 25 m V s pour le quartier I, aval -240 m
et 26 m V s pour le quartier II. A noter que le ventilateur
Solyvent 8200/95 kW pourrait etre remplace, pour un meme
debit, par un ventilateur Aerex 46 kW.

Realisa- Par rapport au reseau d'orfgine :
tion - Creusement d'une descender?*
actueTle jour -* niveau -280.

- Creusement d'un trou d'aerage
0 900 mm sur le quartier III,

- Isolation du gros trou 0 2400 mm
du quartier I aux nfveaux -120 et
-200 et mise en place d'un
accelerateur (Berry 37 kW)
au niveau -240 m.

- 2 percements entre le jour et le
plan Incline du quartier t avec
la mise en place de deux
ventilateurs CHmacoustic 75 kW.

319 149 0,44 Les besoins d'air necessaire dans chaque quartier ont
evolue par rapport aux besoins qu1 avaient ete defini Tors
des simulations d'aerage. Un changement important de la
methode d'exploitation a necessite le regroupement des
chantiers pour permettre une exploitation plus rapide,
Les reserves disponibles dans le quartier I en amont du
niveau -240 m ne justifient pas 1 Mnvestissement neces-
saire au creusement de trou d'aerage sur ce quartier,
De ce fait, on accepte de depenser plus d'energfe par
m3/s d'air fourni, 1'essentiel 4tant de disposer d'une
quantite d'air primair* suffisante. II est interessant
de noter que 1'augmentation du debit d'air d'un facteur
voisin de 2 a ete obtenue, moyennant une legere
diminution de la resistance globale de la mine, par une
augmentation de la puissance installee d'un facteur 2,5.

On trouve ci-apres les schemas simplifies des differentes hypotheses.
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Tableau 2 (suite) - Schemas simplifies des differences hypotheses
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Table 3 - Monthly mean rates of radon atmospheric release, en 1983

1933
month

Jan.
Feb.
March
April
May
June
July
August
Sept.
Oct.
Nov.
Dec.

Annual
mean

Air intake

North incline
(level Tl)

D

10,8
8,2
7.5
7,6
7,7
7,4

8,3
7,7
7,6
9
7,5

8,10

C

15
15
30
15
15
15

15
15
15
15
15

16,4

Q

156
123
225
114
115
111

124
115
114
135
112

131

South incline
(level Tl)

D

3,8
4
5
4,5
4
5,2
6,3

5,8
6
3
6,6

4,93

C

35
25
34
37,5
15
15
15

15
19
65
15

35,5

Q

133
100
169
169
60
78
94,5

87
13

495
99

145,2

Air exhaust

North incline

D

12,5
12
11
6,2
10
5,6
8,15

7,8
5,8
6,5
6,7

8,42

C

135
150
300
380
1166
230
640

1830
322
150
232

503

Q

1741
1800
3300
2356
11662
1288
5216

14274
1870
975
1557

4185

South

D

11
11
11
10,7
8,6
11,8
14,8

15
14,6
16,1
14,8

12,7

incline

C

270
120
307
367
551
382
200

360
330
262
150

299

Q

2970
1320
3382
3932
4740
4513
2960

5400
4818
4226
2220

3680

Total
atmosphere
release

D

23,9
23
22
16,9
18,6
17,4
23

22,8
22,4
22,6
21,5

21.3

Q

4711
3120
6682
6288
16402
5801
8176

19674
6678
5201
3777

7865

D • flowrate in ms/s
C - radon 222 concentration in pCi/1
Q - quantity of radon emitted in nCl/s

ICRP cumulative

HaV
(C =

new mining methods

new radon sources (back filling)

reduction of investment expanses

« — • cumulative

• — • radon 222

t- -• Ramma radiation

fines

ami)iant dosimetry »• -"individual dosimetry

radon:
assumption F = 0.22

*• . . , . -
1

- - ^ - *

70
year

Figure la: Mean annual effective dose equivalents for employees likely to be sent underground. Cumulative
value baaed on ICRF's recommendations, 1981, La Crouzllle Mining Division (France)
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new mining methods

new radon sources (back filling)

reduction of investment expanses

* - 'cumulative

.—.radon 222

•""•gamma radiation

aore fines

ambiant dosimetry — | — individual dosimetry

radon: i
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year
Figure lb: Mean annual effective dose equivalents for employees likely to be sent underground. Cumulative
— value based on ICRP's recoeaendations, 1981. Vendfe Mining Division (France)
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20

10

Person .mSv.c .. (total effective dose equivalent)
U

granites Western and
Middle France

10 4 9 1 7 6 8 5

"I" proportional to quantities of uranium extracted for each mines

Scale : I I 300 (ton of uranium)

nts; Let us assume that an orebody containing 5000 tons of uranium has been discovered in the granitic
regions of France. .Total specific Irradiation will be, if similar mining methods are used in the range 25
to 30 person.mSv.t~ (U). The collective dose will be therefore in the range 125 to 150 person.Sv. With a
value of 10 $ for the price of one person sievert (person.Sv) the most exposed groups, an .option which
reduces the collective dose of 10Z, has to be considered If it costs less than 12,5 to 15.10 $.

Total specific exposures in French open-pit and underground mines In 1983
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100Z 60Z bOZ 403
KADD13

X Underground ninei
0 Open pit ninei
£ Non-uraniun mines

3: Mean values of Che effective dose equivalent and scale of each
risk for underground mines
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to8

10*

in6

parietal Rn222 flux
-2 -1

atom.m . s

nonurnnium mines

convective transfer

1,0

workings in
uranium mines

10*

scam type (granite)

sedimentary Cype
(sandstone)

U content of ore

10# 10* 10* ffm

It nwy bt obiarvad that tha valuta of parlatal fluxaa of uranlu* alnaa on
clia whole lla In a tona govarnad by pura dlffuilon Mehaniana. Howavar,
Many valuta raladvt to non-uraniun Mlnaa cltarly lla outalda tba
convactlon xona. Thaaa convactlva fluxaa May ba aavaral ordara of ••Rnitudt
hlghar than thoaa rtiulelng (torn a pura dlffualon proeaaa / 4 /.

Fltura 4 : Parlatal radon 222 flux In undtrground alnaa



2-9 January 1982 (ventilation shut down rvcrnight)

Illiiilllll
26-30 January 1982 (ventilation throughout

the night)

KEY

|:ventilation (primary and auxiliary) shut down
between 10 pm and A am

:ventilation in continuous operation

:scraping: ventilation running

:blasting

n.-- saturation of the answer

XJ.01.JJ 31.01.11

Plt»r« 5: Trend* In radon 222 concentration In a strip packed upward slice working
fro* January 2 to 9, and 26 to 30, 1982

O
30
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DISCUSSION

Question (Schmitz): The twenty-five years of data
on dose commitment In French mines are Impressive.
Were these data plotted against the ore output?
The decrease of the slope In the direction of
smaller (man-sievert x t"') might be a good
argument In the direction of further radiation
protection work and give some counter-weight Co
pure "$ per nan-rem" considerations.

Answer: During the past ten years the Mean total
effective equivalent doses have been reduced by
approximately a factor of two. This provided
valuable Information to us and we are now asking
for further dose reductions of the COGEMA, In
order to meet the requirements of the optimization
principle.

We are Introducing our index called the
"Specific Irradiation", which is the ratio of the
collective do*e to the uranium output. It ha*
been shown that mines with high productivity
usually have low value* of specific Irradiation a*
veil.

Question (Martinson): The author* refer to
problems in controlling primary and secondary
ventilation, and state that the problem wa*
mitigated "at no extra coat" by giving more
Information to the worker*. In ay experience,
ventilation control in the workplace 1* critical
and requires constant attention to be effective.
What step* were taken in the French mine* to
secure the cooperation of the worker*, and could
it really be said that *uch control la effective
at no extra cost?

Answer: I take a* an example the supply of fresh
air by auxiliary fans through plastic tubing. He
made the operator* and worker* aware that
substantial air losses and hydraulic resistance
Increases did occur, as a result of bad work
practice* and lack of care. Improvement in the
practices Implies effectively that more time is
consumed, but it also mean* less electrical power
Is consumed and eventually smaller fans are needed
for the same delivered air supply.
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RADIATION PROTECTION AT A HIGH GRADE URANIUM MINE

TIM MEAIH.EY, KEVIN BUNDY AND h'ANDA SCIIlM.nUSKY

Amok ltd.
P.O. Box 9204, Saskatoon, Saskatchewan, Canada S7K 3X5

ABSTRACT PROJKCT DESCRIPTION

Since early n8C, Amok Ltd., on behalf oi Cluff
Mining has been operating uranium mining and milling
facilities at Cluff Lake, Saskatchewan. Initial
operations have been concerned with the extraction
and processing of material from the 0 orebody that
averaged 7% uranium.

In approaching this project the company undertook
.1 number of innovative programs in the area of
radiation protection. Experience has shown the
validity of these programs and areas; in which
Additional programs art required. Results uf the
Monitoring program have shown that mining and milling
of ore from a high grade orebndy is practical within
the current federal and provincial regulatory limitr,
on radiation dose.

The I) open pit was approximately 180 metres by 4
metres by 30 metres deep at completion. Althoug
the average grade of the orebody was IX, son
sections giaiiicl in excess of 40%. Throe stockpile
were maintained at the mine site, each with
different gri'ih- of material. The grading of each c
these pi Its varied as the mining progressed
Typically they contained ort ct 2, 11 and 39
uranium.

Figure i illustrates the mill circuit.

INTRODUCTION

In 1967 an airborne scintillometry survey in
northern Saskatchewan showed raciioinotrlc anoniliets in
the Carswell Dome area. Subsequent ground
exploration by geologists from Amok Ltd. identified,
in 1971, n high grade deposit, which became known as
the "D" orebody. Further work showed that this
orebody had an average grade of 7A uranium.

It wab obvious that if this depesit were to be
mined. It would be necessary to have a radiation
protection program that was quite different (ram that
which wan used in the mining of conventional
iirebodie*.

In November of 1976 Amok Ltd. filed, with the
Saskatchewan Department of Environment, an
Environmental AHEPBsment and Salcty Report. Included
In this report was a detailed uutline of the measures
that were proponed to limit the radiation exposure*;
of the workers in the mini1 and mill.

Early In 1977, the Saskatchewan government
appointed the "ClufI Lake Iliinrd of Inquiry" to review
the project nnd to review the potential expansion of
the uranium mining Industry In Saskatchewan.

The Inquiry, under Justice E. 0. Haydn, (untied its
final report in May of 1978. it concluded that the
manure* proponed by Amok Ltd. were generally
acceptable, and subsequently pormludlnn was given, by
both the provincial and federal governnentB. for the
project to proceed.

The proposals Bade by Amok Ltd. in the
Environmental Assc»uincnt and Sufety Report were
developed fron estimates of radiation dose ratei.
extrapolated irom experience in mining conventional
ore crudei. A number of additional ncaNurcs had to
bf implemented us the niluiiift and milling proceeded
and tome of the proposed measures were found to be
either unnecessary or Impractical.
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ICRUSHING

COARSE ORE
STORAGE
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CRUSHING

1

1
1
1
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In order to obtain a 20% feed to the leach
circuit, lower grade material was processed through
a gravimetric separation circuit in which the high
density of the uranium was used to raise the grade.
Reject from the circuit was stockpiled for
processing in the companys1 phase. II mill.

Tailings from the leach circuit, which had a high
radium content were placed in concrete containers
and stored. At the time of the processing of the
ore from the D orebody no decision had been made as
to the ultimate fate of these containers and their
contents.

metre layer of waste material would be
maintained over all exposed ore in the pic to
provide shielding. This was found to be
impractical, however, as it lead to excessive
dilution of the ore. Instead this shielding was
only placed over exposed ore that lead to a
radiation field in excess of 50 |i Gy/hr at 1 metre,
and warning flags were used for areas giving fields
between 10 arc" 50 uCy/hr.

To protect (he operators of the ore huulage
trucks, 5 cm steel shields were installed behind the
cabs of these vehicles.

RADIATION PROTECT1UN PROCEDURES Contamination Control

In order to ensure that the workers involved in
the mining and milling of the high grade ore were
not exposed to unnecessarily high levels of
radiation, the company undertook a radiation
protection program that was more comprehensive than
any previously undertaken by a uranium nine.

Six key ureas in this program were initiated.
These were:

(1)
(Z)
(3)
(4)
(5)
(6)

Planning
Shielding
Contamination control
Personal monitoring
Area monitoring
Education.

(I) Planning

As noted above, the Company gave considerable
thought to the question of health and safety in
developing the methods that were proposed for the
opcr/itJon of the nine and Bill.

In addition to considering radiation protection
requirements In equipment design, an attempt was made
to identify various scenarios that night lead to
increased radiation doses for employees, and
contingency plans were drafted for dealing with
various occurrences.

In the mining operations, for example, the retreat
mining method was chosen, In order that equipment
operators would be exposed to the ninimum size of
exposed ore face. Noting that this method would
lenve a disabled vehicle sitting on top of the ore, a
procedure for removal of such vehicles was drafted
before the commencement of operations.

The mil] ventilation system was designed to give
between six and ten air changes per hour In the
concentrator building. Additional ventilation was
provided at most conveyor discharge points mid at
anticipated sources of radon. Wet scrubbers were
provided on the exhaust of the additional ventilation
tiystcm.

Shielding

Shielding was incorporated Into various areas of
the mill where concentrations of high grade material,
such us In the gravimetric concentrate thickener,
were anticipated.

• nililUion, it wan initially proposed Chat a 1

Everyone entering the nine or mill was required
to change their clothes completely, and to shower
before changing back to their regulflr clothes on
leaving. Eating, drinking ><iu] smoking in the mine
and mill were prohibited, except in designated
"coffee rooms" where personnel were allowed to smoke
and drink, provided they first washed their hands.
Meals could only he eaten after the employee had
showered iuia changed out of potentially contaminated
clothing.

Clothing worn In the mini- and mill, including
underwear and socks, was provided by the company.
This clothing was washed at the end of each day's
use. It was specially marked to ensure that its use
would be restricted to designated areas.

Heavy equipment leaving the nine area, including
ore haulage milks; which were provided with power
operated dump box covers, were washed. All material
leaving the restricted access arvub of the mine or
mill was scanned to ensure that it vux free of
significant contamination.

(4) Personal Monitoring

All personnel working regularly in the mine .ind
mill were Issued wild three dosimeters. The
personal alpha dosimeter (PAli), developed by
Commissar!At a L'Energic Atnmlque (CI.'A), was used to
estimate radon daughter exposures. Enployues were
issued with thermolumineccent dosimeter (TLD) badges
to measure exposure to external radiation, and
pencil (or direct reading) dosimeters were used to
give (i fust Indication of accumulated gamma dose.

Pencil dosimeters were read by employees dally
and results were noted on record sheets. These
sheets were read regularly by radiation protection
staff; and supervisors were required to Investigate
unusually high readings. In addition, TI.D badges of
cnployeeK whose pencil dosimeter roudings were
elevated for long periods were sent for early
processing.

(5) Area Monitoring

Area monitoring was conducted by radiation
protection staff In All work areas. In general, a
radiation sampler was on duty in the mine and dill
during all work hour*. Sampling frequency at
designated sampling sites was determined by observed
radiation levels and the variability of results
obtained.
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In the mill there were some 70 routine sampling
sites designated. In some areas, such as offices and
coffee rooms, samples were taken weekly. However, in
other areas, where the potential exposure for
employees was high, daily monitoring was conducted.
In addition, samplers were instructed to take samples
in any area where they felt that there was a
potential radiation, problem, such as in the vicinity
of spilled process material.

(6) Education

In order to limit radiation doses it was necessary
to enlist the aid of the operating personnel. It was
found that the co-operatioi' of these people could
best be obtained when they were given an
understanding of the fundamentals of radiation
protection.

The company, therefore, made it a strict rule that
no new employee was permitted to start work until he
had received training in the fundamentals of
radiation protection. Included in thin training was
an outline of the simple procedures Chut the employee
could utilize to help limit his radiation dost, and
an explanation of how this would benefit him or lur,

Additional radiation trainii.g vas conducted for
employees in the mine and mill and for any other
groups; where a need was identified. Usually this
training was conducted as a part of the weekly
"safety huddle" which each supervisor was required to
hold with his employees.

OPERATING DIFFICULTIES

It is not surprising that a number of problem:
were encountered with the r.idiatioi; protection
progran, considering that many p.irtH of it were new.
These problems were due to three different factors:

(1) New technology
(2) The unanticipated
<3) Over cautiousness.

SD. Technology

In the area of personal monitoring, the problem.
of new technology were particularly evident.

The OKA personal alpha doninotcr had never been
UHcd previously for full scale Ui'ttltnetry. In
addition, the developers had not anticipated problcmx
occasioned by contamination fro* high grade
material!). The energy (election process for the
alpha particles had been chosen on Che assumption
that all alpha particles originated on the filter
paper. However, contaaitiuted particle* entering the
collinif.tor tubcx were found to produce additional
tracks on die detection films and consequently to
give high readings.

AH time went on, more and mure of the iloxlneturs
showed invalid renultn character J m l by morn counts
in the radium A channel than in the nuliu* C
chunnol. When this occurred the UHuigned dnufnucry
rcmilt wa» obtained by setting the rudiun A count
equal to the radium C' count; this gave the maximum
possible radon duughtcr exposure.

I'riur to the stnrt of the duff Lake operations no

attempt had been made Co monitor the gamma dose
received by mine and mill workers using TLU
badges. Consequently, r lie only such badges
available from the Radiation Protection Bureau of
Health and Welfare Canada were those that had
previously been used by laboratory and hospital
workers. These badges were found not be be
sufficiently rugged for the mine and mill
environment and the incidence of loss and damage was
high. In addition, it was found that contain!nation
of both plaques and holders occurred regularly, and
consequently numerous spurious high results were
reported.

(2) The Unanticipated

Several int; lances of unanticipated problems were
encountered. One of the most interesting of these
occurred in the mining operations.

During the training program, all employees were
instructed in (lie importance of avoiding areas in
which high grade material wns located.
Consequently, particular care was taken to limit the
time spent by employees working in the area nf the
high grade stockpile at the mine sit<>. However,
supe-rvisots noticed that cmployeer. working in the
vicinity ••! the medium grade stockpile were getting
higher pencil dosimeter rt-adings that those working
rtar the high prade stockpile. Upon investigation,
radiation protection staff realized that the
difference resulted from the relative size oi the
piles. Since the medium grade pile vas much larger
than the high grade pile the radiation field
intensity decreased more slowly with increased
distance from the pile. Unfortunately, ?t the
distance 1 rom the pile:; at which letrieval equipment
normally verked the gamria field from the medium
grade pile was higher than that from the liigh grade
pile.

In the n.ill, wear pockets and older dead-ends on
chutes were Imind to til] with high grade material.
This gav*> rise to unexpectedly high, gnrnmn fields in
severii) location;, such that it became neceehury to
install additional shielding.

The design of the ore storage binn did not
include ventilation, in order to limit the release
of radon to the atmosphere. However, during
operations there were numerous occnnlniiK when
hangups could only be cleared by personnel entering
the biiiH, Including one extended period during which
n slusher had to be operated in the bins to recover
frozen ore. Since them van no ventilation, the
r.idon daughter levehi in Che bins reached several
working leveln, and adequate protection could only
be provided by airline reRpirato.ru.

In the winter, air was drawn up the conveyor
gallery carrying ore from the crutilier to Che fine
ore storage bin In the nil) to replace alt exhnustcd
from the concentrator building by the ventilation
system. This WOH not unexpected and no problem*
resulting from this had been anticipated. However,
this air WAR colder thnn the air In the concentrator
building, and no n constquenrt! It tended to fall
down to Che ground level. On it» way it collected
radon from ore spilled lit the conveyor dlschnrgc ac
the top of the fine ore bin, and produced high radon
daughter cencentrat Jonw jit the be HO. TO prevent
this It became necessary to construct a bulkhead at
tin- top of tho conveyor gnlJery.



3a VENTILATION/ENGINEERING 75

As in all mills, there were process spills. Since
the material being handled was high grade it was
anticipated that these spills would soon lead to
elevated radon daughter levels if not removed.
Clean-up was, therefore, considered a high priority
item. It was found, however, that when employees
cleaned up spills with shovels, they received
significant gamma doses, as indicated by their pencil
dosimeters. To avoid this, it was decided that
clean-up using high pressure hoses should be used.
Unfortunately, this Jed to a different problem, in
that the washing-down resembled a mini gravimetric
separation circuit. The lighter, lower grade
material would tend to be washed away first and the
heavier, higher grade material would be left until
last. However, at the end of a wash-down there is
usually a small quantity of material remaining. With
a wash-down of spilled ore this material was high
grade and consequently, in spite of a clean-up having
been performed, elevated radon daughter
concentrations would still be observed.

(3) Over Cautiousness

Some of the anticipated difficulties with
radiation protection never materialized.
Consequently, precautions that were taken were found
to be redundant.

then closed, elevated levels were observed.

Presumably, radon was carried through from the
leach area to the precipitation area when the door
was opened, but if the door was left open for a long
period would be carried out of Che area by the
ventilation system. When the door was closed air
movement in the lower precipitation area was reduced
and the tadon remained long enough to decay to
significant concentrations of radon daughters.

In the grinding area, it was noted that a fairly
high gamma field existed in the walkway adjacent to
the rodmill. Although no-une spent much time in
this walkway it was decided that shielding phould be
provided around the rod mill. Therefore heavy steel
shields were installed adjacent to the mill. Shortly
thereafter it was noted that the operators in the
grinding area all had increased readings on their
pencil dosimeters. An investigation revealed that
during washdowns, following spillage, ore was being
washed under the base of the shield and remaining
there. As a consequence the general gamma field was
increased rather than decreased by the installation
of the shields. They were removed at the earliest
opportunity.

DOSIMETRY

In the open pit, for example, it had been
predicted that there would frequently be high
concentrations of radon daughters. To protect the
operators, all ore handling equipment was provided
with high efficiency filter units attached to the air
intakes on the heaters and air conditioners. In
addition, a flagpole was erected near the entrance to
the pit and coloured flags were made available to be
hoisted to advise those concerned of the measured
concentration.

It was found, however, that elevated radon
daughter concentrations were observed only toward the
very end of the mining operations, and then only
under inversion conditions. These concentrations did
not reach the high levels predicted and did not
persist for a significant period, being dissipated
either by movement of equipment or by the operation
of a small fan. Consequently, the precautions taken
were redundant, and a green flag flew at the entrance
to the pit for most of the operating life of the
mine.

The mill was constructed with a wall separating
the concentrator building into two areas. On one
side of the wall was grinding, gravimetric separation
and leaching and on the other was precipitation,
drying and packaging. This separation was designed
to keep the anticipated areas of high radiation away
from the areas of low radiation, in keeping with the
ALARA principle.

However, it was noticed that from time-to-time
there would be elevated radon daughter levels under
the precipitation area although no significant source
of radon existed. It was concluded that the most
likely source of this radon was a small doorway into
the lower precipitation area from the leach area.
When this door was kept closed, as it was supposed to
be, elevated radon daughter levels were seldom
observed. Neither were elevated levels noted if the
door was left open for extended periods. If,
however, the door was opened for a period of about
half-an-hour, for example when moving equipment, and

Employee dose records were derived from two
sources:

(1) Dosimeter results (PADs and TLDs)
(2) Estimated results.

(1) Dosimetry Results

Initially track-etch films from the personal
alpha dosimeters were produced and read on-site.
However, in the later part of the operation this
service was performed by the Canadian Institute for
Radiation Safety.

Numerous instances of contamination of PADs were
noted. Where this contamination was localized the
exposure was determined by counting noncontaminated
areas of the film. Where the contamination was
general, no determination of exposure could be made.
As noted previously, estimates also had to be made
when physically impossible results were noted on the
dosimeters.

The TLD badges used in the early stages of the
operation were, as noted previously, easily
contaminated, and in several cases results from
these dosimeters were incredibly high and hence
considered invalid.

The replacement TLD badges also showed high
results on occasion due to contamination. The
number of such occurrences was reduced by sealing
the badges in plastic bags before use. High results
recorded by the latter type of badges, although
higher than one would consider likely, were
generally not sufficiently high that the regulatory
agencies would allow their removal from employee
dose records.

(2) Estimated Results

Where, in the opinion of the regulatory agencies,
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there was sufficient evidence to justify rejection of
a dosimetry result, or where no result could be
obtained from a TLD or PAD, an estimate of the
employees' dose had to be made.

In general, estimates of gamma doses were made
from the daily records of pencil dosimeter readings.
In the absence of this information estimates were
made by assuming maximum probable average dost rates
and multiplying by exposure time.

Radon daughter exposure etttimates were based on
the average area monitoring results from the
employee's work place multiplied by the exposure
time.

All estimates of doses received were subject to
review and approval by the regulatory agencies before
being entered in an employees' record.

DOSIMETRY AND MONITORING RESULTS

The company was required to meet the regulatory
limits set by both the Canadian government and the
Saskatchewan government. In effect, this meant that,
for each employee, the annual gamma dose (G in mSv)
and radon daughter exposure (R in KLM) had to be such
that:

BO%

G

50 equation (1)

To illustrate the results of the dosimetry
program, the year 1982 has been chosen. This was the
last full calendar year of milling of ore from the D
orebody. There were, however, no mining operations
during that year, although some of the mining
personnel were involved in haulage of ore from the
minesite ntockpiles to the mill.

In the data presented below, results that were
considered to be invalid have been removed, and
estimated results that were entered into employees'
records have been included.

Concern had been expressed by several people
during the Cluff Lake Board of Inquiry that all
employees working at Cluff Lake would receive
significant gamma doses, not just those working in
the mine and mill. The company therefore decided to
issue TLDs to all on site personnel, not just those
who worked in these areas, and to issue additional
dosimeters to mine and mill workers for them to wear
outside of their normal work place.

With very few exceptions, the additional
dosimeters did not show gamma doses above the
detection limits. The results from these additional
dosimeters have been excluded from the data presented
below to facilitate comparison with data from other
operations.

(1) Gamma Dosimetry Records

Figures 2(a) and 2(b) show the distribution of
gamma doses by month and total for the year,
respectively. The average monthly gamma dose was
0.61 mSv, and for those employees who worked
throughout the year the average gamma dose was 9.19
mSv.

(a) Monthly (2118 results)

5 0 %

2.0

<b) Annual (101 r«tult<)

3.0 >3.5

10 20 ' 30

Figure 2- Gamma Dosimetry Results 1982 (mSv)

Prior to the commencement of operations it had
been predicted that the majority of employees
would receive gamma doses of less than 20 mSv per
year. It will be noted that, in fact, the majority
of people received less than 10 mSv in 1982.

(2) Radon Daughter Dosimetry Records

Figures 3(a) and 3(b) show the distribution of

100%

50%.

(a) Monthly (2012 results)

0.8 1.0 1.5 2.0 2.5
Figur* 3: Radon Daughter Dotimttry Ratults 1982 (WLM)
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radon daughter exposures by month and total for the
year. The average monthly radon daughter e-xposure
was 0.05 MI.M and for those employees who worked
throughout the year the average radon daughter
exposure was 0.62 WI.M.

Prior to commencement of operations it had been
predicted that the majority of employees would
receive radon daughter exposures of less than 3 WLM.
It will be noted that all employees received
exposures of less than 2 WLM.

(3) Exposure Index

As noted above, the company was required ro ensure
that the gamma dose received and the radon daughter
exposure of each employee were such that equation (1)
was satisfied. To monitor this the company
calculated, at the end of each month, a value
referred to as the exposure index (E) given by:

G R
E = - + -

50 4 equation (2)

To meet the regulatory requirement, the value of
this exposure index had to be maintained less than or
equal to one.

Figure 4 gives the distribution of the values of
the exposure index at the end of 1982 for employees
with the full year of service. The average exposure
index for these people was 0.34.

Annual (101 resulu)

0.25 0.50 0.75 1.00
Figure 4: Exposure Index 1982

CONCLUSION

If allowance is made for the fact that all
employees' dose records contained an overestimation
of radon daughter exposures as a result of problems
with the personal alpha dosimeters, no employees
exceeded the regulatory limits during the operation.

Several employees approached the regulatory limits
on different occasions. The company was, however,
able to identify these people through its
computerized record keeping system, and consequently
was able to relocate them, for a limited period of
time, to jobs with lower exposure rates.

It has been demonstrated, therefore, that the
mining and milling of high grade ores is practical
within the current regulatory limits on radiation
dose, provided adequate precautions arc taken.
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ABSTRACT

An instrumented tower has been erected over an
extended uranium ore deposit at Yeelirrie, Western
Australia to study on a long ten*1 basis the
dispersion of radon/radon daughters o:- i function of
the atmospheric conditions. In particular, the rapid
build-up of radon and its daughters during nocturnal
inversion conditions is being studied. Results to
date show this build-up to be strongly dependent on
the vertical profiles of both temperature and
horizontal wind speed.

variations in the radon/radon
concentrations with the associated
meteorological parameters.

daughter

ARL has developed a long term experimental program
of measurements over the Yeelirrie ore body in order
to better understand the processes associated with
inversions and to develop models for radon
dispersion under these conditions. Such models may
also be applicable to radon dispersion from uranium
mill tailings and may make some contribution to the
understanding of the dispersion of other atmospheric
pollutants in the vicinity of extended sources.

INTRODUCTION THEORETICAL BACKGROUND

In Australia, the mining of uranium ore is most
commonly done using open-pit mining procedures.
Extensive radiation monitoring programs carried out
during these mining operations have shown that,
under normal atmospheric conditions, the airborne
radon and radon daughter concentrations are very
low, with typical Working Level ( WL ) values of
less than 0.01 ML [ Au84, Ma83 ]. However, a study
carried out by the Australian Radiation Laboratory
(ARL) during the mining phase of the Nabarlek
uranium deposit showed that, during periods of
atmospheric stability, the dispersion of radon is
inhibited, leading to rapid increases in the
radon/radon daughter concentrations, and that under
these conditions the WL value can increase by more
than two orders of magnitude [ Le82a ] . The
preliminary results of a similar study over the
Yeelirrie uranium deposit in Western Australia have
been reported [ Le82b ] .

The Yeelirrie ore body is located in a semi-arid
area on the western edge of the Great Victoria
Desert In Western Australia. This ore body is
approximately 10 km long by 2 km wide and contains a
near surface layer of uranium some 3 m thick. The
recoverable ore reserves are estimated to be 47,000
tonnes, at an average ore grade of 0.15 percent
U3OR. Measurements of wind and temperature
profiles at Yeelirrie have been reported by Lyons
and Steedman [ Ly81 ] . This work showed that a
stagnant layer of air formed in the lower boundary
layer over the Yeelirrie ore body. Preliminary
measurements at Yeelirrie by ARL [ Le82 ] have shown
that these stable nocturnal inversion conditions can
lead to relatively high concentrations of radon and
radon daughters. Neither of these two studies
included a systematic attempt to correlate

The equation governing the mean concentration of a
trace constituent of the atmosphere is [ Do79 ]

ac _ ac _ ac _ ac
— + u — + v — + w —
at ax ay az

a(-u'c') + 3(-v'c') + a(-w'c')

ax ay sz
+ R + S -(1)

where
c is the mean concentration of the constituent
u, v", w are the mean wind velocity components
c'.u'.v'.w' are the corresponding instantaneous

fluctuations about the mean values
R is the mean production rate due to chemical

processes
S is a term representing the strength of any

sources.

There are similar equations governing the mean
velocity components and the mean temperature.
Equations governing the fluctuations in all these
quantities can also be derived. The form of these
equations is such that one might expect that the
most important parameters in any discussion of
pollutant concentration and dispersion in the
atmosphere will be the temperature, the vertical
temperature gradient, the wind speed, the wind
direction and the vertical gradient of wind speed.

The presence of the cross-correlation terms in
these equations makes them impossible to solve
directly, since the equations do not form a closed
set. One approach which allows a solution is to
assume that
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- u'c' KC(Z)3£
ax

-(2)

where Kc{z) is called the eddy diffusion coefficient.

Under this assumption, equation (1) takes the form

ac ac _ ac _ ac*
— + u — + v — + w —
at ax ay az

ajKcac] + ajKcac]
ax ax ay ay az

-(3)

Analogous equations can be derived for the
velocity and the temperature, and the eddy
coefficients Kv and Kh for momentum and heat can be
defined by equations similar to (2). It is usually
assumed [ Ha82 ] that Kc=Kh.

It is well established [ Wa77, Wy82 ] that, under
day-time conditions when the vertical temperature
gradient is negative, the dominant mechanism for
removing pollutants near the ground is eddy
diffusion, while under temperature inversion
conditions the vertical temperature gradient is
positive and eddy diffusion is strongly suppressed.
Under these inversion conditions diffusion takes
place via molecular diffusion which is very much
slower than eddy diffusion; consequently the wind
speed near the ground should have a strong influence
on pollutant concentration under inversion
conditions. This argument also suggests that the
eddy diffusion coefficients should depend strongly
on the temperature gradient.

It can also be shown [ Se75 ] that, under
conditions when turbulence is present, one quantity
which is extremely useful for characterizing the
stability of the atmosphere is the gradient
Richardson number Rg, which is defined by

Rg=_g_*(a<T> - (a<T>)ari)/(<KU>)**2
<T> 3Z 3Z 3Z

-(4)

where (a<T>/3z)at| is the vertical temperature
gradient of the atmosphere under dry, adiabatic
conditions (i.e. conditions in which a moving
'parcel' of air does not exchange heat with the
surrounding air), and <U> is the mean horizontal
wind speed.

The significance of the Richardson number is that
Rg<0 for unstable (turbulent) conditions, Rg>0 for
stable (inversion) conditions, and Rg=O for
conditions close to neutral equilibrium. Thus a
measurement of the Richardson number provides an
index of the equilibrium state of the atmospheric
boundary layer.

In addition to these considerations, the use of a
simple "box" model [ Do79 ] to model pollutant
dispersion in the boundary layer has shown that the
pollutant concentration at the downwind edge of an
extended source is directly proportional to the
source strength and the lateral extent of the
source, and inversely proportional to the wind speed
and the height of the polluted layer.

Measurements of Working Level, radon emanation
rate and temperature gradient at the Nabarlek
open-pit uranium mine [ Le82b ] showed a correlation
of the form

WL a -aT -(5)

where
WL = average radon Working Level

E = average radon emanation rate ( Bq/m2/sec )

-aT/az * temperature lapse rate

FIGURE 1
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This functional form was derived for atmospheric
conditions not too far from neutral equilibrium.

There has been very little detailed work done on
pollutant dispersion under stable inversion
conditions; the present study is an attempt to study
radon dispersion at an isolated site where these
conditions occur frequently and the
micro-meteorology is not made too complicated by the
presence of those features which complicate studies
of pollution over urban air-sheds, namely very rough
terrain or heat sources.

YEELIRR1E MEASUREMENTS

Radon Emanation

The variation of the radon emanation rate was
determined over the Yeelirrie ore body, using a 250
m measurement grid. The radon emanation rate at each
point on the grid was measured using the charcoal
cannister method [ Co77 ] . The derived emanation
rates on the ore body lie in the range 0.05 to 3.5
8q/m2/sec. These measured values were interpolated
to produce the contour map of radon emanation shown
in Figure 1. The total radon production rate from
the ore body was determined to be 13 * 4 MBq/sec.

The rest'Its of these measurements of the radon
emanation rate provide the radon source term for
application in the theoretical models of radon
dispersion.

Meteorological Parameters

A portable, telescoping 21 m tower was positioned
near the centre of the ore body in an area
characterized by low, scattered scrub. A schematic
diagram of the instrumentation on the tower is shown
1n Figure 2. The sensors are arranged In groups at
heights of 1.25m, 2.5m, 5m, 10m and 20m. The
meteorological sensors measure temperature, wind
speed and direction, and heat flux. All sensors and
the data acquisition system are powered by 12V, 160W
solar cell array, with 400 ampere-hours of battery
storage capacity. The measurement system consists of:

Temperature sensors. Two types of temperature
sensors are used on the tower. Slow response
temperature sensors are positioned at 1.25m, 2.5m,
5m, 10m and 20m. These sensors use solid state
temperature measuring devices, mounted In a shield
designed to block direct solar Irradiation and to
average out fluctuations in the horizontal wind flow
near the sensor. The slow temperature sensors
provide a measure of the average local temperature.
Bead thermistors are used to provide fast-response
temperature sensors. These fast temperature sensors
are positioned at 2.5m and 10m, and are used to
measure rapid fluctuations in temperature about the
local mean.

Wind sensors. The wind speeds at heights 1.25m, 5m
and 20m are measured using cup anemometers. These
devices use a light chopper to produce output pulse
rates proportional to the wind speed and have a
starting threshold of less than 0.1 m/sec. The wind
speeds and directions at 2.5m and 10m are determined
using Gill UVW anemometers. These anemometers use
three low threshold, orthogonally mounted propellers
to measure the wind components u,v and w in the x, y

FIGURE 2
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and z directions respectively. The fast response of'
these devices also allows measurements of the
cross-correlations between the oifferent wind
components. By combining the output of the UVW
anemometers with the output of the corresponding
fast temperature sensor, the cross-correlations
between each wind component and the temperature can
be measured.

Heat flux sensor. The net heat flux at 1.25 m is
measured using a net radiometer. This device uses a
thermocouple, mounted between two horizontal metal
plates whose outer surfaces are painted black, to
provide an output signal proportional to the net
Integrated heat flux.

Radon and Radon Daughters (Working Level)

The radon and radon daughter monitors used on the
tower were designed and constructed at ARL. The need
for lightweight, low-power monitors capable of
extended, unattended operations must be balanced
against the need for high monitor sensitivity and
response time. These conflicting demands were
satisfied by using continuous (or semi-continuous)
monitors and using the monitor response functions to
later Improve the time resolution of the collected
data.

Radon Monitors. Three flow-through scintillation
cells are used to measure radon concentrations at
1.25, 5 and 20 m. These cells are located at ground
level and air is sampled through plastic tubes from
the appropriate level at a flow rate of 1 litre/min.
The monitors are run continuously and have an
efficiency of 3.5 cpm/piCi/1 and a background count
rate of less than 0.5 cpm.
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The contribution to each 10 minute count from
previous sampling intervals is derived using the
method outlined by Stranden [ St81 ]. This method
uses the measured monitor response to a radon step
function of 10 min. duration to correct for
contributions from earlier counting intervals.

Working Level Monitors. The three radon daughter
monitors (calibrated in units of Working Level) are
mounted directly on the tower at the 1.25, 5 and 20
m levels. Each monitor comprises a sampling pump, a
diffuse junction solid-state alpha particle
dectector, together with a charge sensitive
preamplifier, an amplifier and a discriminator. Air
is drawn through a filter at 1.5 litres/min. and the
alpha decays from the radon daughters deposited on
the filter are detected and counted by the alpha
detector, which is positioned in front of the
filter. Continuous electronic Working Level
monitors, based on the direct counting of alpha
decays from daughters deposited on a filter, have
been used to measure WL by a number of workers
[ Dr77, 0u79 ]. As in the case of the radon monitors
there 1s a contribution to the output of these WL
monitors from radon daughters deposited during
previous sampling intervals. The correction for
these contributions is complicated by the dependence
of the monitor response function on the relative
concentrations of the individual radon daughters.

To overcome this problem and to improve the time
response of the monitors, the pumps in the WL
monitors on the Yoelirrie tower are operated with a
duty cycle of 50 percent and a cycle time of 20
minutes ( that is 10 minutes on, 10 minutes off ).
For each cycle, the alpha decays are counted for the
time Intervals 0-10, 10-15 and 15-18.5 minutes. This
third count interval corresponds to the required
time interval for the Rolle method of WL
determination [ Ro72 ] . The contribution to the
third count Interval from previous sampling Interval
can be estimated from the second and third counts
from the Immediately preceding cycle [ So84 ] .

Data acquisition

The data acquisition system Is controlled by a ZCO
micro-processor. This processor sequences the
interrogation of the Individual sensors, corrects
for non-ideal response of the sensors, averages the
data and outputs the averaged data to tape storage.
The computer communicates via • serial data link to
interface modules connected to each sensor on the
tower. Two types of interface modules are used,
counter modules and analog-to-digital conversion
(ADC ) nodules. Each module has a unique address
code and can be Individually read by the computer.
The nodules also allow a number of control
functions, so that the processor, under program
control, can turn devices on and off.

Data are accumulated In two ways. The
meteorological sensors ire sampled every 10 or 20
seconds. The data are transmitted to the processor
when the appropriate Interface module Is polled and
a running mean and variance Is accumulated for each
sensor. In the case of the UVW anemometers, the data
are corrected for non-cosine response of the
propellers [ Ho71 ] and the cross-correlations
between the wind components ind between each wind
component and temperature are calculated, as well as
the wind speed and direction. For the rt<ion and
Working level sensors, the associated counter

modules are polled every 10 minutes in the case of
the radon sensors and at intervals of 10, 15 and
18.5 minutes in the case of the Working Level
sensor. A complete data acquisition cyclie or both
the meteorological and the radiation sensors takes
20 minutes. This cycle length was chosen as being
long enough to include low frequency
micrometeorological changes in wind and temperature,
but not so long as to exclude the effects of any
high frequency fluctuations on the measured means,
variances and cross-correlations.

OATA ANALYSIS

The meteorological tower and the associated
sensors were installed at Yeelirrie in August 1983.
Data tapes from the tower are returned to ARL on a
weekly basis. Detailed analysis and interpretation
of this exstensive data set is in progress . The
analysis to date has been confined to checking the
validity of the data and to an examination of the
radon/radon daughter concentrations as a function of
the more important micrometeorologica) parameters
(e.g. the temperature gradient, wind speed and the
gradient Richardson number )

Many of the observed trends in the atmospheric
conditions are illustrated in Figure 3. The radon
concentration and wind speed at 1.25 m, and the
temperatures at 1.25 and 20 m are shown as a
function of time for a one week period in late
summer. Some of the main points from this data are

(i) large diurnal variation in temperature,
(ii) changeover from negative temperature

gradient during the day to positive
temperature gradient (i.e. temperature
inversion) at night,

(iii) a marked drop in the horizontal wind speed
during the period prior to sunrise,

(iv) diurnal variations in the radon
concentration, with radon Increases
associated with temperature inversions and
low horizontal wind speeds.

FIGURE 3
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In Figure 4 the structure of the wind and
temperature profiles is shown in more detail for
data collected in mid-winter. The strengthening of
the temperature inversion during the night and
reduction in the horizontal wind speeds at all
heights after sunset, can be seen in this figure.
The associated radon concentration data at 1.25 m,
and the derived gradient Richardson numbers at 2.5
and 5 m are shown in Figure 5. The radon values were
derived from the raw data, corrected for monitor
response using the method decribed previously. The
Richardson numbers were calculated from the wind and
temperature profiles using equation (4).

It can be seen from these figures that there was a
rapid increase in the radon concentration at-er 1
am. This increase was preceded by a corresponding
decrease in the vertical gradient of the horizontal
wind speed . The temperature gradient during this
period does not show a marked change in magnitude.
The Richardson numbers at 5 m show « transition from
near neutral to stable (inversion) conditions at
this time. The large change in the magnitude of the
Richardson numbers appears to be associated with the
decease in the velocity gradient rather thin any
large change in the magnitude of the temperature
gradient. This suggests that the presence of a
temperature inversion does not necessarily lead to a
large increase in radon concentration by itself;
under inversion conditions the radon concentration
appears to depend strongly on the magnitude and the
vertical gradient of the horizontal wind speed.

The behaviour of the radon daughter concentration
and equilibrium ratios over this period is shown in
Table 1. The radon concentration and Working Level
values were derived from the raw data corrected for
the response of the monitors. These values were then
averaged for each hourly Interval between midnight

FIGURE 4

FIGURE 5

- • » + » t i i i u i j i i l l

2 M 12
TIME or DAY (hour*)

WIND t TEMPERATURE PROFILE

24 12
TIME or DAY (hours)

and 9 a.m. The equilibrium ratio was derived from
the ratio of the hourly averages of the Working
Level and radon concentration and provides a measure
of the approach to equilibrium of the radon
daughters. The quoted uncertainties represent one
standard deviation.

The tabulated data covers only a limited time but
a number of systematic trends can be Identified.
These Include:

(1) the Increase in radon ccnccntration at
1.25 m occurring at 2 a.m. (also shown in Figure S)
is accompanied by a corresponding increase in radon
at 5 m and 20 m, delayed by about 1 hour.

(2) the radon concentration Is relatively
uniform over the first 5 m and drops by an order of
magnitude at 20 m.

(3) the increase in the radon concentrations
are accompanied by an Increase in the Working Level
values. The maximum Working Level value was delayed
by one hour at 5 m and 2 hours at 20 m, relative to
the 1.25 m maximum.

(4) the vertical gradient of the Working Level
ove- 1.25 m to 20 m varies from 27:1 at 2 a.m. to
dos.» to uniform mixing at about S a.m.

(1) the equilibrium ratio values show a
transition from near equilibrium concentrations of
radon daughters prior to the rapid increase at
2 a.m., through low equilibrium ratios during the
Working Level maxima, returning to close to
equilibrium after sunrise.
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TABLE 1

HOURLY AVERAGE RADON, WORKING LEVEL AND EQUILIBRIUM RATIO VALUES

Equilibrium RUio

1.25m 5.0n 20.0m

0.51 * 0.17 1.01 * 0.38 0.99 * 0.48

0.21 * 0.05 0.28 * 0.08 0.80 * 0.40

0.54 * 0.05 0.27 * 0.04 0.48 * 0.24

0.42 ± 0.06 0.27 * 0.05 0.51 * 0.21

0.12 ± 0.07 0.16 * 0.06 1.27 * 0.45

0.11 * 0.06 0.22 * 0.06 1.20 * 0.43

0.20 * 0.07 0.16 * 0.08 0.88 * 0.43

0.20 * 0.07 0.16 * 0.08 0.67 * 0.44

0.31 * 0.07 0.65 * 0.06 1.03 * O.SO
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DISCUSSION AND CONCLUSIONS REFERENCES

Some of the important features which have shown up
in the data collected so far »re

(1) the frequent occurrence of nocturnal
terverature inversions, accompanied by very low
surlace winds,

(2) market increases in radon and radon
daughter concentrations during nocturnal inversion
conditions,

(3) large variations in Richardson number
between day and night,

(4) evidence of some correlation between
Richardson number and radon/radon daughter
concentrations,

(5) evidence of some correlation
horizontal wind
concentrations.

between
speed and radon/radon daughter

In earlier papers [ Le82a , Le82b ] , ft was shown
that there is a strong correlation between elevated
radon/radon daughter levels and temperature
gradient, under conditions which are not too far
from neutral equilibrium. The present measurements
indicate that neutral conditions do not occur
frequently at Yeelirrie, but that stable nocturnal
inversions are common, and that elevated radon/radon
daughter level tend to be associated with these
inversions. The measurements also indicate that the
important parameters under these Inversion
conditions are the magnitude and the vertical
gradient of the horizontal wind speed. The decrease
in wind speed discussed earlier corresponds to the
formation of a stagnant layer of air £ LyBl ] , while
the decrease in the vertical gradient of the wind
speed corresponds to an Increase In the thickness of
this stagnant layer. The present results suggest
that, although temperature Inversion conditions are
necessary before high radon concentrations can
occur, the horiiontal wind speed plays an Important
rolt In controlling the radon concentration during
Inversion conditions. Thts conclusion Is consistent
with the earlier comments about the use of a "box"
model [ Oo 79 ] to predict potlutant concentrations
downwind of tn extended source.
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DISCUSSION

Quentton (Schery): Have you itudled the variation
in exhalation of radon fro* the ore body a« a
function of meteorological conditions?

An«wors To date we have made only a preliminary
two-day aeasurenent of the diurnal variation of
the radon exhalation from the or* body. At a
later stage we plan to add further senior* to the
tnwer, to (Manure preiture, humidity and rain-
f a l l , and make a more thorough etudy of the
dependence of radon exhalation on the local
meteorological paraMUnw
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"RANDOMIZATION OF GRAB SAMPLE STRATEGIES FOR ESTIMATING
THE EXPOSURE OF URANIUM MINERS TO RADON DAUGHTERS"

THOMAS B. BORAK

Department of Radiology and Radiation Biology
Colorado State University

Fort Collins, Colorado 80523

ABSTRACT

In most underground uranium mines in the U.S.A.,
•.he .-tegrated annual exposure to radon daughters is
determined by combining periodic grab samples of
working level with tine of occupancy. This can lead
to considerable uncertainties. One Important con-
sideration is the systen.itic bias introduced if the
grab samples are taken the same tine each day or
during periods immediately following the repair of .i
faulty ventilation system. Procedures that
randomize the tine between measurements for each
location are discussed. Complete randomisation of
all measurement times Is often not feasible due to
manpower and fiscal considerations. Methods that
compromise true randomization without introducing
bias have been investigated.

INTRODUCTION

The purpose of any
ia to reduce exposures
reasonably achievable
individual receives an
maximum exposure limits,
fundamental concept* of
a* described by the
Radiation Protection (I)

radiation monitoring program
to levels that are as low as
and to Insure that no
exposure which exceeds the

, This Is a statement of the
optimization and limitation

International Commission on

In 1979 the U.S. Department of Interior issued a
contract through the lureau of Mines to evaluate
radiation monitoring program* for uranium miners and
suggest m«thod« for optimising these procedures.
This study was completed In 1981 (2). Several con-
clusion* were presented at that timei

• Exposure to external gamma radiation can
becoww significant in son* mining location*
especially mar high grade ore.

• Calculation* of derived air concentrations
for Inhalation of reapirable dust containing
long lived radlonuclldcs using methodologies
outlined In ICP.F30 vert lower thin previously
adopted Itmlti O ) . In certain situations
duit limitation! for the control of silica
are not sufficient to comply with these re-
vlied limit* for long lived alpha emitter*
<•>.

• Expoiure to radon daughter* command* the
highest priority for monitoring and expoiure
reduction in underground mine*.

The following recommends toni were M d e based on
thtie conclusion* i

a The use of ptiraonal dosimeter* Is rcc.
for monitoring external gamma exposure

inded

e A randomized grab sample strategy combined
with tine of occupancy 6urveys is recommended
as a cost effective approach to the
estimation of annual exposure to individual
miners from radon daughters and long-lived
radlonuclides in rcspirable dust.

Stratified random sampling techniques have been
described by Makepeace, Horvath and Stocker for the
estimation of respirable quarts exposures to
underground miners (5). The purpose of this pnper
is to present a method for the design and execution
of a randomized grab sample protocol which will
satisfy radiation protection requirements for
inhalation of radon daughters by underground miners.

MATERIALS AND METHODS

In underground uranium nines grab samples are
taken for the purposes of control and dosimetry.
Control refers to measurements which are made to
establish whether or not a work station is safe for
noraal operations. Dosimetry refers to those
measurements used with time of occupancy information
to determine the accumulated annual exposure to
potential alpha energy In working level months from
radon and thoron daughters. Often these measure-
ment* are combined in the sense that control
measurement* are also used for purposes of
dosimetry. This can introduce biases in the esti-
mate of the annual exposure* since control measure-
ments are often taken before or immediately
foilowing a malfunction of the ventilation system.

It is, therefore, strongly recommended that
measurements for dosimetry and control be
separated. This doe* not imply that control
measurements are of secondary Importance. They are
enentlal in maintaining safe work areas und a m
Instrumental in reducing unwarranted exposure*.
However, the frequency and analyst* of grab aamples
for dosimetry must be separated from routine or
emergency control measurement*;.

Any dosimetry protocol designed to estimate the
annual accumulated exposure to Individual miner*
will be subject to uncertainties. The object 1* to
reduce these uncertainties to acceptable levels. It
U astonishing that there does not seem to be any
official declaration of what is in acceptable degree
of uncertainty or associated level of confidence for
any of the methods that are used to estimate annual
accumulated exposure* from external or Internal
radiation*. This Is an unfortunate oversight which
has promoted comparisons between various dosimeter*
or sampling schemes without addressing the is*ue of
whether any of them Is satisfactory for monitoring
the exposures of miners.
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In 1973 the American National Standards Institute
published a concensus standard for radiation protec-
tion in uranium mines (6). According to this
standard a monitoring system for radon daughters
must be capable of measuring the annual accumulated
exposure in working level months to within an
uncertainty of ± 50% about the true value at a 952
level of confidence. Although this is not an
officially recognized edict it will be used in this
paper to judge the acceptability of grab sampling
protocols. This uncertainty might seem unacceptably
large at face value. But ± 50% is actually
conservative when compared to the variability of
exposures from natural background sources of radon
and ambiguities in the assessment of biological
risks fiom inhalation of radon daughters.

It has been shown previously that one of the
largest contributions to the uncertainty in
estimating Che annual accumulated exposure from
radon daughters using grab sampling methods arises
from variations in working level as a function of
time (7). These variations nay be periodic (daily
or seasonal) or internlttent due to failures of the
ventilation sy»te«. Figure 1 chows the variations
In working level Measured in the Twilight nine
operated by the Bureau of Mines (8), There is a
clear indication of daily variations. Figure 2
shows a projection of this sequence of taeasurenents
on the working level axis. This represents the
shape of a probability density function and
illustrates the range and frequency of occurance of
working level values. 02

WORKING LEVEL

FIGURE 2: FREQUENCY OF OCCURANCE OF WORKING LEVEL
VALUES CORRESPONDING TO THE MEASUREMENTS IN FIG. 1.

TIMC

FlfiURK I: WORKING LEVEL AS A FUNCTION OF TIME
MEASURED IN THE TWILIGHT UNDERGROUND URANIUM MINE
OPERATED BY THE U.S. DifARTMENT OF THE INTERIOR,
IUHKAU OF MINES.

Although fljur* 1 ihowt real Mine data, tlie
ruguUr periodic rmtur* may not represent temporal
variation at «n actual work (Cation. Figure 3 ihowi
tti« protected distribution of working level for

made In another area of the nine. Not*
thU probability density function la almost

In nhap« And U dtiiinetly different fro*
Figure 2. Figurt 4 shout the rtiultn ot
•easurtment* tn • location which experienced a

in ventilation. Thli density function It
with a range of valu«i which »pan an

Interval, illghtly tttt than t factor of 10.

LOCATION IL8

0.2 0.6 1.0 1.4
WORKING LEVEL

1.6

MCURE 3i WORKING LEVEL AS A FUNCTION or TIKE
MEASURED IN LOCATION ILS OF THE TWILIGHT UNDERGROUND
URANIUM MINE.
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O.I 0.2
WORKING LEVEL

0.3

FIGURE 4: FREQUENCY OF OCCURANCE OF WORKING LEVEL
VALUES CORRESPONDING TO A SITUATION Wl^H A SHIFT IN
VENTILATION. THE SHAPE OF THIS DISTRIBUTION IS
CLEARLY BIMODAL.

The first step in the analysis is to establish
the number of independent measurements required to
characterize each of these distributions such that
95% of the estimates of the annual average value of
working level months is within ± 507, of the true
value. This was accomplished by randomly sampling
the various distributions using a Monte Carlo
technique. The procedure is as follows:

a) A probability is assigned to each location
such that it will be sampled on average, n,
times per year.

b) On each working day it is determined whether
or not a given location is to be sampled by
comparing a random number with the assigned
probability for that location.

c) If the location is to be sampled, a value of
working level is randomly selected from the
associated density function and assigned to
the location.

d) If the location is not sampled, the value of
working level from the previous day is
retained for that location.

e) Values of working level are summed for each
work day to yield an estimate of the annual
exposure in working level months assuming
100% occupancy time.

f) Steps a-e are repeated in order to establish
whether or not the average number of samples,
n, is sufficient to characterize the given
location 95% of the time.

T;ibK- 1 sliok's ilit- results of tlijs analysis for
ihe two <lfsirfhut funs Ire/ing the largest variance
''igurt'S 1 and 4). '.n tliis .analysis it is assumed

that there art' 5 working days per uei-k aoi 4 Ktvks
per month. Tims, a daily sampling frequency
trauslaf es into an average of 24iO samples per
year. A weekly frequency would mean an average of
48 samples jit-r year. Biweekly Sraplies 24 sanples
per year and raunthly implies 12 samples per year.
Assuming tli.it IIUTP is no uncertainty in the
measurement (SIJ=O?) the estimated annual exposure
for location I US is wirhin ± V)?. of the true value
992 of the time for a monthly samplng frequency.
For the binrnl.il distribution i2 samples are not
sufficient to satisfy the ± 50? criteria 9Y/, of the
tfme. An average of 18 samples is required and thus
a biweekly frequency would be adequate.

TABLE I: CONFIDENCE LEVEL SATISFYING THE CRITERIA
THAT THE ANNUAL ESTIMATE OF EXPOSURE IN WORKING
LEVEL MONTHS IS WITHIN + 50Z OF TRUE VALUE FOR TWO
MINE LOCATIONS AMD VARIOUS SAMPLING FREQUENCIES.
THE VALUES WERE COMPUTED ASSUMING THAT EACH
MEASUREMENT IS EXACT (SV = 07,} AND THAT THESE IS A
502 UNCERTAINTY IK EACH MEASUREMENT OF WORKING LEVEL
(SU = 50?).

COUFJDEVa LEVI1 >

LOCATION

as
FIGURE I

BIMODAL

FIGURE 4

FREQUENCY

DAILY
MEEKLY

BIWEEKLY

MONTHLY

DAILY

klll.li

8IHEEKIY

H0NTH1Y

su • m

100

100

100

99

100

100

98

91

SU • 60*

100

:oo
99

93

100

99

93

61

The next step in the analysis is to recognize
that there are uncertainties in each measurement due
to inherent errors in the method, counting
statistics, human mistakes and estimation of
occupancy time. To determine the impact of these, a
random error van assigned to each measurement. This
orror was assumed to be normally distributed about
t.he actual value of working level with a coefficient
of variation of 50%. Thus, the 95% confidence
interval (2 a) for each measurement is within a
factor of 2 of the true value.

The column labeled SU=5O% in Table 1 .shows the
results of the randomized grab sampling procedure
which includes measurement errors. Notice that H
monthly sampling frequency for IL8 (Figure 3) is no
longer sufficient to satisfy the ± SOX criteria 95%
of the time, but biweekly measurements would be
adequate. Biweekly measurements are not, however,
sufficient for the bimodal distribution (Figure
4). A sample on average once per week would
suffice.

The calculation was repeated for the case where a
miner randomly spends one half of the time in each
of the two locations characterized by Figures 3 and
4. Similar results were obtained. This indicates
that even with a conservative estimate of
measurement errors and movement between locations
the tolerance criteria can be satisfied with a
reasonable number of grab samples. The next
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challenge is
this strategy

to develop .) scheme for implement in

A completely randomized approach would require
th.it both the number of work stations .ind the
sequence of sampling be randomized. It is not
difficult to randomly select the number of locutions
to be sampled each day. However, randomiz.ition of
the order of sampling could be prohibitively time
consuming and expensive. The following compromise
is suggested:

• Every morning each work station in the mine
is tested with a random number to determine
if it is to be sampled for that day.

• After choosing the locations to be sampled on
that day, another random number is selected
to determine which of these should be the
first location to be sampled.

• The technician is instructed to sample this
location first, no matter how inconvenient,
and must resist the temptation to sample some
of the other dosimetry locations along the
way.

• After the first measurement is made the
remaining dosimetry locations for that day
can be sampled in the most convenient or
efficient order.

It is felt that this departure from complete
randomness is sufficient to remove biases from the
information required for purposes of dosimetry.

To examine the feasibility of this procedure a
computation was performed using the Bureau of Mines
Twilight mine as a model. Figure 5 is a schematic
diagram of the mine.

AUXILIARY
ENTRANCE

MAIN ENTRANCE

FIRST /
AID STATION

FIGURE 5: SCHEMATIC DIAGRAM OF THE TWILIGHT URANIUM
MINE (Dr84)

ach dot represents -m actual si.it iu» tint will have
raiiier occupancy. A mmrix v.is inrrwd vitlj f.-u-h
entry representing the Jistanri- i ton un<- location to
another. The sampling probabilities wrc adjusted
such that on average 8 locations would be sampled
each day. A Monte Carlo calculation thrn determined
which locations were to be sampled on u given day
and the first of th«-se to be sanpied. The sanpling
order of the remaining locations were selected
manually. It was assumed that the technician
entered the Taine walk inc. al a ran- of 50
meters/minute, and that t lie linn- <o nake a
measurement was 12 minutes.

Figure 6 shows the time required per day to
complete the grab sampling schedule and exit the
mine. The mean v.ilue for this simulation was about
2 hours with a range from less than 1 hour to over 3
hours. Although this represents an inconvenience in
scheduling it should not be unmanageable. Or. most
days a single person can perform the dosimetry
measurements and be available for routine or
emergency sampling for control purposes.

TIME TO COMPLETE DAILY SoRVEY

o
z
UJ

o
til<r

UJ
>

rr

MEAN LOCATIONS PER DAY = 8
MEASUREMENT TIME = 12 min
TRANSIT RATE =50m/min

I 2
SAMPLING TIME (HOURS)

FIGURE 6: DISTRIBUTION OF TIME REQUIRED TO COMPLETE
RANDOMIZED SAMPLING STRATEGY IS TWILIGHT MINE FOR AN
AVERAGE OF EIGHT LOCATIONS PER DAY. THE TRANSIT
TIME WAS SOm/MIN AND THE TIME TO COMPLETE A
MEASUREMENT WAS 12 MIN.
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CONCLUSIONS

Grab sampling together with lime of occupancy
surveys are the presently accepted procedures for
determining the annuai nccumul.'i ted exposure of
uranium miners to rndon daughters. Unavoidable
uncertainties exist in this method and considerable
effort is being directed toward development of
personal dosimeters. At this time both active and
passive systems are either not reliable or too
expensive to gain universal acceptance. Therefore,
grab sampling protocols will continue to be
important during the period of time required to
develop and test personal dosimeters.

It is suggested that a randomized approach to
grab sampling be adopted in order to eliminate
systematic biases and reduce uncertainties in the
estimate of annual exposure to radon daughters. The
system is based on a daily selection of work
stations to be sampled. The actual number of
samples per day is not constant but each location is
selected on the basis of odds which insure that on
average it will be sampled a sufficient number of
times to satisfy tolerance criteria.

A random sampling frequency of about 50
measurements per year (once per week) is sufficient
to satisfy the concensus criteria that the annual
accumulated exposure in working level months be
determined tu within + 50% of the true value at a
95% level of confidence. Locations which have
temporal fluctuations in working level greater than
a factor of 10 for long periods of time will require
additional measurements. It is not anticipated that
the required sampling frequency would exceed the
already established policy of one sample per day.

Work stations which are not occupied on a daily
basis need not be included in the selection process
each day. However, the probability must be adjusted
such that the work station is selected a sufficient
number of times to satisfy the annual requirements.

To reduce costs the order of sampling need not be
randomized on a daily basis. It is suggested that
the first location of those selected for a given day
be chosen randomly but that the remaining locations
be sampled in the most convenient order.

It should be emphasized that there is nothing
wrong with taking more measurements than are
required provided that this is accomplished only by
adjusting the probability for the random selection
process. Routine measurements for control and
ventilation verification are important for the
purpose of avoiding unnecessary exposure. However,
these values should not be included in the cata base
used for determining annual exposure.

Grab sampling is certainly not the most desirable
approach to radiation protection* The introduction
of an accurate, durable and cheap personal dosimeter
will be enthusiastically welcomed. But until this
combination of performance standards is realized,
grab sampling will continue to be a cost effective
solution to radiation monitoring in mines.
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DISCUSSION

Question (Ballew): The distribution of radon
daughter concentration measurements changes with
mining activities. How would your scheme take
this into account?

Answer: I have used the term "location" in the
oral presentation. The word could have been
replaced with "mining activity" or "work station".
Each of these should be assigned the appropriate
odds in order to ensure Chat a sufficient number
of samples are taken in order to satisfy the +_ 50%
criterion. On average 50 samples per year (one
per week) would be enough for most mining
activities.

Question (Ahmed): Is the order of choice of
sampling locations random as well?
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Answer: It should be, in order to randomize the
process completely. However, this may be
impractical and that Is why I suggested the
compromise of only randomizing the selection of
the first location to be sampled each day. The
remaining locations selected Cor sampling should
be sampled in the most convenient or time-
efficient order.

Question (Ahmed): Would It not be better to
decide on the order of sampling locations such
that one can take care of the diurnal variation of
radon daughter concentrations?

Answer: In an absolute sense, yes. But I believe
that the proposed scheme is sufficient to
characterize a location during a given shift. If
a certain work station were only occupied during a
single shift the sampling selection or order could
be adjusted to accoraodate this systematic bias.

Question (Steinhausler): Which method of sampling
is recommended for subsequent epidemiological
analysis, since grab sampling (randomized) is
recommended for operational monitoring?

Answer: I would emphasize that the random
sampling for dosimetry purposes be used as well,
for subsequent epidemiological analysis. Use of
control measurements would introduce the very
biases that we are trying to eliminate.

Question (Stocker): Did you say that you do not
have to take into account the occupancy time for
each miner?

Answer: No! The time of occupancy is an
essential ingredient to the grab sampling process
for determining annual exposures to miners. In
this analysis I have combined the uncertainties
due to occupancy time assignments and measurement
errors in order to determine the number of samples
required to satisfy the +_ 50% tolerance with a 95%
level of confidence.
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THE DEVELOPMENT, INTRODUCTION AND EARLY OPERATING
EXPERIENCE OF A LARGE SCALE EXTERNAL GAMMA MONITORING

PROGRAM IN CANADIAN URANIUM MINES
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Radiation Protection Bureau
Department of National Health and Welfare, Canada

ABSTRACT

At a meeting of representatives of the Atomic
Energy Control Board, uranium mining company
managements, mine employee organizations, provincial
ministries of Health & Labour and the Department of
Health and Welfare (NHW), in August 1979, i t was
agreed that the Radiation Protection Bureau (RPB) of
NHW would undertake to develop a dosimetry system for
the assessment of exposures to uranium mine personnel
from external gamma ray sources. This paper is
divided into five sections: Conceptualization and
problem definition, Development, Implementation,
"Shake-down" and Routine Operation. Each section
addresses the problems encountered and solutions
devised during the various phases of the development.
Problems in dosimeter design, holder construction and
distribution logistics are explained along with the
chosen solutions. Finally, impressions of potential
areas for further refinements as the system settles
down to routine operation are presented.

INTRODUCTION

At a joint meeting of all parties concerned or
involved with uranium mining in Canada, held at the
offices of the Atomic Energy Control Board in August
of 1979, the question of the assessment of personal
gamma exposures to uranium mine and mill personnel
was discussed. I t was decided during this meeting,
and with complete agreement of all present, that the
Radiation Protection Bureau of the Department of
National Health and Welfare would be best able to
develop and maintain a system of gamma dosimetry.

A development team, all Bureau personnel, was
established and an implementation scheme developed.
Major decisions made early on in the program included
the decision to design and fabricate new dosimeters
and holders rather than to ut i l ize existing Bureau
equipment and to develop new evaluation
instrumentation.

Surveys of potential users of the system
established a need to monitor up to 12,000
individuals by the year 1986. These were based on
corporate growth predicti-ons made by the companies
concerned in late 1979, early 1980. The current
number of personnel using the service is
approximately 9000.

Early concerns over the possibility of radioactive
contamination of the dosimeters strongly influenced
decisions regarding the design and handling of the
dosimeters. Disposible plastic encapsulation of the
dosimeter plaque is being used. As well, the
dosimeter holder was designed to provide a relatively
impenetrable in te r io r . Both defences against
contamination of the plaque have proven effective.

The programme seems to have settled down and now
runs on a more or less routine basis, ( i .e . no
major crises). Areas for further development, such
as better definition of non-occupational components
of the exposures and more in depth studies of the
calibration schemes are discussed.

Conceptualization and Problem Definition

At the suggestion of the meeting participants
(August 1979) a small working group was established
in order to assist Bureau (RPB) personnel in
ident i fy ing aspects peculiar to the mining
environment that must be addressed by the dosimeter
design. The essential points, from the perspective
of good dosimetry were quite clear. However, the
mining environment was new to Bureau personnel and
required study in order to properly meet the
demands of this harsh industrial mi l ieu. The
worki ng group was made up of representati ves from
the mining companies and employee groups. This
collection of individuals covered all facets of the
mining work force and because of their extensive
nunfer of years of service their counsel proved most
valuable. Prior to meeting with them, and entirely
by chance, the opportunity to discuss current and
developing programmes in South Africa and Australia
arose. Visiting scientists from each of these
countries gave an overview of activities in their
respective communities and their experiences
provided a framework for the questions to be asked
of the members of the working group. A mine
operation in Arizona was also visited. Table 1
l i s ts the questions used to i n i t i a t e the
discussions of the working group.

I t became abundantly and immediately clear that
the environments in the mining sites, above or
below ground and in the mi l l , were quite severe and
subject to a complete range of industrial hazards.
Continuous exposure to dust-laden air, diesel fumes
and oily lubricants, debris caused by the dr i l l ing
activities and caustic chemicals in the drill are
but a few of the hazardous elements encountered.
The preferences and concerns of the workers who
would be adding this piece of equipment to their
already long l i s t of necessary accoutrements were
quite simple to state. A dosimeter that was light
and easy to use and that would provide reliable
dosimetric information were their requirements.

In total all the advice available produced the
following l i s t of design features necessary for the
gamma dosimetry badge. The badge must be rugged,
impervious to the effects of water, oil and most
chemicals, and not allow fine particulate matter to
build up and accumulate on i ts exterior surfaces.
I t must be easy to put on and, i f possible, be
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amenable to several modes of attachment (at least by
pin and necklace). Above all, it must be light -
wei ght and not cause the user any undue concern over
its use.

This then set out the constraints on the design.
The development and implementation of a system of
external gamma dosimetry reduced to a problem in the
design of the dosimeter badge holder.

TABLE 1

Questions

1. Environmental Conditions

a) below ground

: is atmosphere heavy with dust, diesel fumes
etc. (does dust accumulate)?

: temperature/humidity in work areas - with
controlled ventilation, are ranges of
temperature and humidity reasonably narrow?

: any conditions peculiar to different work
areas i .e . cooling waters from equipment in
localized areas.

b) above ground

: how severe are weather extremes, is open pit
work year round?

: are miners in the open or in machinery
protected from elements?

2. Personnel Att i re

: are hard hats compulsory and standardized (lamps
and power packs, respirators)?

: are miners to be ful ly clothed at all times, (in
event of high temperature and humidity can

workers remove shirts or wear shorts)?

: are there standardized work clothes, e.g.
company coveralls?

: are any exceptional protective garments worn?
- rubber coats and pants due to water spraying

around, etc.
sa fe t y shoes, rubber b o o t s , e t c .

3. Work Habits

: are individual duties and work locations same
from day to day, week to week?

- rotational frequency for shift ing locations

: how manual is the work - are workers close
enough to f l y i ng debris (rock chips/water
coolant for dr i l l s ) for i t to cause problems?

: any work practices ££ restrictions that would
make necklace type badge impractical or not
permissible.

: any work practices jjr_ restrictions that would
make pin-on/c l ip badge (belt or pocket)
impractical or not permissible.

: do above ground personnel come in close
contact with processed ore (concentrated)?

4. Mine Activities

: below ground - description of major act iv i t ies
with emphasis on contact with ore body.
- duties at rock face
- transportation and handling ore
- heavy equipment used (shielding of operators

by equipment cabs).

: above ground - description of major activi t ies
with discussion of contact with concentrated
ores
- handling by mechanical aids
- mechanical processors (automated)
- NOTE: do not forget maintenance crews

: laboratory personnel - assay work (extremity
doses).

: physical dimensions of underground work areas
- worker proximity to walls, ceil ings, floors

(floors - s i t off floor in cab of transport
vehicles).

: ventilation
- how long in one particular area?
- would area monitoring be stationary or move

with progress of work?

: site control
- how are miners directed to work areas?
- centralized check in/check out.

Technical Di f f icu l t ies:

1. Calibration

: requires standardized wearing location
- is lab exposure really suitable?

: contribution of 4 geometry of radiation f ie ld
to overall whole body dose estimates
- phantom mounted calibration (phantom and

dosimeter) (rotation):
- directional dependence

: uniformity of radiation fields
- is symmetrical just i f iable assumption?

2. Background Assignments

: area monitors for various work areas

: degree of sophistication vis-a-vis al l above
ground vs al l below ground
- defined work areas with separate back-ground

control-dosimeters.

3. Contamination Detection
: routine monitoring

: what contaminants expected
- same thi ng for each mi ne (i .e. same ores or

are there other forms of uranium bearing
compounds)

- th is allows determination
threshold levels for detectors.

of proper
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Development

The development stage broke down into two distinct
programs: the dosimeter and holder problem and the
fabrication of the analyzing equipment.

Our i n i t i a l dosimeter and holder designs are shown
in Figure 1. Compared to the dosimeter used by the
majority of the RPB subscribers, the size has been
decreased by approximately 50%. This is due entirely
to the adoption of a bar code method of dosimeter
i den t i f i ca t i on . The configuration of the two
sensitive elements was kept identical to that of the
regular service. This allows for an obvious
redundancy and back-up for the dosimeter ana)yzer
that was being constructed concurrently with the
dosimeter development. Considerable effort was put
into the design of the dosimeter holder because the
prev ious ly described c r i t e r i a , whi le being
comprehensive, presented severa l minor
contradictions. The key feature to be noted is the
complete isolation of the compartment into which the
dosimeter is placed. By careful design and
fabrication, a v i r tua l , water-tight compartment is
produced. This is accomplished by making the two
parts that f i t one into the other, the "moat" and
"wall", a couple thousandths of an inch to small and
too large respectively. The slight plasticity of the
holder material allows for the required degree of
deformation to enable the two halves to mate
perfectly along their entire length.

As further defence againts the effects of possible
contamination of the dosimeters themselves, i t was
decided that they would be sealed in plastic.
Equipment to encapsulate the dosimeters in heat
shrinkable plastic was purchased and the techniques
for performing this task were perfected.

The question of designing and fabricating a new
analyzing instrument presented us with quite a
challenge. Having had extensive experience with TLD
processing on a very large scale the problems and
shortcomings of the available instrumentation were
very well defined. This new project allowed us the
opportunity to develop a new reader that would serve
as a testing ground for al l the desired instrumental
changes that we wished to make in our current
equipment. The new apparatus has been described in
detail elsewhere. (1) In brief, using the basic
configuration of the existing apparatus, Atomic
Energy of Canada Limited TLD readers (2) the
electronics were upgraded to state-of- the art
microprocessor technology. The dosimeter
identif ication via bar code interpretation was
incorporated and several mechanical design changes
were made. The key point to be noted here was the
abi l i ty to use the TLD readers in their current
configuration, (with a simple modification to adjust
for the new dosimeter size). This allows for instant
backup capabi l i t ies i n the event of a major
mechanical fai lure.

Figure 1: top row. The standard TLD holder/plaque
issued to the R.P.B. subscribers.

bottom row. Original Uranium Mine TLD
holder/plaque.

Implementation:

Surveying the companies for whom the dosimetry
would be provided, identif ied an i n i t i a l client
population of approximately 10,000 individuals
spl i t between eleven organizations. Company
projections indicated the possibil ity of there
being as many as 12,000 industry personnel by 1986.
(this 1980 figure has so far proved too optimistic.
Current service figures stand at approximately
9,000).

Treating each organization individually and
adjusting to i ts particular needs, within a certain
range of possibi l i t ies, became a necessity because
the smaller and younger mines were in a very stable
and controlled period of development and staff
turnover was comparatively low, while the longer
and more established companies experienced
considerable movement throughout their labour
force. As such, i t was determined desirable that
for each monitoring period employee enrollments and
dosimeter assignments for the various companies
would be handled in a manner appropriate to the
particular organization. This meant that some
companies had fu l l assignment and enrolment in each
monitoring period while others required manual
updates. This necessitated considerably more
clerical support than was i n i t i a l l y predicted.

Once the peculiarities for each company were
worked out, the implementation scheme was
developed. Working from a three monthly monitoring
frequency, as established at the i n i t i a l meeting of
concerned par t ies, the s tar t up dates were
determined by dividing the client population into
three sets. Essentially this smoothed out the
workload as well as allowing isolation of the two
major mining companies into separate schedules.
Clearly the latter point was necessary I f the best
possible service was to be provided. The i n i t i a l
shipments of dosimeters were made during August and
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September of 1981. Despite the substantial task this
appeared to be the actual start of the service with
the first issue was quite easy. What followed during
the first year proved to be more difficutl.

Shakedown

The problems of issuing dosimeters at the mining
locations, appeared to go reasonably smoothly. Each
company, having established i ts own administrative
procedures, returned to RPB the in i t ia l enrollment
data for the individuals. Apart from being a rather
large task in terms of data input this was a rather
routine matter. I t would have been nice to say that
everything ran without any di f f icul t ies. This
however was not the case. The most significant
problem arose out of the unfortunate fragi l i ty of the
dosimeter attachment mechanism. A complete
redesign of this particular part of the holder was
made. And eventually a much improved, for superior,
arrangement was produced. The new holder, is shown
in Figure 2.

Other than this one point most of the other
d i f f i cu l t i es encountered were administrative.
Interpreting some of the submitted identification
data, supply requirements and reporting peculiarities
are examples of some of the minor problems.

One question that s t i l l remains to be
satisfactorily resolved is the importance and
method of treatment of the non-occupational
component of the dosimeter results. There is
currently underway an extensive characterization of
the storage exposures encountered at al l of the
mining companies. The data from this study wil l be
published upon i ts completion.

4omSv

Figure 2: New Modified
holder/plaque.

Uranium Mine TLD

Routi ne Qperati on

The service provided to the uranium mining
conpanies can now be considered to be fairly routine.
Three complete years of exposure data are available.
The results reported to date clearly substantiate the
initial hypothesis regarding the need for such
monitoring. As an example of the distribution of
doses measured, the data from the first full year is
displayed in Figure 3. More complete analysis of the
exposure data will be found in the annual reports
produced by the National Dose Registry, Health and
Welfare Canada. (3).

Figure 3: 1982, Gamma Exposure Levels for the
Uranium Mine across Canada.

CONCLUSIONS:

As anticipated, the uranium mining and milling
environments have proven to be harsh work sites.
The hazards and difficulties encountered were
manageable to the point that after the initial
three years of the service the program can now be
considered to have entered the category of routine
servi ce.

From the scientific point of view the project
for the future will be a study and evaluation of
the calibration and dose model schemes.
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DISCUSSION

Question (Borak): What is the annual cost of this
dosimetry service?

Answer: Annual registration per group $10,00
Charge per TLD plaque lost/damaged $5.75
Charge per uranium miner holder issued $1.55*
Charge per uranium miner plaque issued $3.40

•Payment in advance for first shipment, immediate
billing for subsequent holders. This charge is a
one-time rental.

Question (Borak): How do the results of your
three-year test compare with previous estimates of
annual exposure from external gamma rays?

Answer: Prior to August I, 1981 the dosiraetry
service was non-existent. However, I believe that
estimated doses are available. I am not aware of
any intercoraparison studies. The National Dose
Registry headed by Dr. J.P. Ashmore is the one
working with these types of figures. His address
is the following:

Occupational Radiation Hazards Division
Radiation Protection Bureau
Department of National Health & Welfare
775 Brookfield Rd.
Ottawa, Ontario
CANADA
K1A 1C1

Comparative studies from year to year would
also be available from his section. The 1983 data
are to be released shortly.
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ABSTRACT

The long term measurements of '.'.'Ls nado in
Polish non-uranium minos by mejr.s of the Air
Sampling System /ASS/ and the Helmet
Cassette System /HCS/ are presented. Tho HCS
is based on track etch detectors, while ASS
is based on portable instant .VL-iaeters. Both
systems were operating paralelly for two
years. The technical compatibility of meas-
urement methods was tested and proved before
experiment. It was found that in the
majority of mines the ASS shows the higher
concentrations than tha HCS approximately
about 2,5 times, but in some particular
mines even 5 - 1 1 times. The reasons and
possible implications are discussed.

INTRODUCTION

The uncompatibility of the exposure-
-response coefficients that have been
obtained from the observation of uranium
miner populations in the United States and
Czechoslovakia and others as well, is very
well known. However, the problems of validity
and reliability of miners* exposure to
radon daughters that have been used in
these observations as well as the sources
of uncompatibility are too rarely discussed.
Even the authors of quite recent comprehen-
sive report (i) on the epidemiological
issues from the studies of lung cancer
among uranium and hard rock miners do not
discuss these problems. They emphasise,
however, that the "information on of the
exposure of miners to radon daughters must
be viewed with these limitations in mind"
i.e. limitations refer to validity and
reliability of data. Results of our study
seem to support the conclusion by showing
how a certain type of dosimetric system
used affects the estimation of miners
exposure.

In this paper we present result of long
term monitoring of VJLs in air based on the
so called "Air Sampling System" /ASS/ in
comparison with the miner individual radon
dosimetry realised on the based of the so
called "Helmet Cassette System" /HCS/. Both
measuring systems operated paralelly at the
same time in certain mines. Since one can
assume that HCS provides the exposures that
are the closest to the real ones, they seem

tr; bs worth uomparing tu the results ob-
tdiniiu froiii A3o, tho more so tiist the similar
=ysten via re u:;<?d in euideai oloqical studies
orovidino ibe exoosuro-r'jstionFe coefficients.

Air Sampling System is used toy / ^ /
determine potential energy concentration of
alpha radiation emitted by radon decay prod-
ucts in the sir of mines. Concentrations
are neasured in field by means of a portable
WL meter, type RGR-11, produced by the
Institute of Nuclear Research, Poland, ivith
the uso of a quick measuring method similar
to th3t by Kusnetz. (2) The method is
slightly modified as compared to the origi-
nal Kusnetz's, and according to the need or
concentration measurement of fi l ter radioac-
tivity is carried out between 20-40 minutes,
40-60 minutes or 20-60 minutes after the end
of filtration. (3) Almost absolute
railliporous filters were used /type SM 11302
made by Sartorius, v.'est Germany/. Volume of
5 to 10 l i ters of air was collected in
single sampling. The lowest measurable con-
centration /LMC/ was 0,9 < 1Q~2 '.VL per l i t e r
of filtrated air , at the precision /Standard
Error/ of less than 1 percent of the meas-
ured value.

The equipment was operated by the spe-
cially trained engineers or technicians
from Ventilation Service in each mine
/Pig- V
Before being used in mine monitoring each
WL-metcr hod been carefully checked in
respect of its technical quality, and
undergone an annual calibration in the
experimental radon chamber (4) in the Insti-
tute of Occupational Medicine, todi. Each
meter is equipped with the inner system of
autocontrol which, after any repair, is also
calibrated in radon chamber. To calibrate
the meters applied for this system the
patterns for concentrations of radon and
decay products were used the same as for
calibration of cassettes in HCS.

ASS was introduced ro all mines in 1981
and 1982 in order to enable the Ventilation
Service an immediate control of concentra-
tions in the air of underground mines and
the estimation of hazards in certain regions
of a mine. Ventilation Service decide about
the location and frequency of measurements.
The Institute of Occupational Medicine,
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FIGURE 1: THE AIR SAMPLING SYSTEM /ASS/
OF MEASUREMENT OF RADON
DAUGHTER CONCENTRATIONS IN
AIR WITH THE USE OF RADIO-
METERS TYPE RGR-11

however, recommends that measurements should
be performed where the miners work and in
the local air stream exhausts and outlets
frequency should be reasonably dependent on
concentrations, unoccupied regions of a mine
should be avoided where the concentrations
are naturally higher. All measuring teams
declared to have observed the recom-
mendations but the Institute could not
verify to what extent the recommendations
were followed.

Helmet Cassntte System /HliS/ is based on
measuring concentrations of radioactive
aerosols by means of cassettes OC-l worn on
the helmets of miners at work /Fig. 2/. The
cassette contains a Kodak-Patho track de-
tector LR-115 type 2 which records alpha
particles. emitted in the air by radon and
decay products. Detection material LR-115
type 2 was selected from among others be-
cause while chemically etched it does not
record the plated out radon decay products,
i.e. free ions that settle down on its
surface as the plate-out. (14) Its "critical
energy" does not exceed 4-5 MeV in the
recommended chemical processing. (l4) The
I cassette with track detector constitute to-
gether a passive integrating dosimeter.
Given the time of exposure it is posible to

FIGURE 2: THE HELMUT CASSETTE SYSTEM
/HCS/ OF MEASUREMENT OF RADON
DAUGHTER CONCENTRATIONS AND
tXPOSUKE OF MINERS WITH THE
USE OF PASSIVE TRACK ETCH
DETECTORS AND CASSETTES TYPE
OC-l

determine tha average concentration of radon
or its decay products that was present in
the air within '.hat period. After being worn
on helmets for about one month the complete
cassettes are taken off and sent to the
Institute where they undergo chemical pro-
cessing to reveal the exposure., The exposed
cassettes are immediately replaced by new
ones. In each of the mines employing from
one thousand to several thousand miners the
groups of about fifty miners are selected at
random and instructed to wear OC-l cassettes
on their helmets. Miners belonging to the
selected group do their work in all possible
regions of the mine, thus Job structure of
the group is representative of the whole
crew. In this way monthly readings from
helmet detectors may provide information
about exposure of all miners or show the
average concentration concerning the whole
crew in mine. This is the approximate way to
estimate exposure of miners population,
since the present measurement capacity of
the Institute make the equipping every miner
with a personal dosimeter not feasible.

Parameters for chemical processing and
coefficients for converting surface track
density into exposure units WLh for detector
LR-115 type 2 have been described sepa-
rately. (5) Sensitivity of the detectors is
periodically tested in the experimental
radon chamber in the Institute of Occupa-
tional Medicine (4) with the use of known
concentrations of radon decay products.
Optical microscopes are used for read-out at
15Ox magnification. Reading surface track
density .Vom one detector takes, on the
average, half an hour time, the tracks being
counted from 250 visual fields of 0,36 mm*
each. Results of track density are converted
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to exposure or concentration units and
stored up in the computer memory. System of
data collection and their mathematical
processing has been described elsewhere, (8,
9) Sensitivity of measurement method applied
in HCS /i.e. LME/ system is about 0,17 WLh
at the precision, i.e. standard error /S.E./
about 25 percent of the measured value.
Relatively high standard error as compared
to that in ASS system is ascribed to the
necessity to assume the average equilibrium
between radon and its decay products in the
air of mine. The assumption, however, is
always necessary if passive track detectors
are to be used. Before HCS system was im-
plemented, separate measurements of equilib-
rium frequency had been carried out in ore
mines, zinc, lead and copper mined and the
mean value for equilibrium had been estab-
lished. (7) After a few years of follow-up
it was found that the mean equilibrium of
F » 0,25 obtained originally is subject
to minute only or none at all alterations.
Nevertheless, the mean equilibrium instead
of the real is used for each dosimeter and
this is the source of the mentioned lower
accuracy of measurement inherent in HCS
system as compared to that of ASS.

in ASS and HCS. CompatiPillty of measurement
techniques in Doth systems is the rudimenta-
ry condition if the results are to be com-
pared after the systems operation in prac-
tice. Compatibility, however, depends on a
few factors.

First, it is conditioned by the accurate
calibration of radiometers RGR-11 and track
detectors LR-115 type 2 used in OC-1
cassettes. Authors are convinced to have met
the requirement since both the devices were
precisely calibrated in the experimental
radon chamber of 1000 liters volume /Fig.3/.

Calibration, by necessity is performed at
various radon concentrations produced by
two at least different radon generators.
But radium Ra-226 activity in both gener-
ators is mutually confronted by means of
"first class" standards produced by The
Radiochemical Centre - Amersham /Great
Britain/. The same standards serve to check
tightness of radon generators. Comparison of
generators radioactivity or strictly
speaking, radioactivity of their bubblers
that contain Ra-226, is based on gamma
radiation measurement with scintillation
spectrometer in the so-called "good geometry"
like the whole body counter. The authors
also use the same class standard system for
alpha radiation measurements while estab-
lishing concsntrations of radon decay prod-
ucts in the chamber. Commensurability has
been acurately checked between these stand-
ards and the ones used for radon generators
activity and thus for radon in the air of
the chamber.

Another factor that will affect compati-
bility of measurement techniques used in
both systems is the adequacy of conditions
inside the chamber to those in mine. Studies
carried out with the chamber prove that even
in 1000 liters* volume and with the given
system of generating concentrations and
radioactive equilibrium in the air, the
chamber can simulate sufficiently the condi-
tions prevailing in the air of a mine both
in respect of concentrations and radioactive
equilibrium structure, and free ions con-
centrations. (4) There are still other
arguments which prove the adequacy of cali-
bration performed in the chamber instead of
possible mine environment calibration.
Namely, method of measurement employed in
ASS system is almost quik unsensltlve to
environmental conditions and there is no
need to fear that radiometer /type RGR-11 or
the like/, after calibration in the chamber,
may yield false results in mine environment.
However, one cannot have the same certainty
"a priori" as regards track detectors. That
is why special experiments were carried out
in one mines to see whether calibration of
LR-115 type 2 detectors produced the same
reeults in mine and in the chamber. The
experiments showed that it does which allows
to suppose that detectors calibrated in the
chamber will produce the reliable read-out
after exposure in mine. (6, 10; An extra
argument for this assumption are the results
of the study on the effect of dustiness,
temperature, air humidity and "fading" on
the measurements of radon daughters con-
csntrations with the us* of detector LR-115
type 2. The effects may be considered
negligible if the intensity of the factors
mentioned is at the level occuring in
typical mines. (5)

On considering the aspects described here
ths authors are convinced to have fulfiled
the condition of technical compati-
bility of methods used in HCS and ASS
systsms.

FIGURE 3: THE EXPERIMENTAL RADON CHAM-
BER FOR CALIBRATIONS OF TRACK
DOSIMETERS AND WL-METERS USED
IN MINES.
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RESULTS

For convenience, tha results of Measure-
•ant* of radon dacay products concentrations
\n all ainas ara axprassad aa a fraction /or
Multiple value/ of a value accepted aa
"Derived Air Concentration" /DAC/. It is
accepted in Poland that:

OAC « 6,2 M0">'3 •
m 0,30 Working Laval /WL/« -
- 3.9 104MeV/liter

Reaulce eomparmd from both Measurement
syataas cover 1981-82*

In 1981, measurements ware made in five
zinc-lead nines and in two copper Mines. On
tha whole, 1617 Measurements war* aade in
ASS aystea and 1530 in HCS. Table 1 present*
distribution of results in each of the Mines
and the annual aaan concentrations of radon
daughter products obtained froa tha two
systaaa.

Siailar aeasureaents took place in 1982
in six zinc-lsad sines and in four copper
•ines providing 2417 results froa *SS and

TABLE 1: DISTRIBUTIONS OF THE RESULTS AND THE ANNUAL MEAN VALUES OF CONCENTRATION IN
BOTH SYSTEMS OF MEASUREMENT i.e. ASS /UPPER VALUES/ AND HCS /LOWE* VALUES/
IN THE 1981 YEAR.

Mine

DAB

WAR

OLK

POM

TRZ

5-aines
alto-

gether

LUB

POL

2-Mines
alto-

gather

7-aines
alto-

gather

Nuabor of
m9m»ur0-
aents

in
ASS
HCS

200
217

206
248

233
88

193
189

112
298

934
1050

324
375

359
105

683
480

1617
1530

Percent of aeasuraaents within range of
concentrations:

[DAC]

40,0
91,7

2,9
60,5

40,8
35.2

45.6
70,9

40,8
88,3

34,0
69,3

42.3
95.0

99,7
76,2

71,0
85,6

44,6
74,0

[DACJ

41,5
6.9

18,9
21.4

33.9
51.2

51.3
25,4

59,2
10,7

40,9
23,1

56,8
3.5

0,3
17,1

28,6
10.3

37,4
19,4

* * *

[UACJ

13,0
0,92

31,6
4.0

20,6
6,8

3.1
3,2

0
1.0

13,7
3,2

0.9
0,75

0
2,8

0,40
1.3

9.9
2,8

[DAC]

5.5
0,48

38,8
11,3

4,7
6,8

0
0,5

0
0

9.8
3,8

0
0,75

0
2.9

0
1.8

7.0
3.2

aore
than

1
[OACj

0
0

7.8
2.8

0
0

0
0

0
0

1.6
0.6

0
0

0
1.0

0
0.5

1.1
0.6

Annual
aaan

values
[OAC]

0.17
0.033

0,51
0.19

O.20
0.19

0.13
0,080

0.14
0.040

0,235
0,093

0.13
0,030

0,025
0,10

O.O75
O.O45

0.170
0,078

Ratio
of

annual
aeans
ASS

5,7

2.7

1.0

1.6

3.5

2 . 5

4.3

0,25

1 .7

2 , 2

Type
of

aine

•

i
•o
m

•5
o
-rl
N

•

•H

I .

Q.

s
A l l
the

alnea

* 1 Working Level /m./ • 21/13.* * -
- 1,3 • 10s MeV/liter ia the traditional
unit used for the estimation of alpha
potential energy of radon daughter
products in air.

2724 froa HCS. Data covering 1962 ara shown
in table 2. Annual swan concentrations wars
expressed as arthaetical aeans of all
results obtained within a period concerned.

Different nuabers of aeasuraaents aads in
particular aines result froa tha fact that
ASS Measurements In aoae aines were par-
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TABLE 2: DISTRIBUTION OF TH£ KfcSULTS AND THE ANNUAL MEAN VALUES OF CONCENTRATION IN
BOTH SYSTEMS OF MEASUREMENT i.e. ASS /UPPER VALUES/ ANO HCS /LOWER VALUES/
IN THE 1982 YEAR.

Mine

DAB

WAR

OLK

BOL

POM

TRZ

6-mines
alto-

gether

KON

LUB

POL

RUD

4-nines
alto-

gether

10-minee
alto-

gether

Number
of

meaaure-
msnts

in
ASS
HCS

217
457

208
399

105
176

248
195

431
306

102
286

1311
1819

55
243

369
409

578
182

104
71

1106
905

2417
2724

Percent of measurements within range
of concentrationss

• • ! »

[OAC]

47,9
79,9

19,2
42,1

0
39,8

11.3
44,1

27,6
63.4

43,1
96,1

24,8
60,9

47.3
88,5

37.7
85.6

£00
62,1

86,5
84,5

67,9
80,2

42,1
68,6

[DAC]

35,0
17.3

15,9
38.6

84,8
47.7

14.5
31.9

69,4
35,0

5»6,9
3,6

46.1
29,0

32.7
11,5

62.3
13.7

0
28.0

13,5
15.5

Z7.1
17.2

38,5
24,3

**t
[DAC]

8,8
1.7

25.0
7.3

12.4
7.9

29,0
10,7

2.6
1.3

0
0,3

13.0
4.9

3.6
0

0
0,5

0
4.9

0
0

O.9
1,3

8,1
3.4

1 . „
2"T *

[OAC]

8.3
0,9

35.1
9.3

2.8
4.6

44,4
10,7

0.4
0,3

0
0

15,2
4.3

0
0

0
0.2

0
3.9

0
0

0
1.0

9.1
3.0

•ore
than

1
[OACJ

0
0.2

4.8
2,7

0
0

o.a
2,6

0
0

0
0

0,9
0,9

16,4
0

0
0

0
1.1

0
0

4.1
0,3

2.2
0.7

Annual
•wan

values

[DAC]

0.17
O.O7O

0,45
0,21

O.27
0,16

O.48
0,22

0,16
0.090

0,10
0,20

0,27
0,12

0.44
0.040

0.12
0,05

O.O25
O.13

0.036
0.050

0,078
0,063

0.18
0,10

Ratio
of

mnnumX
mean*

-8S-
2.4

2.1

4.7

2.2

1.8

5.0

2.25

11.0

2.4

O.19

0,72

1 .2

1.8

Type
of

• ine

•

•rl

•o
m
X

k
N

•

L.

&

1

All
the

mlnee

formed at different time of the year or were
suspended sometimes for technical reasons,
whereas HCS measurement* were going on
systematically in every mine each month. It
ehould be emphasized that only those reeults
from HCS were taken for comparison which
were obteined simultaneously with thoss in
ASS system.

Analysis of data contained in Table 1 end
2 shows undoubtedly that the mean annual
concentrations in Polish non-uranium

mines never exceed DAC level irrespectively
of the way of measurement. But there are
other regularities of interest.

1. Mean annual concentration of radon
decay products as measured in ASS systsm wee
higher In majority of mines than that
measured m HCS. i.e.Mean /ASS/>Msmn /HCS/.
In four zinc-lead mines the feet wes ob-
served during 1981, the means being equal In
one mine only. In one of the two copper
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Mines under study the •••• phenomenon was
observed. On tha whole five of tha Monitored
«ina« fall within tha regularity whila two
othara do not. SiMilsrly in 1982 tha fact
waa obaarved in alght out of 10 Ninas.

P.. In Minee whara Naan /ASS/ was highar
than Maan /HCS/ the ratio waa 2 to 5 most
oftan though in aoaa nines it raachad the
values of 5ril. In three cases the ratio
Mten /ASS/ : Mean /HCS/ < 1 waa observed.
Taking the extremal cases into consideration
it should be eaid that the ratio falls
within the interval of 0,2 to 11. ao aluoet
within two orders of Magnitude.

3. Analysis of distribution of the
reeults shows that distribution of results
coaing fron ASS is shifted towsrds higher
concentratlone as compared to that froa HCS.
The fact is depicted in Figs* 4 and 5 for
whole group of Mines elthough the sinilar
relation «ay be obaarved in every of Bines
where Mean /ASS/> Mean /HCS/.

4. Ratio Mean /ASS/ » Mean /HCS/ cor-
relates neither with concentration level in
Mine nor with the nuaber of aeeeureaente.
However, it should be pointed out, that the
highest value for that ratio was obtained In
the Mine /Mine code-KON/ where the fewest
MsasureMents were Made in ASS eyetea.

5. The ratio is not dependent on the
tine when ASS was introduced. Zn torn* alnee
It Is said to be higher in the first year of
Measuring, and in others, in the second
yeer.

6. No correlation was found between the
ratio and the age or vastneee of the Mine
/in relation to both mrmm and the nuriber of
working Miners/.

Below presented is the discussion on the
supposed reasons of those regularities as
well as the resulting ieplicatione.

Zinc-lead mines Zinc-lead mines

DAC

DAC

DAC

DAC

Copper mines

DAC

DAC
Q\>S\ 1 3

DAC

All mines

DAC DAC

FIGURE 4: THE DISTRIBUTION OF RADON
DAUGHTER CONCENTRATIONS
IN MINE AIK ESTIMATED BY
MEANS OF HCS AND ASS IN
1981. /NUMBERS OF MEASU-
REMENTS IN PERENTHESES/.

FIGURE 5: THE DISTRIBUTION OF RADON
DAUGHTER CONCENTRATIONS
IN MINE AIR ESTIMATED BY
MEANS OF HCS AND ASS IN
1982. /NUMBERS OF MEASU-
REMENTS IN PARENTHESES/.
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DISCUSSION

Ths discussion should bo conducted in a
few aspects regarding the technical and
essential value of «easureNent systems and
the subsequent implications as well. Let us
consider then step by step.

1. Primarily it should be considered
whether the difference between the means
obtained from the two systems are not ths
effect of error in any of measurement tech-
niques* It has been shown in the description
of methods that ths two are compatible. The
only element that might possibly arouse any
doubts is the use of mean equilibrium be-
tween radon and decay products in the meas-
urement technique based on track detectors
in HCS. The authors assume F • 0,25 to be
representative of all mines monitored as the
result of previous special and detailed
studies. (̂ 7) if the F value were not repre-
sentative, in fact, all the measurement
results from HCS would be shifted towards
lower or higher values. That is why the
authors just tried to answer the question
what value for F would make the results from
HCS and ASS equal. Calculations prove that
with this kind of track detector applied
representative F value should be much higher
than 0,25 in order to justify ASS/HCS ratio.
Thus if the ratio is to be

Mean /ASS/
Mean /HCS/

« 2, then F should be * 0,54,

- 3, " » 0,85.

« 3, 4 " * 0,98.

With ratio over 3,4 F value would have to
exceed 1 very much. In some nines the ratio
was found to be higher than 5 or even 11,
and these cases by no means can be ascribed
to inacurracy in establishing representative
F value for the mines. For the opposite ex-
treme cases, i.e. for Mean /ASS/ :
: Mean /HCS/ <1, the situation is different.
If the ratio is about 0,2 /as in mine code
POL/, the representative F value would have
to be 0,042 in order to produce Mean /ASS/ «
- Mean /HCS/. There is little probability
for the authors to establish such an
erroneous representative F in the previous
studies and to determine it as 0,25 instead
of, for instance 0,042 or 0,977.
The reasoning is an indirect but strong
evidence for the fact that wide discrepancy
between ASS results and HCS results is not
due to technical reasons. Strictly speaking,
the discrepancy is too big to be ascribed to
the technique. On the other hand a few cases*
where Mean /ASS/ : Mean /HCS/ < 1 also indi-
rectly indicate that measurement technique
alone cannot account for the reliability of
result. Thus there must be some other
reasons to explain the fact.

2. Authors of the present paper know the
similar studies carried out by French
researchers but in a smaller group of miners
and in shorter time interval. (11, 12) They
too, have obtained differences between

"ambient monitoring" and "individual Moni-
toring" but their discrepancy was not as
wide as in our studies and it showed the
opposite tendency. Their all observations
provided the results: Exposure /ambient/
Exposure /individual/ but the ratio was
close to 1.
Since we do not know all the details con-
cerning the technique of the French study
we cannot try to confront their result* with
ours. By the way, it seems interesting, to
be able to discuss the matter with the
French researchers, or better still, to
compare in an experiment their "individual
monitoring" with our Helmet Cassette System
of exposimetry. In the course of the study
we found out that dosimetrists who were
making measurements in mines tended to seek
those areas and spots where concentrations
ware iiigh and they paid less attention to
those areas where concentrations were low.
The tendency was the clearest short after
introducing ASS, then it weakened, but was
always present. In 1983 and at present the
monitoring is going on in the mines con-
cerned, measurements being made with ASS and
HCS systems. Time will show whether the
findings were true. The tendency clearly
shows up when the number of measurements
decreases. It is characteristic, for in-
stance, that highest ratio of annual means
ASS/HCS m ii was obtained for that mine
where ASS measurements were the fewest.
Another, simple test made by authors con-
firms the regularity, namely: a dosimetrlst
asked where he would make his measurements
if only one or two were to be taken in order
to characterize a mine, would always point
to the areas of highest concentrations, and
only a few dosimetrists hes tated. Thus if
dosimetric service are instructed to select
by oneself the spots for ASS measurements
so as to provide mine characteristics, they
will, in most cases, overestimate the
hazards. The French researchers could pos-
sibly instruct their dosimetrists to make
"ambient monitoring" only in the surrounding
of the individual devices and in this way
they acquired a good compatibility of
results from the two systems. With ambient
measurements programmed so we were also
able to acquire a quite good compatibility
that was described earlier, (13) but now a
different type of study is being described
and considered: a comparison of own ASS
systems in mines with an independent cen-
trally managed HCS system. Very few are the
cases when the ratio Mean ASS : Mean HCS < 1
/3 out of 17 within two years observation/
and yet difficult to interpret. Ratio of
0,72 /mine code RUO in 1982/ can be under-
stood as being relatively close to 1, but
two other cases where the ratio was found to
be 0,19 and 0,25 /mine code POL in 1981 and
1982/ seem rather strange in comparison to
all other mines. Probability is minute that
dosimetrists in this mine navar in two years
met the same concentration levels that are
recorded by helmet cassettes. Further ob-
servations are being carried out end it may
be nscessary to test and correct the opera-
tion of dosimetric service in this mine.
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3. Finding that environmental ASS yields
higher concentrations than individual HCS in
•ajority of the Mines gives rise to many
implications.
First of all it should be supposed that
•very system of personal exposinstry allows
to assess miners exposure nore accurately.
Hence the system of environmental measure-
ments is not suitable for any apldem-
iological studies and may only bs used for
a technical reasons and a currant monitoring
of concentrations in selected places of mine.
Thus all apidemiological studies ought to be
based on personal exposinetry rather than on
environmental measurement since the former,
irrespectively of the technique used, will
produce more reliable exposure estimations.
Secondly, the results of all epideniological
studies carried out till present should be
viewed with caution. This is trus about
Czechoslovakia!!, American, and other studies
as far as they were based on environmental
measurements, and even if the technique
itself was fautless. The conclusion is jus-
tified by the results of the comparison
presented which proves that environmental
measurements are not suitable for this type
of studies even if measurements are per-
formed by carefully trained dosimetrists
equipped with calibrated and tested WL
meters. If we assume that in all epidem-
iological studies based on environmental
measurements the similar phenomena occured
we might expect that in majority of cases
miners exposure watt overestimated. If so,
the exposure-response coefficients that have
based on such estimations seems to be
underestimated and as a result the present
occupational limits for inhalation of radon
and its daughter products may appear to be
too high and may require revision.

4. The fact that results frow ASS are
higher than those from HCS implies one more
thing. Majority of apidemiological studies
in the United States, Sweden and Canada are
based on a small number of measurements, (l)
This bears a suspicion that local
dosimetrists there preferred the areas at
higher concentration, very much like ours,
especially whan the measurements were few.
In this way exposure-response coefficients
derived from exposures so determined might
have been underestimated too. In Czecho-
slovakian studies number of measurements was
hundreds times bigger and with such an
abundance surely there was no tendency to
prefer the areas of highsr concentrations.
This is why exposure-response coefficients
obtained by Czechoslovakia*! colleagues seem
to more trustworthy and reliable.

CONCLUSIONS

Hare are the conclusions arrived at o
considering the studies carried outs

- Air Sampling System also referred to a
Ambient Monitoring is not suitable fc
estimation of miners exposure in epiden
iological studies. For this purpose i
should be replaced by personal dosimstr

based on individual "active" or "passive"
devices.

• Studies presented here may constitute a
new argument for exposure-response coef-
ficients derived from a great number of
measurements, like in Czechoslovakian
study, to be more reliable than others
determined by means of ambient monitoring.
It may be supposed that coefficients
deriving from a small number of measure-
ments are underestimated. But even the
coefficients obtained by Czschoslovakian
researchers should be treated with caution
since they do not come from individual
monitoring system and may be charged with
a significant error.

Uncertainity about miner population ex-
posures that have been used in epidem-
iological studies suggests the necessity
to undertake international study of
exposure-response coefficients based on
intercompcred systems of individual
monitoring.
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ABSTRACT

A radiation monitoring system based on a portable
microcomputer is described which measures radon pro-
geny Working Levels as a function of time. Polynomial
filtering is used to unfold the time-integrated WL
data and allow short-term fluctuations to be observed,
as well as correcting for the time lag inherent in
integrating monitors.

The system can be used to monitor work sites for
ambient radiation levels; persona) monitoring is also
possible because of the compact and rugged design.
The applications and benefits of the system are des-
cribed together with test data and a description of
the mathematics and theoretical basis.

INTRODUCTION

The advent of miniaturized instrumentation with
microprocessor control and microcomputer data proces-
sing capabilities allows convenient monitoring of
either occupational sites or of personnel for their
ambient radiation exposure. Fluctuations in ventila-
tion conditions, together with a miner's opportunity
for experiencing varying radiation exposures as a
result of job function or work site conditions, make
it difficult to accurately estimate exposures or
attempt to analyse time-varying parameters which may
influence the ambient levels.

The system described permits firstly, convenient
monitoring of either occupational sites or of person-
nel for average radon progeny WL exposure, and second-
ly, measurement of WL as a function of time to charac-
terize the influence of ventilation on ambient radia-
tion at a particular site, or record varying personnel
exposures due to job function and/or mobility in the
course of a working shift.

Correlation of time-varying radiation levels with
fan and ventilation conditions, local meteorology and
other parameters makes it possible to assess the
impact of changes in these parameters on the occupa-
tional environment. This information provides useful
input to radiation safety officers and ventilation
engineers in determining and minimizing personnel ex-
posures and planning ventilation changes, mine expan-
sions and energy management programmes.

Contribution of mathematical sections and computer
analysis of data

PRACTICAL CONSIDERATIONS

A miner's opportunity for radon progeny exposure
is dependent on a number of variables which include
the mobility or need of the individual to travel, his
job function, work site and ventilation conditions,
as well as ore grade and other radon sources such as
water-borne radon. Other factors such as aerosol and
dust concentrations are also important. In addition,
more subtle or elusive effects due to meteorological
and seasonal influences can compound analysis and
interpretation of the radiation conditions.

A continuous WL monitor used as a personal doseme-
ter or as a site monitor (either deployed daily or as
a fixed area monitor wired back to a central control
room) can monitor both integrated exposure measure-
ments as well as time-varying incremental WL values.
Such data can be acquired cost-effectively requiring
a minimum of technical personnel support.

rturiiJty for Radiation Exposure

A miner by necessity spends considerable portions
of the work shift in a mobile condition, i.e. travel-
ling to and from his place of work, operating machin-
ery, collecting or distributing explosives and other
gear, coffee or meal breaks in lunch rooms, etc. Ra-
don concentrations can vary widely from site to site,
as well as varying at a particular site as a result
of local changes or activities, thus making it diffi-
cult to accurately estimate an individual's exposure,
unless some form of personal monitoring is employed.
(1) Some non-uranium mining operations, such as phos-
phate mining, have observed wide variations in radon
progeny concentrations from milli-WL to in excess of
1 WL, depending on the location and its purpose. (2)

Existing methods of radon progeny exposure estima-
tion, i.e. grab samples for WL in certain locations
with the apportioning of estimated occupancy times in
those locations, are subject to inaccuracies in both
the worker's reporting of his own or another's occu-
pancy time, as well as the possibility of the WL vary-
ing by sometimes an order of magnitude due to ventila-
tion rates and effectiveness, physical actions of
drilling, blasting, hauling, etc., and pressurisation
of the mine. (3)

Ventilation

Fan failures and mine power shutdowns account for
the largest excursions in radon concentration, giving
rise to local as well as general variations. (3) It
has been shown that fan shutdowns of from 5 to 30
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minutes duration can increase radon concentration by a
factor of three to five. If this occurs concurrently
with activities such as slushing and blasting, radon
concentrations may be further elevated. (4)

Ventilation techniques such as blowing, exhausting
and push-puJI are the primary methods of controlling
radon progeny concentrations in mines. As mines be-
come larger and deeper, ventilation costs account for
a major portion of production expenditures. (4)
Bresson et al (5) reported theoretical modelling
studies which showed that the mean extra-mortality
from cancer per 100 persons exposed for one year could
be reduced by a factor of approximately three if the
ventilation power was increased four-fold.

In order to conserve energy, controlled ventilation
techniques, e.g. stopping ventilation over a weekend,
can increase radon progeny concentrations by a factor
of ten to thirty. (6) In such a case it is necessary
to reduce it in good time before work starts again and
verify this condition adequately.

Radon Sources

Radon gas can diffuse out of rock surfaces, aban-
donee! mine areas and ore piles. Theoretical consid-
erations on the basis of radium content and its re-
lationship to members of the uranium series and their
state of secular equilibrium suggest a correspondence
between ore grade and radon gas emanation rate. This
however, is largely dependent on other variables such
as rock type, porosity and microfracturing which af-
fect pore densities and radon diffusion distances.
Rock types such as conglomerates, shales and sand-
stones have progressively increasing respective aver-
age radon emanation rates for the above reasons. (7)

Some test studies have indicated that a moderate
amount of radon in rock pore spaces would be released
in blasting. Some would be trapped in the muck pile
and some would be released to the mine air.

Water-borne radon is another mode of radon trans-
port Into mining environments. The interstitial pore
spaces of an orebody may be filled with flowing water
where the dissolved radon concentration may approach
the concentration of the dry pore space radon/air

mixture. The flow of radon-laden water into a mine
with resultant radon percolation into the air may re-
sult in greater radon flux into a wet mine than a dry
mine where the radon transport mechanism is mainly
through gaseous diffusion. (7)

Meteqrological Influences

Meteorological parameters and seasonal influences
may give rise to large short-term and long-term varia-
tions in radon and radon progeny concentrations. Some
factors influencing the short-term fluctuations are
barometric pressure, temperature differences outside
to inside the mine and relative humidity. (8)

It has been shown that radon is readily released
from sandstone deposits and its emanation rate can be
profoundly affected by barometric pressure changes.(4)

Atmospheric inversion conditions can also influen-
ce radon concentrations, notably in open pit mining
operations which are generally thought to have low ra-
don and WL concentrations by virtue of open ventila-
tion.

Seasonal changes, particularly in northern cli-
mates, can have a substantial effect on radon concen-
trations. Measurement of radon and radon progeny is
particularly important in cases of mine air heating
and air recirculation schemes.

PRINCIPLE OF OPERATION

The monitoring system is comprised of three parts-
the Model 550 time-integrating WL monitor, the Model
540 digital interface/memory/controller module and
the Model 520 portable microcomputer. (Figure 1) Am-
bient air is continuously sampled for periods of time
from several hours to many days by a constant flow
pump, and raw data in the form of gross alpha counts
are stored in memory at user-selected time intervals.
These are later converted to cumulative and incremen-
tal WL values by computer software.

The Model 520 microcomputer does not have to be
connected during sampling; it is only connected to
the system briefly at the beginning, to implement the
desired sampling sequence and select sampling parame-
ters, and also after completion of sampling to trans-
fer the raw data and analyse and print results. The
Model 550 monitor and 540 Interface form one compact
package for easy deployment as an area monitor or
personal dosemeter. (9)

FIGURE 1: MODULAR
MICROCOMPUTER-BASED WL
MONITORING SYSTEM
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WL Morn tor

The Model 550 alphaDOSIMETER is a compact air sam-
pling monitor which provides continuous time-integra-
ted measurements of airborne radon (and thoron)
progeny. The unit can be powered by a variety of bat-
teries for personal or environmental sampling. The
alphaDOSIMETER consists of a flow-regulated pump,
filter receptacle with 0-ring sealing, diffused junc-
tion silicon detector and amplifier, discriminator,
microprocessor and control circuits. Air is sampled
at flow rates of either 0.05 or 0.1 L/min. (10)
(Figure 2)

Alpha radiation from radon and thoron progeny en-
trapped by the filter is measured by the silicon de-
tector and the resultant pulses are stored in memory.
The microprocessor totalizes alpha counts, supervises
pump flow regulation, totalizes air sample volume,
performs self-diagnostic tests and transmits serial
number, data and flag (self-diagnostic) conditions to
the interface upon request.

Model 550 monitors can be ittached to commercial
miners' cap-lamp batteries as oersonal WL dosemeters.
(Figure 3) Such use provides cumulative WLH exposure
data when used without the Model 540 Interface.

Interface Module

The Model 540 is a CMOS microprocessor-based inter-
face which performs control, data storage and communi-
cations functions. It includes clock, timing and
memory functions such that it can be programmed by the
computer to "learn" and execute control sequences in-
cluding start pump, acquisition of alpha count data at
predetermined time intervals, stop pump, and in some
cases, post-sampling analysis of residual radionuclide
activity on the filter.

Data can be acquired for sampling time intervals
from one minute to 9 999 minutes, to allow studies of
rapid, ventilation related changes in WL or slower-

moving diurnal or meteorologically influenced environ-
mental phenomena. The storage capacity is 200 data
points, which allows total measurement periods of
from several hours to in excess of a week, depending
on the chosen time interval and number selected.

Data is stored in battery supported random access
memory which may be interrogated non-destructively by
the microcomputer before it is deliberately erased or
over-written. A measurement sequence in progress may
be interrogated before completion for data to date
without affecting the overall measurement cycle.

Microcomputer

The Model 520 Microcomputer is the commercial
Epson HX-20 battery powered "notebook" computer. The
unit includes 32K memory, microcassette, printer, LCD
screen, keyboard, RS-232C port and battery charger.
The microcomputer is programmed in BASIC language to
perform a variety of WL measurements. Such program-
mes are stored on microcassettes and loaded through
the built-in microcassette drive. The microcomputer
has a "continuous" memory so that programmes in mem-
ory are not lost when the power is turned off.

The microcomputer is used firstly to enter a pro-
grammed measurement sequence known as a "Set-Up" into
the Interface memory. When this is done, the built-
in printer produces a hard copy record of this sequ-
ence for user reference. At the end of the sequence
(or to interrupt it) the microcomputer is reconnected
to the Interface to transfer the raw alpha count data
to its memory. This is done over the RS-232C commu-
nications port operating at 300 baud. The stored
data can then be analysed and printed, in numerical
and graphical formats.

Software

The BASIC language software is designed for simple
menu-driven and prompted operator interaction to
select, implement and record various WL analyses.

FIGURE 2: SCHEMATIC REPRESENTATION OF TIME-INTEGRATING WL MONITOR
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FIGURE 3: MINER USING WL MONITOR
AS PERSONAL RADON PROGENY DOSEMETER

The standard routines include several methods of ob-
taining cumulative WLH exposure measurements and inte-
grated average WL values. The latter is also reported
in SI derived units, micro-joules per cubic metre.
Another method measures integrated average WL(Rn) and
WL(Tn) by using decay time analysis at the end of air
sampling.

The periodic or incremental mode of operation
allows cyclic or otherwise varying WL phenomena to be
observed. In this mode up to 200 data points of
gross alpha activity are stored in memory at preset
time intervals to be later retrieved and analysed.
The standard method converts the incremental alpha
counts to WL values and lists or graphically plots
these values as a function of time.

Since the detector is time-integrating, the re-
sults presented will be integrated and smoothed in
relation to the "real time" WL occurrence, and any
transient or change in "real time" events will appear
delayed in time due to the grow-in of the radon pro-
geny. It is the objective of the polynomial filter-
ing algorithms described below to unfold or correct
for these occurrences. These measurements are made
with the assumption that only radon (222Rn) progeny
are present and that no thoron (220Rn) progeny cause
interferences.

lity routines including Set Up Mode, Calibration,
Editor and Service Mode. The Set Up Mode has already
been discussed; it allows selection of a periodic WL
measurement sequence by specifying a time interval in
minutes, and the number of data points to be collect-
ed (up to a maximum of 200), as well as an operator
keyed-in location code. This mode also allows set-
ting up of average WL, WLH and WL(Rn) + WL(Tn) ana-
lysis methods.

The Calibration routine uses an 2ItlAm reference
alpha source to routinely check detector performance
and stability. The Editor Mode is in fact a "lock up
table" which stores seven parameters associated with
any particular WL monitor. These parameters include
serial number, RaB/RaA ratio, RaC/RaA ratio, pump
flow rate, instrument background count, detector effi-
ciency for radon progeny and detector efficiency for
the s*2Am source. The microcomputer, upon being con-
nected to a particular WL monitor, will automatically
determine its serial number and use the appropriate
parameters from the Editor in any subsequent calcula-
tions. These parameters can be changed if necessary,
e.g. to optimize age of air ratios.

The Service Mode allows direct software access to
the alphaDOSIMETER internal control and diagnostic
functions for checking and testing purposes.

THEORETICAL BASIS

Polynomial Unfolding Filter

A polynomial filter is used on the integrated alpha
count data intervals to remove the effect of radon
progeny grow-in from previous intervals.

Count data, D. is collected such that

"I(ts(k))+t0

particles detected/minute)dt ...Eqn 1.

(k = 1,2,3...)

t=((k-l)ts)+t0

where,

k = time period from (k-l)t +t to (k)t +t

time pump first turned on

time in minutes between samples

Time interval k is the time from Ck-l)ts+tQ to
<k>ts+t0.

Consider the case where the sampling pump was turn-
ed on for only one sample interval, i.e. from t to t
Then, let Ji,|< be the counts detected over time period
t Q + (k-l)ts to t 0 + k(tg) resulting from radon pro-
geny collected from t to (t+t ).

...Eqn 2.

The software also makes provision for several uti- where, k = 1,2,3...
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Note: Ji.i = Jx

Also, Di = Ji as there were no previous radon progeny
on the filter. The coefficients A|< will be discussed
later.

In general, the number of counts resulting from
sampling over time interval n and counting over inter-
val k can be expressed by:

Jn,k = AT Ak+l-n

where, k = n,n+l,n+2...

...Eqn 3.

The counts resulting from each sample interval can
be summed to give the total count over any interval.

Therefore, D. = / . J

where, k = 1,2,3...

Using equation 2,

...Eqn 4.

where,

Rewriting:

Jk

where,

Jl =

k

=

k

Dl

Dk

= 1

V

= 2

as

k

,2,3...

k-1

( Z.JA+1 J
i=l "• K L "

,3...

noted before.

...Eqn 5.

.Eqn 6.

Equation 6 is in a form of a polynomial filter
where Jk would be the count resulting if a fresh filt-
er were used for every sample interval.

If only n samples were taken and coefficients Ak
are negligible in size after coefficient Av, equation
6 can be rewritten:

k-1

...Eqn 7.

n=Maximum(l,k-v+l)

where, k = 2,3...n

Using equation 7 and the measured values of 0, the
values of J can be calculated.

The set Ak can easily be generated by a function F
which is in turn derived from a set of equations in
reference (11).

F(tD,t|,,tp) is a three element vector function such
that: P

= [F(tp,tb,te)3 [RaAl
RaB

LRacJ

...Eqn 8.

where Z is the number of counts resulting from a radon
progeny concentration in the air of RaA, RaB, RaC.

tp = sampling time
tb = beginning of integration time
te = end of integration time

(Pump is turned on for tp minutes starting at time
zero.)

Let Rb be the ratio RaB/RaC
and Rc be the ratio RaC/RaA

Ak = [F ts,ts(k-l),ts(k)l ...Eqn 9.

Changing Rb and Rc changes the response of the
polynomial filter. If Rb = 0.3 and Rc = 0.5, a
smooth response with a minimum of over or under damp-
ing is achieved.

The series J|< is proportional to WLk. The propor-
tionality constant is not quite constant and might
change slightly introducing a small error in WLJf.
WL|< is the average Working Level of the interval k.
Jk is transformed into WLk'by normalizing J|< to VC.

. ,1 / , WL x nWLk = Jk s— ...Eqn 10.

J.

WT is the average Working Level from time interval
1 to time interval n.

Binomial FiHer

If the data is statistically poor (i.e. Dk<50),
the results from equation 10 may have to be smoothed.
The binomial filter is an ideal filter for this pur-
pose. It is stable with a well defined gain response
and does not introduce phase shift into the data. (12)

Binomial filter of first degree:

Bk = CWLk_! + 2 WLk + WLk+i)/4 ...Eqn 11.

where, k = 2,3...n-l

Bj = WLj

If more smoothing is desired the data Bk can be
run through the filter in place of WLk.

After the binomial filter the data is again norma-
lized to TJT to give Working Level.

WLk " Bk
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DISCUSSION

The data shown in Figure 5 indicate natural out-
side environmental WL measurements taken near a urani-
um operation in Northern Australia. As such, these
data are not optimum candidates for this type of ana-
lysis because of the extremely low levels with corres-
ponding statistical uncertainty.

The curves A, S, C and D in Figure 5 show Roll!
grab sample WL data taken at nominal 30 minute inter-
vals for a 24 hour period, time-integrated WL data ta-
ken with hourly samples, unfolded, and unfolded and
smoothed data respectively. The mean of all the Rolle
WL measurements is 0.0034 WL; the average integrated
WL from the time integrated measurement is 0.0032 WL.

Curve C shows unfolded data from B; its more jagged
appearance bears some resemblance to the "real time"
data in A, indicating a greater ability to make appar-
ent transient changes in WL which would otherwise be
filtered out or integrated in a time integrating moni-
tor. Binomial filtering applied to curve C resulted
in curve D, and it can be seen that the degree of
filtering converted the unfolded data back to a condi-
tion similar to the raw, unprocessed data in this
case. However, the binomial filtering is useful in
situations where the sampling interval is shorter, 10
to 15 minutes, by virtue of filtering out very high
frequency components, but not changing any phase re-
lationships.

Figure 6 shows a comparison of beta WL monitoring
with time-integrated alpha WL data. The beta detector
had already been on when the alpha WL monitor was de-
ployed, as indicated by the slight dip in measured WL
created by the disturbance. The raw time integrated
alpha WL data show the characteristic grow-in and de-
cay schemes of radon progeny. The unfolded data shows
the effect of the polynomial filtering in attempting
to reach the "steady state" sooner than the integrated
data, and corresponding quicker decay when the radon
source was reduced.

Figure 7 again shows the effect of polynomial fil-
tering in correcting for lag or phase in time inte-
grated WL data in sinusoidal-1ike fluctuations.

CONCLUSION

A time integrating WL.monitor based on gross alpha
counting has been described which can produce time
integrated, unfolded and unfolded and smoothed WL
data. The system has been shown to make apparent both
the lag or phase changes characteristic of time inte-
grating monitors and also to unfold integrated tran-
sients or changes.

On-going development will serve to further optimize
software parameters for use in mining and environmen- .
tal WL monitoring.
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DISCUSSION

Question (Scott): How much is this affected by
the presence of thoron daughters?

Answer: The theory is for radon daughters only.

Question (Borak): The polynomial filtering
process assumes that the concentration of
potential alpha energy is constant during the
period of integration (i.e., sampling interval).
How is this affected by the duration of this
interval? You have shown data with sampling
intervals of 30 minutes and it is hard to imagine
that the radon daughter concentration is constant
for this period of time.

Answer: Dynamic RaB/RaA and RaC/RaA ratios are
different from those in static conditions; hence
the shorter the time interval, the more accurate
the response. The system is capable of sampling
at intervals of 1 minute, and longer; we concur,
and recommend sampling times of 10-15 minutes for
dynamic studies.
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COMPARATIVE TESTS OF RADON- AMD RADON DAUGHTER
SYSTEMS UNDER SIMULATED KHVIROIMKHTAL '.'OliUI

F. SteinhSiinler, F. Dasehil ajjd P. I'fligeradortTcr

Division of Biophysics, University of Salzburg,
Salzburg, Austria

ABSTRACT

Radon- and radon daughter-monitors have to be able
to function even in hostile environments, such as
mining and milling operations. These conditions can
range from high temperature/low humidity to low tempe-
rature/high humidity.

Besides withstanding these environmental stresses
the instrument response should be specific in case of
the simultaneous presence of radon 222 and radon 220
(thoron) in the atmosphere, since the latter can repre-
sent a major component of the total occupational ex-
posure.

Commercially available instrumentation can be cate-
gorized as either basically monitoring radon gas and/
or radon daughter products. Therefore in this study
two such instruments were selected for the tests: an
EDA-RDA-200 radon monitor and PYLON-WL-1000C radon
daughter analyzer.

These instruments were exposed to the extreme environ-
mental conditions described above by using a dual-walk-
in test chamber system. In these chambers temperature,
relative humidity, radon-, thoron- and decay product
concentration were kept at preset defined levels. The
operating characteristics of both instruments were
studied with respect to reproducibility and reliability.

Thi.:: rather frequently occurring type of a mixed
exposure to radon- and thoron daughters is generally
not taken into consideration in routine hectltn physics
surveiJlance, although this neglegance may cause a
significant overestination of the exposure to radon
daughters (h). Therefore it is of interest to know the
influence of simultaneously present thoron daughters
on the "pure" radon daughter response of the instru-
mentation.

In the following the effect of largely different
environmental parameters and of mixed radon-/thoron
daughter atmospheres on the performance of two widely
used instruments has been investigated. These instru-
ments use different measurement principles, based on
spectrometric, respectively integral alpha counting
techniques.

INSTRUMENTATION A!!D EXPOSURE CONDITIONS

Instruments

Fov the investigation two commercially available
survey meters were used: PYLON working level meter,
type WL-1000C and FDA detector, type RDA-200. The
instruments were chosen because of their widespread
use and differences with regard to sampling and
analysis; for a summarized description see Table 1.

INTRODUCTION

Operational health physics monitoring of radon
(Rn222)- and thoron (Rn220) daughters in mining and
milling operations is carried out worldwide under a
wide range of environmental conditions between the
two extremes:
- hot and arid conditions, characterized by low rela-

tive humidity and high air temperature
- cold and damp exposure conditions with high relative
humidity and low ambient air temperature.

It has been emphasized repeatedly that for the pro-
tection of the public and miners it was important to
execute intercalibration and intercomparison exercises
(1, 2 ) . In order to obtain comparable measurement
results applicable for such largely differing con-
ditions it is essential that the operation of the
instruments used is not affected by them, neither
during the sampling operation, nor during the sub-
sequent analysis.

Besides the above assumed independence of the
instrument performance from changing environmental
conditions, many monitoring devices are used for the
measurement of radon daughters only. This is largely
due to the fact that many national regulatory agencies
require the determination of the potential alpha energy
exposure due to radon daughters only. However, several
researchers indicated that in some cases the resulting
exposure to thoron daughters can be of a comparable
value to that of radon daughters (3, **, 5, 6, 7).

PARAMETER

counting
technique

analyt. method

sampling time
(min)

counting inter-
vals (min): (1)

(2)
(3)

total time
required
(min/meas.)

PYLON (WL-1000C)
Radon- Thoron-
daught. daught.

ilpha-spectroscopy

modified MARTZ

5 10

1-5 not specif.
6-20 not specif.

30 75

EDA (RDA-200)

integral alpha-
counting

mod. TSIVOGLOU

5

2-5
6-20

21-30

ho

TABLE 1: CHARACTERISTICS OF SAMPLING AND ANALYSIS
FOR PYLON WORKING LEVEL METER AND
EDA DETECTOR

For the determination of the RaA-, RaB- and RaC
concentration values and the potential alpha energy
concentration Ep (Working Level) with the PYLON
working level meter the factory installed alpha
spectroscopy programme was used.
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With
nuclide
RaB, KaC
formula:

the KDA-ins
concentrati
1 valuer) we

r.
i

where: a
I1. If. 13 =

trument Kp and individual radio-
on values (,'i (0 •= i < 3 for K p, RaA,
re determined according to the

1 i+

constant
number of alpha counts during
counting intervals (1), (;?), (i)
( nee Table 1 )
counting; efficiency
volumetric sampling rate (l/min)

Climatic Conditions

ROOM Ho. I

ROOM Mo. 2

pump

• de-emanation system of rad. solution

port holes for sampling of radon,
thoron and decay products

walk-in air-lock with gas-tight doors

FIGURi. 1 : SIMULATION OF ENVIRONMENTAL CONDITIONS
USING CLIMATIC CHAMBER-SYSTEM FOB INSTRUMENT
EXPOSURE AND RADIOACTIVE TEST ATMOSPHERE

Both instruments wore set up in a climatic chamber
(room no. 1 in Figure 1) under defined environmental
conditions. In an adjacent climatic chamber (room no.
?) with identical geometry and technical installations
a radium-chloride solution was de-emanated continuous-
ly to obtain a constant and defined radon- and daughter
product atmosphere. The radon concentration in this
test atmosphere was kept at 685 Bq./mi and the potentia]
alpha energy concentration of about I"? mWL, air tempe-
rature at 2Q°f and 'jo? relative humidity. The rela-
tively !ow radon daughter value was chosen to simulate
conditions such as efficient air filtration in mines
and mills, outdoor measurements near tailings piles
or indoor environment:;. The stability of the radon
atmosphere wa:: controlled with an ionization chamber
measurement syr.tvtn (3).

Sampling was carried out from an external air-lock
through sampling ports connected to room no. 2. There-
by this room was not. entered and undisturbed atmo-
spheric conditions were ensured. All samples were
immediately transferred to the adjacent room no. 1
for subsequent analysis.

Table ? contains the data on the four environmental
exposure conditions (A-D) simulated in room no. 1.

EXPOSURE

common
(Code)

Cold-Damp-Kn
(A)

Hot-Dry-Rn
(B)

Hot-nry-Rn+Tn
(c )
Cold-Damp-Rn+
+Tn (D)

ATMOSrilL'RIC
AIR TEMP.

(°f)

+ 1 1

+ 35

+U2

+ 17

PARAMETERS
REL. HUMIa

(?)

90

35

30

90

RADOIi
AND/OR
THOROIJ

radon only

radon only

radon+thoron

radon+thoron

TABLE 2: ATMOSPHERIC PARAMETERS OF EXPOSURE
CONDITIONS If! CLIMATIC CHAMBER No. 1

Mixed Radon-/Thoron Daughter Atmosphere

For the second part of the study the same scheme
was used as above (see Figure 1 ) . However, in addition
to the radon source a Th-228 solution was de-emanated
to obtain a mixed radon-/thoron daughter atmosphere
with a thoron component comparable to the radon gas
value.

RESULTS

Tables 3 and h contain the mean and extremes for
the nuclide concentration values as measured by the
PYLON- and EDA instrument for each series of climate
simulation experiments.

Both instruments are in use at two different labora-
tories and had been calibrated before. In general the
PYLON instrument showed about 303 lower results than
the EDA instrument, indicating a systematic difference
due to a discrepancy in the instrument calibration.
This emphasizes the problems with the comparability of
results obtained from various sources and the need for
national calibration facilities, respectively inter-
national intercomparison programmes ( 1 , 2 ) .
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PARAMETER
MEASURED

RaA
(pCi/1)

RaB
(pC'i/1)

RaC1

(pCi/1)

a-energy
cone. (mWL)

EXPOSURt
CODK

A
B

D

A
B

D

A
B

!>

A
B

D

MEAN
(x + s)

8.3 + 2.6
r>.1 +• 2.2

T.5 + 2.8

J.ip + 1.;?

1.6 _+ 0.7

::.9 + 1.:?

3.1 + 0.8
1.6 + 0.9

l.6 + i.o

« + 9
22 + 6

28 + 9

OOEFF. Of
VARIATION

0.31
O.2>4

0.37

0.35
O.ltti

0. h 3

O.I4O
0.59

O.C?

0.25
0.27

0.31

!<AIJGK OF
EXTREMES

6.0
3.6

8.9

;'.o
?. 5

6.1

2.5
2.9

2.7

23
20

27

TABLE 3: DEPENDENCE OF NUCLiDE CONCENTRATION AMP POT.
a-ENERGY COKC. (AS MEASURED BY RDA-200) 01]
DIFFERENT CLIMATIC CONDITIONS OF (.'ONGTANT
RADON- AND THOROH ATMOSPHERES (33 meas.)

PARAMETER
MEASURED

RaA
(pCi/1)

RaB
(pCi/1)

RaC
(pCi/1)

a-energy
cone.(mWL)

EXPOSURE
CODE

A
B
c;
D

A
B
C
D

A
B
C
D

A
B
C
D

(

2.1
2.7
1.7
1.7

1.1
0.5
0.8
0.9

0.7
0.1*
0.5
0.6

23
16
18
22

MFJU'l
x +

+ 0
+ 0
+ 0

± °
+ 0
+ 0
+ 0

± °
+ 0
+ 0
+ 0

± °
+ 7
+ 5
+ 7
+ 8

s)

.2

.3

.5

.8

.5

.It

.5

.5

.3

.2

.2

•k

COEFF. OF
VARIATION

0.09
0.12
0.28
0.1*1*

0.1(9
0.70
0.62
0.57

0.1(3
O.ltli
0.1*6
0.55

0.29
0.33
0.38
0.38

RANGE OF
EXTREMES

0.6
1 . 1
1.6
3.1

2. 1
1.0
2.0
1.1*

0.9
0.5
0.8
1 2

22
11*
20
26

TABLE h: DEPENDENCE OF NUCLIDE CONCENTRATION AND POT.
a-ENERGY CONC. (AS MEASURED BY WL-1000C) OH
DIFFERENT CLIMATIC CONDITIONS OF CONSTANT
RADON- AND THORON ATMOSPHERES (k9 meas.)

a) Radon Atmosphere Only

If the instruments are sampling radon/radon
daughters only for a given climatic condition (code
A and B in Tables 3 and It), the reproducibility of
the results can vary considerably at the low environ-
mental levels investigated: the coefficient of vari-
ation is typically about 0.35, indicating the rela-
tively large range of extreme values of about two- to
three times the standard deviation (s) of the mean
(x). As an example, Figures 2 and 3 show the variabi-
lity of the instrument readings for RaC-values under
the climatic conditions investigated.

Reproducibility of instrument readings is mostly
lower under 6-eomlitions than i'or A-eonditions. Parti-
cularly for RaB-values the coefficient of variation
increases under hot arid dry condition:; and the mean
value registered jr. '/Jtj to 50^ lower compared to the
value measured under A-coridition" for both instruments.
This is also shown in the mean potential alpha energy
concentration value, which io about 1/3 lower under
15-conditions compared to A-conditions.

Mean va] ues were tented for statistically signifi-
cant difference ur,ing lite WElB-tost which is particu-
larly suited for smalj statistical population;; with
unequal variances ('<). The null hypothesis of a sig-
nificant difference between two means cannot be re-
jected at the 5" level, if the test value \1 > 2. All
significant W-vaJues are marked with an asterix (* ) in
Tables 5 and 6.

PARAMETER
MEASURED
(x + s)

KaP

RaB

RaC

potential alpha
energy cone.

W-T

RDA-200

7
0

2

6

. l

.6

.3

.8

*

*

"GT VALUE

WL-1000C

8

I*

3

5

.3*

• 7 *

.8 *

.k*

TABLE 5: WEIR-TEST (W-TEST VALUE) FOR SIGNIFICANT
DIFFERENCES BETWEEN MEANS (xi+sj) OBTAINED
FROM MEASUREMENT SERIES UNDER CLIMATIC CON-
DITIONS A,B (*denotes sign. diff. at 3%)

PARAMETER
MEASURED
(x + s)

RaA

RaB

RaC

potential alpha
energy cone.

W-TEST

RDA-200

1.7

7-3 *

1.9

8.0*

VALUE

WL-1000C

1.9

3-5 *

2.8 *

8-5 *

TABLE 6: WEIR-TEST (W-TEST VALUE) FOR SIGNIFICANT
DIFFERENCES BETWEEN MEANS (x^s^) OBTAINED
FROM MEASUREMENT SERIES UNDER CLIMATIC CON-
DITIONS A.D (*denotes sign. diff. at 5?)

Both instruments show statistically significantly
different results, when samples - obtained under
identical conditions - are analysed under different
climatic conditions (A, respectively B in Table 5 ) .
This is the case for most individual radionuclide
determinations as well as assessment of the potential
alpha energy concentration.

b) Mixed Radon- and Thoron Atmospheres

The data under code C and D in Tables 3 and h
describe the instrument-specific response for sampling
from a radon/radon daughter atmosphere with simultane-
ously present thoron/thoron daughters. For technical
reasons RDA-200 could not be exposed to condition C.
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FIGURE l)a:

CORRELATION BETWEEN NUCLIDE-
SPECIFIC ANALYSIS AND POTENTIAL
ALPHA ENERGY CONCENTRATION FOR
INSTRUMENT WL-1000C.

A,E,C,D ... constant climatic
exposure conditions
(see Table 2)
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FIGURE lib:

CORRELATION BETWEEN NUCLIDE-
SPECIFIC ANALYSIS AND POTENTIAL
ALPHA ENERGY CONCENTRATION FOR
INSTRUMENT RDA-200.

A,B,D ... constant climatic
exposure conditions
(see Table 2)
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Reprodueibility of data obtained from either instru-
ment is lower than under previous conditions, i.e. the
mean coefficient of variation is O.I45 and the range of
extreme values is about three- to four times the stan-
dard deviation of the corresponding mean.

There is a distinct difference in response of both
instruments for the radon daughter analysis, if thoron
daughters are sampled simultaneously with radon
daughters (code D) as compared to sampling from a pure
radon/radon daughter atmosphere (code A). Values for
the potential alpha energy concentration sampled and
analysed under the same climatic conditions differ sig-
nificantly, depending on the simultaneous presence of
thoron/thoron daughters and radon/radon daughters.
Generally values are higher under D-conditions than
for A-conditions.

c) Correlation Analysis between Potential Alpha Energy
Concentration and Individual Radionuclide
Concentration

Since both instruments enable the user to chose the
mode of analysis, i.e. either analysis for individual
radon daughter concentration (RaA, RaB, RaC) or
potential alpha energy concentration, the correlation
between the two modes of operation was investigated.

CORRELATION
BETWEEN

E . andi
pot

RaA

KaB

RaC

CORRELATIOH

RDA-200

0.60*

0.98 **

0.55*

COEFFICIENT

WL-1000C

0.2lt

0.88 **

0.60*

TABLE 7: CORRELATION BETWEEN NUCLIDE-SPECIFIC
ANALYSIS (FOR RaA, RaB and RaC) AMD
POTENTIAL ALPHA ENERGY CONCENTRATION
(Epot) FOR INSTRUMENTS RDA-200 AMD
WL-1000C (*denotes a significance at
the < 0.1 jS level; **at a « 0.1% level)

Table 7 contains the results of the correlation-
analysis. All correlation coefficients were tested for
significance applying the two-sided t-test method (10).
Except for the RaA-analysis with the WL-1000C instru-
ment the correlation between potential alpha energy
concentration and RaA-, RaB-, RaC-concentration is
significant, however with a varying degree.

From the examples shown in Figures Ua, hh it can be
seen that the degree of correlation ranges from non-
significant for RaA values (measured with WL-1000C) to
highly significant for RaB (determined with RDA-200).
In general RaC'-values correlate to a lesser degree with
potential alpha energy concentration than RaB values,
independent of the type of instrument used.

CONCLUSIONS

Reproducibility of results obtained with one and
the same instrument under different environmental con-
ditions and comparability of data derived from measure-
ments with different instruments are crucial issues for

questions of practical radiation protection and
scientific problems such as epidomiologieal investi-
gations. In this study two instruments, PYLON/WL-1000C
and EDA/RDA-200, wore tested under extremely different
climatic conditions at low environmental exposure
levels with regard to the two performance criteria
mentioned above.

The results indicate that temjjerature and relative
humidity values as they can occur, e.g. in tropical
open-pit mine;: or arctic underground mines, can show
a pronounced influence on the instrument response,
although actual samples were taken from a defined
atmosphere with constant radon concentration. The
nuclide-specific scatter of data of varying degree due
to climatic influences is also influenced to some
extent by the degree of simultaneously present thoron
gas, respectively thoron daughters in the radon con-
taining atmosphere. Finally the results show that -
irrespective of the environmental exposure conditions -
RaB-concentration values correlate best with the
potential alpha energy concentration an determined by
either instrument.
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DISCUSSION

Question (Scott): What was the ratio of radon
daughters to radon in the chamber?

Answer: Typically, F « 0.3 + 0.05

Question (George): Have you tested the radon and
thoron daughter instrument response in high and
low condensation nuclei concentrations?

Answer: Quantitative information about the
condensation nuclei concentrations is not
available.

Question (Eicker): How did you measure the
concentrar.ion of radon daughters in the climatic
chamber?

Answer: Radon daughters were measured with
conventional single-filter grab samples; radon was
measured with flow-through ionizatlon chamber
methods.

Question (Schery): To what extent are the
variations in the data you showed due to counting
statistics? For the variations not expected due
to counting statistics, were you able to determine
any of the causes?

Answer: The variations showed up irrespective of
the nuclide concentration. The reasons for the
variability observed may be due to either the
sampling procedure itself or the instrument
response during the analytical procedure.
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AERODYNAMIC PARAMETER DETERMINATION IN
INLET ORIFICE OF CEA ALPHA DOSIMETER

K. YOSHIDA

University of Saskatchewan, College of Medicine
Saskatoon, Saskatchewan, Canada

ABSTRACT

Among the aerodynamic parameters critically
affecting the efficiency of personal alpha
dosimeters, intended for use in the open-mit mining
of uranium, the geometry of the sampling head and
the size and location of the aspiration zone in
relation to the breathing zone of the worker were
examined in the laboratory. The size of aspiration
zone of a CEA dosimeter, worn at the waist, was not
large enough to overlap with the breathing zone.
A discrepancy of radioactivity count in the
aspiration zone and breathing zone (true value)
would create some problems in efficiency
determination.

INTRODUCTION

In personal Alpha dosimeters, track-etch
detectors have been used and several generations
of these devices have been tested. The CEA
dosimeters (modified), manufactured by Commissariat
a l'Energie Atomique in France, have unique
features. They are a self-contained unit, weighing
about 400 grams, with a plastic casing housing an
air mover, hygrophobic filter, collimeter, absorber,
track-etch detector, and a gamma TL detector. The
dosimeter is worn at the worker's waist. Field
evaluations of several alpha dosimeters have been
conducted including materials and construction,
performance of the electro-mechanical system, air
movers, and radioactivity detection efficiency. (1)

Parameters affecting the performance of a
personal alpha dosimeter are: a) electromechanical
performance, b) particle size spectrum of radio-
active aerosols, c) plate-out of radio nuclides
on dosimeter surface, d) geometry of sampler inlet,
e) filter characteristics, f) efficiency of track-
etch detector, and g) aerodynamics of micro human
environment.

Worker exposure to alpha-emitting radio nuclides
in a uranium production environment is predominantly
by inhalation of airborne fine particles. For
personal sampling, an established standard method
is breathing zone sampling. The presently recom-
mended location of the sampling inlet of the CEA
dosimeter, away from the breathing zone, might
cause a significant discrepancy between values
determined and true values by standard method.

A series of laboratory evaluations of personal
radiation dosimeters, intended for use in the open-
pit environment of uranium production, was con-
ducted. (2) The purpose of this paper is to present
results and discussion on the aerodynamic char-
acteristics of a CEA dosimeter investigated in a
controlled test chamber.

AERODYNAMIC PARAMETERS

Particle Size Spectrum

In an underground mining environment, the activ-
ity median diameter (AMAD) of aerosols ranged from
0.065 to 0.11 um with a geometric standard devia-
tion (Sigma-G) of 1.45 to 2.73. The airborne
particles of this size range do not behave primar-
ily by inertial forces but by diffusional mechan-
isms. (3)

In open-pit mining of high-grade uranium, the
value of AMAD was 0.03 urn in the vicinity of the
ore body. However, it ranged from 1.0 to 2.5 urn
inside mining equipment cabs equipped with high
efficiency particulate air filters (HEPA). (4) The
values of Sigma-G ranged from 3.5 to 6.5 for the
cab environment. Therefore, the particles entering
the sampling part of alpha dosimeter in the open
pit environment might behave differently than under-
ground operations.

The collection efficiency of a CEA dosimeters
sampling head was determined for particle size
ranging from 0.01 to 0.1 um diameter, for the
attached and unattached fraction. Within the size
range, the diffusional deposition took place in the
inlet and inside walls. The efficiency for 0.1 nm
particles was 90%. (5).

Plate-out

It has been known that there is a tendency for
the radon daughter activities to attach rapidly or
plate-out on various surfaces in the uranium pro-
duction environment. The mechanisms that govern
the plate-out of radioactive aerosols include:
deposition by convective diffusion, deposition by
inertial forces, emission and particle coagulation.
The rate of plate-out is affected by the particle
size spectrum of aerosols and to a large extent by
the relative humidity of air. The maximum plate-out
determined for (previous model) a CEA dosimeter was
about 15%. (6)

Geometry of Sampler Inlet

The aerodynamic parameters contributing to the
high efficiency of the sampling head are: the size
and shape of the inlet orifice, the orientation of
the inlet in relation to the direction of the major
stream of air, and the face velocity of suction.
However, all these parameters may be expressed as
a Reynolds Number (Re) which is indicative of the
degree of turbulent condition of the viscosity-
shear flow regime. (Figure 1, Table 1)
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Even self-contained models were very light weight
and small enough to be kept in a worker's breast
pocket . (12) However, no d i.scu.s.sion was presented
on the appropriate location of the sampling head for
breathing zone sampling.

EXPERIMENTAL METHOD

One CKA dosimeter and a 2r> mm filler holder were
plated in an aerosol chamber (2.0 x 1.5 x 1.0 m)
equipped with a glass window. An aerosol generator,
similar to the mechanism used by Jsbizu and others
(I'S) for cigarette smoke study, was placed at the
upwind location in reliUioi) to the inlet orifice of
the dosimeter. A continuous air flow of 1.5 LPM was
.supplied to the combustion material to generate a
stream of visible smoke of particle size of O.'Jum
optical number median diameter. The cloud thus pro-
duced from a point source was converted to a quasi-
laminar flow before reaching the suction inlet of
the dosimeter. The particle concentration was
determined by using a light-scattering, particle
counter (climet Cl-2'30). (figures 2 and 3)

KICURK I: KUNCTUttAI. UlAdKAM OK SAMPLING IIK.A!)
OK CKA DOSIMETER

.For efficient col led ion of representative aero-
sol samples, n criteria governing the geometry of
the sampler inlet were studied. (7) However, there
exists a very limited amount of data on the enter-
ing efficiency of particles, above the diffusion
size range, at such a low flow rate of 0.1 IJ'M.

Human Micro Environment

The term "breathing zone" in worker inhalation
exposure refers to a zone of ambient environment
in which a person performs t lie normal respiratory
function. The size of such an ambient zone may be
practically described as a sphere having a radius
of '30 cm aiiout the nostrils. (8)

In the vicinity ol the human face, during inhal-
ation and exhalation, the mean air velocity over
the facial area within the boundary layer of 5 cm
was 0.5 m/sec. Stagnation regions developed due
to the flow constraint liy horizontal surfaces to
the perineum, the axilly, under the lobe of the
ear, and under the nasal septum. ('J)

Dilution
Duct

Driving D»vie»

Time Switch To Light
Sccfterring
Photomttar

Air Ejtctor

FIGURE 2: SCHEMATIC DIAGRAM OF AEROSOL GENERATOR

In order to obtain the trajectory of the air flow
in the vicinity of the suction inlet of the <losi-
meter, a well established method of shieren photo-
graphy was used. A still camera, oriented at 45
degrees to the plane of a light slot, registered
the trajectory.

HroathiiiK ^one Sampling

Artifacts in personal (breathing zone) sampling
are biased due to inlet effects, electrostatic
effects clue to fields developed by the polystyrene
cassette or other similar materials, filter effic-
iency, and self-dilution by the sampler. In order
to detect the lower com yiilral ion, the self-dilu-
tion by a sampler must minimized. (10)

Earlier models of personal dosimeters had a
separate system rather than being self-contained.
A detector is located on the underside of the hard-
lial brim as an air-mover was worn at the waist. (II)

RESULT AND DISCUSS TON

Optimal Size of Inlet Orifice

The inlet air velocity, calculated at 0.) LPM
of flow rate, is 0.017 m/sec, which is close to the
diffusional speed and is far lower than the speed
adopted for a conventional air sampler of 25 mm
size (2.8 m/sec range). It is obvious from the
above riyure that the dosimeter's inlet orifices
are designed for micro aerosols o( diTfuslonal size
range, and for gases. The CEA dosimeter has three
orifices of 1 mm diameter.
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The minimum permissible diameter of sampling
orifice to maintain high efficiency of sampling was
discussed. (14) The values calculated for the CEA
dosimeter in sampling attached radon daughter
particles of 0.01 Wn aerodynamic diameter were less
than 1.0 mm, meeting such a requirement. (Table 2)

The sine of aspiration zone for a 25 mm cassette
at 2.0 LPM was 8 cm diameter (0.26 R), however, the
trajectory showed a characteristic bell-shape at
the higher flow rate of 8.0 LPM, resulting in a
larger size of aspiration zone (30 cm diameter or
0.5 R). (Figure 5)

Controlled Test Atmosphere

The flow Reynolds number for the inlet orifice
under isokinetic condition was 14, indicating that
there exists no streamline (laminar) flow in this
region but that the flow is in transition to turbu-
lent flow. The test aerosol generated had the
following characteristics: an optical diameter of
0.4 um (arithmetic mean), number concentration of
1.5 x 10^ particles per ml, and a mass concentra-
tion of 1.0 mg/m^. These characteristic figures a-
gree closely to the realistic range of dust concen-
tration determined in the open-pit work environ-
ment. (4) (Figure 3)
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FIGURE 3: PARTICLE SIZE DISTRIBUTION OF
TEST AEROSOL

Size of Aspiration Zone

The size and shape of the - idy current of air
visualized was recorded photographically. The
shape of the aspiration zone of the CEA dosimeter
was assumed to be a sphere centred about the inlet
orifice, as the breathing zone of the worker is
assumed to be a sphere with radius of 30 cm (R -
30). (Figure 4)

The size of the aspiration zone determined for
a CEA dosimeter ranged from 4-6 cm diameter
(0.13-0.2 R) at 0.5 mg/m3 of particle concentra-
tion. The size of the aspiration zone at increased
concentration of 10 mg/m was 10 cm diameter(0.33 R).

CEA
O.I LPM
05/im

FIGURE 4: FLOW VISUALIZATION OF
CEA DOSIMETER INLET

BREATHING ZONE
R«30cm

FIGURE 5: CONCEPT OF BREATHING ZONE
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Local ion DI Sampling Inlet

The size- oi the aspiration zone of a CEA dosi-
-ni-ler, worn at llie worker's waist, was not large
enough ( K I ) to overlap the breath ins none. For
inhalal ion exposure lo gaseous .substances, the
sampling heads (inlet) ol" the sampler are usually
located within the breathing zone of the worker.

The ratios ol contaminant concentrations al the
lapel in relation Lo the nostrils, and forehead to
no.slrils, have been studied for attached radon
daughters, magnetite aerosols and fine test dust
that possessed similar characteristics, and aero-
dynamic properties to the aerosols usually
encountered in open-pit uranium mining. (16) If
the sampling head is located within the breathing
zone, tile ratio of concentration to true inhalation
ranged from 0.97 to 0.99 for lapel sampling and
0.98 to l.W) for the forehead sampling. (Table 3)

The aspiration zone of a CEA dosimeter, worn at
the waist was not within the breathing zone, there-
fore it would be rather difficult to represent true
inhalation exposure of workers as far as alpha
emitters are concerned. The reason lor such
preference of a CEA dosimeter location may be duo
to sel l-cont.iinpd, compact design (no separate
head) find significantly enough by locating the
gamma sensor simultaneously in the vicinity of the
worker's groin area, known to be extremely sensi-
five lo radiation. Further studies are required
to clariiy tliis discrepancy in laboratory and field
trials.

CONCLUSION

I. Thi' size of the aspiration zone determined for
a CEA ilas'under was considerably smaller than the
breathing zone oi a worker and the aspiration zone
was Indited away Irom the breathing zone.

2. 'Ill I' iCrlJll d idiscrepancy of inhalation exposure
to alpha emitters between the existing method and
true value in breathing zone would develop if the
seI f-cont aitied dosimeter is worn at the waist posi-
> i m i .

t
self
I ion

3. Fui'thei studies are needed to clarify the
discrepant y, liowci'cr, the location of the dosimeter
may still he- Justified as far as the gamma radia-
t ion is i-onrenifil.
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TABLE 1: DETERMINATION OK REYNOLDS NUMBER OF VARIOUS SAMPLING' INLETS

Sampler

Midget
Impinger

MRE with
Elutriator

10 mm Nylon
Cyclone

Micro
Impinger

CEA
Dosimeter

A-N
Dosimeter

25 mm
Cassette

Sampler

Midget
Impinger

MRE with
Elutriator

10 mm Nylon
Cyclone

Micro
Impingor

CEA
Dosimeter

A-N
Dosimeter

25 mm
Cassette

Sampling
Rate
(LPM)

2.8

2.4

1.7

0.56

0.1

0.1

2.0

TABLE 2

Number
of Inlet
Orifice

1

1

1

1

3

16

1

!: MINIMUM PERMISSIBLE

Sampling
Rate
(LPM)

2.8

2.4

1.7

0.56

0.1

0.1

0.1

Equivalent
Diameter
of Inlet
Orifice (mm)

•j.«

10.0

2.1

3.6

1.0

3.0

3.6

DIAMETER OF SAMPLING

Number
of Inlet
Orifice

1

1

1

1

3

3

1

Air VelocJty
through Inlet
Orifice
(m/sec)

4.67

0.51

1.52

0.92

0.017

0.015

2.77

ORIFICE (DAVIS, 1968)

Equivalent
Diameter of
Inlet Orifice
(mm)

3.8

10.0

2.1

3.6

1.0

3.0

3.6

Reynolds Number

1120

340

212

22

14

3

66

Minimum
Permissible
Diameter of
Orifice (mm)

4.8*

4.6*

4.0*

2.8*

Less 1.0#

Less 1.0#

Less 1.0#

For aerosol particles of 3 um aerodynamic diameter.

For attached radon daughter particles of 0.01 um aerodynamic diameter.
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TABLE 3: RATIO OF LAPEL/NOSE AND FOREHEAD/NOSE CONCENTRATIONS

Aerosol

Radon
Daughters
Attached

Magnetite

Fine
Test Dust

Diameter (Mm)

0.15 (Activity)

1.6 (Mass)

7.5 (Mass)

Uniformity
Distribution
(48)

-

1.8

2.8

Ambient
Concentration
(mg/m3)

0.01 - 0.17
or 10 - 40 Pci/L

10 - 15

20 - 45

Lapel/Nosp Forehead/Nose

0.97 ± 0.02 0.98 ± 0.02

0.99 ± 0.02 1.00 ± 0.02

0.97 ± 0.03 1.06 ± 0.03

(Source: Cohen, B. et al, 1982)
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A STUDY OF THE DOSE CONVERSION FACTORS FOR INHALATION RISK

ASSESSMENT FROM RADON DAUGHTERS IN MINE ATMOSPHERE

131

M.C. SUBBA RAMU AND K.G. VOHRA

Air Monitoring Section
Bhabha Atomic Research Centre
Trombay, Bombay 400085, INDIA

ABSTRACT

The dose conversion factors estimated by various
investigators vary from 0.2 to 18 rads (WLM)"1. The
same estimated by us taking into consideration the
hygroscopic nature of Che carrier aerosol and the
unattached fraction of Ra A in uranium mines, and the
energy dependent regional tissue masses in the T-B
region of the lung is 0.92 rad (WLM)"1. Based on
these estimations and the dose equivalent limits for
both stochastic and non-stochastic effects, the allow-
able radon exposure values for uranium mine workers
have been computed. An appropriate value of 0.3 as
the ucodification factor for rad to rem conversion
based on epidemiological results of lung cancer occu-
rrence amongst uranium mine workers has been found.

INTRODUCTION

Working Level Month (WLM) has been selected by many
radiation protectionists for evaluating the radiation
risk to which uranium mine workers are exposed '. One
WLM is defined as 170 hours of exposure of uranium
mine workers to any combination of concentrations of
shortlived radon daughters Ra-A, Ra-B, Ra-C, Ra-C and
Ra-C" leading to a total emission of 1.3 x 105 MeV
of alpha energy per liter of air. A radon concentra-
tion of 100 pCi/1 in equilibrium with its short-lived
daughters gives 1.3 x 10^ MeV of alpha energy per
litre of air and is termed as one Working Level (WL).
This definition was adopted because of the fact that
most of the dose to the respiratory tract is due to
alpha particles from short-lived radon daughters. The
dose to the respiratory tract depends on the deposi-
tion of aerosols carrying the short-lived daughters
of radoti in the lung and the clearance rates of the
deposited aerosol particles. It also depends on the
critical tissue mass irradiated by the alpha particles
from the deposited short-lived daughters of radon.

Activity to dose conversion factors are computed
in terms of the absorbed dose by the critical tissue
per WLM. Such a factor evaluated for different
uranium mines would help in the standardisation of the
procedure for the estimation of risk from environmental
exposure to short-lived daughters of radon(2). Risk
estimates due to exposure to radon daughters of
persons working in uranium mines, living near uranium
tailings and in homes built on reclaimed mining lands
and in places contaminated with elevated levels of
radium need to be carried out.

DOSE CONVERSION FACTORS

There are a wide range of reported values for the
conversion of working level month to absorbed dose.
Table 1 gives the various dose conversion factors eva-
luated by different investigators all of whom have
considered the basal cells of the bronchial epi-

thelium as the critical organ for the dose received
by the lung. The conversion factors vary from 0.2 to
18 rads (WLM)-l depending on different factors like
the mine aerosol characteristics, unattached fraction
of the short-lived daughters of radon and the breath-
ing parameters which have been taken into considera-
tion for the calculations. The various factors con-
sidered by each of them are given below in brief.

TABLE 1 : DOSE CONVERSION FACTORS

No. Reference
Dose Conversion Factor
rad(WLM)"1(mGy(WLM)-1)

1 Haque and Collinson (3) 2.5-18 (25 - 180)

2 Harley and Pasternack (4) 0.2-2 (2 - 20)

3 UNSCEAR (5)

4 Walsh (6)

5 McPherson (7)

6 James, Jocobi and

Steinhausler (8)

7 Johnson and Leach (9)

8 Jacob! (10)

9 Radford (11)

0.2 - 10 (2 - 100)

1 (10)

1 (10)

0.3 - 1 (3 - 10)

0.78 (7.8)

0.6 (6)

0.3 - 0.7 (3 - 7)

10 Vohra and Subba Ramu (12) 0.92 (9.2)

Haque and Collinson (3) have taken into considera-
tion the distribution of radon daughter activity on
different size range of aerosols encountered in a
typical city atmosphere. The radiation dose from the
deposition of these radioactive aerosols has been
found to be highest in segmental bronchi at different
depths from the top of the mucous layer.

Harley and Pasternack (4) adopted a value of 4%
for the unattached fraction of Ra A and considered an
activity distribution with a median size of 0.3 /im
dia. Radiation doses from the deposition of the acti-
vity to segmental bronchioles at a depth of 22 jim
in tissue for different lung models and different
combinations of radon daughter concentrations have
been estimated.

UNSCEAR report(5) quotes values ranging from 0.2
to 10 rad (WLM)~1(2 to 100 mGy (WLM) "^depending on
the different values used for unattached fractions of
radon daughters as dose to the basal cells of the
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bronchial epithelium. Also the dose has been found to
increase with increasing mine ventilation rate and
decrease with increasing aerosol concentration.

Walsh (6) calculated the average dose to the each
region of the tracheo-bronchial tree and found that
the dose to the basal cells of the bronchial epithe-
lium works out to be less than 1 rad (WLM)"1 or 10
mGy(WLM)-1 The details of the calculations are
given in reference (13).

MePherson (7) calculated the dose conversion factor
on the basis of the deposition model given by Alt-
shuler(14) who assumed the unattached fraction of Ra A
to be 10%. The activity median aerodynamic diameter
was taken as 0.1 fxm. The regional masses receiving
the dose from the two alpha particles 6.0 MeV and
7.69 MeV were calculated by assuming a tissue density
of 1 gm/cm3 and using the x-ray ranges in the tissue.
The basal cell target in the bronchus was considered
to range from 27 to 85 pm away from the surface of
the epithelium.

James, Jacobi and Steinhausler(8) and Johnson and
Leach(9) have derived relationships between dose and
exposure as a function of particle size and unattached
fractions for Yeh-Schum(15) and Weibel(16) lung models
and for the J-£(15) and the J-B(16) deposition-clear-
ance models. The doses to the stem cells in the
bronchial walls have been estimated.

Jacobi(10) has estimated a long-term mean value of
the dose factor for the occupational exposure of miners
to radon daughters on the basis of an activity median
aerodynamic diameter of 0.2 pm and an unattached
fraction of 2% for a breathing rate of 20 litres/min.
He has considered the bronchial basal cell layer as
the target tissue and the J-E and J-B dosimetric
models.

Radford(ll) has used dose conversion factors rang-
ing from 0.3 to 0.7 rads (WLM)"1 for estimating risk
to uranium miners due to inhalation of radon daughters.

Vohra and Subba Ramu(12) used data based on realis-
tic condition in the mine atmosphere with respect to
the aerosol characteristics and type of breathing and
evaluated the dose conversion factor. Most recent
informations on the deposition and retention of radon
daughter aerosols and the masses of the bronchial
tissues irradiated by alpha particles have been uti-
lized to get a satisfactorily reliable estimation.
The details of the calculations are given below.

EVALUATION OF DOSE CONVERSION FACTOR

Dose to the basal cell layer of the bronchial epi-
thelium of the T-B compartment from one WLM concen-
tration of radon daughters deposited in the T-B region
of the lung has been estimated by taking into consi-
deration both the unattached and attached fractions
of radon daughters(12).

The deposition of the unattached fraction of radon
daughters in the T-B region is taken as W/, for nasal
breathing. This value is obtained from inhalation
studies. For a well ventilated mine and a radon con-
centration of 1 WL, the concentration of aerosols of
0.3 jim activity median aerodynamic diameter can be
taken as 1.8 x 10 3 cm"3 . From this the unattached
fraction of radon daughter has been worked out to be
0.3. Thus the fraction of the total activity deposited
as unattached fraction in the T-B region is 0.12.

The aerosols which carry radon daughters have been
found to be hygroscopic in nature. These hygroscopic
particles can prow by a factor of ten when the rela-
tive humidity is increased from 50% to 100%. The den-
sity of the grown aerosols will be 1 gin cm"3. The
deposition of the grown aerosols carrying with them
the radon daughters in the T-B is 8% of the aerosols
entering this region if we assume an inspiratory flow
rate of 20 litres/min. About 30Z of the attached
radon daughters is deposited in the N-P region and
hence 707, of the total attached fraction enters the
T-B region. Thus the deposition of attached fraction
works out to be 5.6% for RaB and PaC and for Ra A
(attached) the deposition works out to be 4% since
30? of the total Ra A is in the unattached form.

The clearance of the deposited radon daughters in
the T-B region of the lung is considered to be quite
rapid. A biological half-time of 10 minutes for
radon daughters is used in the calculations. Table-2
gives the absorbed oC -energy in the T-B region of the
lung due to the deposition of both the unattached
and attached fractions of daughters of 1 WL concent-
ration in the mine air.

TABLE 2 : ALPHA-ENEFGY ABSORPTION IN

THE T-B REGION OF THE LUNG

Fraction Absorbed *C—energy

Unattached 0.62 x 10 MeV/litre

Attached 1.46 x 10 3 MeV/litre

McPherson(7) has worked out the relevant tissue
masses in the T-B region by the two «C -energies 6 MeV
and 7.69 MeV taking into consideration the total area
of the T-B compartment, the tissue density (1 gm cm )
and the ranges in tissue for the two energies. ±1:-
masses of the tissue irradiated work out to be
1.96 gms for 6 MeV and 2.96 gms for 7.69 MeV <-ener-
gies. The distance between the surface of the epi-
thelium and basal cell nuclei in the bronchus is
reported to range from 27 to 85 jim(17). The ranges
in tissue for 6 MeV and 7.69 MeV are 47 pi and 71 jim
respectively(14).

If E is the absorbed energy in ergs hr"1 and m is
the mass of the irradiated tissue in gms, the dose
rate in rads hr"1 is equal to E(100 m ) " 1 . For one WL
concentration of radon in an uranium mine and 10*
litres of air inhaled by a miner during an eight
hour working day, the dose rate to the T-B region
of the lung works out to be 5400 prad hr"1. This
means a dose conversion factor of 0.92 rads(WLM)"1

or 9.2 mGy(WML)"1.

CONCLTOING REMARKS

The International Commission on Radiological Pro-
tection(17) gives dose equivalent limits based on
both stochastic and non-stochastic effects of radia-
tion. They are 5 rem yr"1 and 50 rem yr"1 respecti-
vely. The weighting factor for stochastic effects
is 0.13. If we assume the quality factor to be 20,
then the absorbed dose rate limits work out to be
1.9 and 2.5 rads yr"1 respectively. If we use the
dose conversion factor of 0.92 rad(WLM)"1 and con-
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sider the miners to be working for 260 days per year
at the rate of 8 hour per day, the allowable radon
exposures work out to be 0.17 WL and 0.22 VL respecti-
vely.

The BEIR report(18) on the effects on population of
exposure to low levels of ionising radiation gives the
percentage increases in excess relative risks of ura-
nium miners in terms of WLM, rad and rem. The average
values of these are 1.4%, 1% and 0.252 respectively.
The risk per rem data is from the effects of X or Y
radiation for which the quality factor and modifica-
tion factor are unity.

From the above data the rem per WLM factor can be
evaluated and it works out to be 5.6 rem(WLW)~l. If
the dose conversion factor is 0.92 rad(WLM) and the
quality factor is 20, then the modification factor to
be used for the rad to rem conversion for radon dau-
ghter inhalation risk in uranium mines works out to
be o,3. This value is useful for the evaluation of
inhalation risk due to breathing of radon daughters
in an uranium mine using the dose conversion factor
which can be estimated from the aerosol characteris-
tics data for the uranium mine. This method of risk
evaluation can be used for any mine where radon is
encountered.
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THE UNITED STATES URANIUM REGISTRY: LATEST IN A SERIES OF
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ABSTRACT

The United States Uranium Registry, funded by
the United States Department of Energy, was estab-
lished in 1978. The objective of the program is
to obtain voluntary premortem commitment for post-
mortem tissue donation. Analysis of this donated
tissue should (1) identify the nature and distri-
bution, if any, of uranium in the tissues, (2)
evaluate the adequacy of current (and past) health
protection programs, and (3) test the appropriate-
ness of current regulations. Enrollment results
of this and previous programs are outlined.

INTRODUCTION

The United States Uranium Registry (USUR) was
established in July, 1978. This program follows
the pattern of predecessor programs funded by the
United States Atomic Energy Commission and its
successor agencies. Evan's studies of radium
exposed individuals were initiated about 1933.
Premortem commitment for postmortem tissue dona-
tion was started among these individuals some 15
years later; the first such program to my know-
ledge. This program began as a simple will by an
individual which was followed by a more formal
legal document of commitment in the early fifties.
A program for tissue donation was established
among transuranic workers in 1968 and continues to
date. During this time over 1000 individuals have
made premortem commitment for post mortem dona-
tion, and tissue has been received from 200.

The objective of the USUR tissue donation
program is to voluntarily enroll workers who have
been in occupational contact with uranium for
future donation of tissue. A limited number of
individuals with the same time and geography but
no known contact with uranium (reference indivi-
duals) will also be enrolled.

WHY A URANIUM TISSUE DONATION PROGRAM?

As the nuclear industry developed, consider-
able attention was given to the potential health
hazards of plutonium and other transuranic ele-
ments. On the other hand, uranium was considered
so innocuous that at one point it was suggested
urinalysis surveys be discontinued.

A conference sponsored by the Department of
Energy's predecessor agency in 1975 reevaluated
the subject of occupational exposure to uranium.
At this meeting it was identified that a Transur-
anium Registry existed and the need for a Uranium

•Operated by Hanford Environmental Health Founda-
tion for the Department of Energy under contract
DE-AC06-76RL01837.

Registry was outlined. From this beginning it was
identified that a Uranium Registry tissue donation
program could:

1. Identify the nature and distribution, if any,
of uranium in the tissues of occupationally
exposed workers;

2. Evaluate the adequacy of current (and past)
health protection programs;

3. Test the appropriateness of current regula-
tions.

These broad concepts became our goals.

ENROLLMENT PROCEDURES

Individuals are enrolled in the USUR by sever-
al methods. Currently employed individuals are
contacted at some periodic event such as a physi-
cal exam or a bioassay procedure. Retired indivi-
duals are contacted by mail with a covering letter
from their former employer supporting the concept
of the Registry but emphasizing the voluntary
nature of the program. Some retired individuals
with unique uranium exposure are contacted
directly. Both management and labor are informed
of our program when applicable. On occasion,
permission for autopsy of a uranium worker is
obtained from the next of kin after the worker has
passed away.

Enrolled individuals are asked primarily to make
their lungs available for postmortem analysis
since this is believed to be the primary source of
occupational uranium intake. If an individual is
willing, specimens of bone and kidney are also of
interest since animal studies suggest these are
repository organ systems for uranium. Finally, we
have interest in the liver and spleen since these
organs act as "blood filters" and we have no clear
knowledge of whether or not they retain uranium.
In some selected cases a more extensive examina-
tion is performed. However, it should be clearly
understood that this is a voluntary donation pro-
gram, and we look at only such tissues as we are
permitted.

SUCCESS OF ENROLLMENTS

The success of enrollment depends on a number of
factors: age, locale and occupational exposure of
the individual. Since the primary motivation for
enrollment among most workers is an interest in
the health of future uranium workers, the most
likely registrant is an older individual with long
uranium contact, living in an area accepting to
the concept of tissue donation. Incidentally,
tissue donation is becoming common in the United
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States. Individuals donate kidneys both while
alive and after death and postmortem cornea and
liver donations are common. In fact many States
now key an individual's drivers license indicating
that he or she is a registered tissue donor.

Another enrollment factor is that many United
States World War II facilities have closed and the
work forces dispersed. The "reconstruction" of
these forces is difficult, hampered by lack of
information and finances.

The following tables show the success of our
effort and and that of one of our predecessors in
enrolling individuals. The last table shows our
attempt to reconstruct a WWII population and our
success both in locating individuals and enrolling
them.

TABLE 1

First Transuranic Worker Population Contacted

Number 1876
Number willing to participate 473

TABLE 2

Retired Uranium Workers with Known Lung Burdens
(one plant)

Number 13
Number willing to participate 7

TABLE 3

Retired Fuel Fabrication Workers
(one plant)

Number contacted 16
Number willing to participate 9

TABLE 4

COLORADO PLATEAU WORKERS

Workers Identified: 57
Dead 7
Not considered a candidate 13
Not in areas visited 6
Status Unknown 1
Other 1
Total unsuitable or unavailable

for enrollment

Suitable and available for enrollment
No interest 5
Undecided 5
"Not at this time" _4_

Enrolled

-28

29

-14

WHAT IS DONE WITH USUR DATA

Earlier in this presentation I outlined the
three broad goals of our effort. In addition,

we believe that we will be able to compare
health physics information obtained during life
with actual determinations made from tissue
analysis. We are particularly hopeful that we
can evaluate lung counting procedures.

WHAT TYPE INDIVIDUALS ARE WE ENROLLING?

Table 5 shows that all USUR participants fall
into four broad categories:

(1) individuals with documented uranium contact
and documented bioassay procedures;

(2) individuals with documented uranium contact
but no bioassay procedures; and

(3) individuals with unique uranium exposure
history.

(4) A limited number of reference individuals.

TABLE 5

1. Individuals with known occupational uranium
contact with bioassay data and known uranium
incorporation - K)*

2. Individuals with known occupational uranium
contact with bioassay data and no known
uranium incorporation - 8*

3. Individuals with unique uranium exposure and
incomplete or no bioassay data - 17*

•Number of registrants

CONCLUSION

The USUR tissue donation program is formed of
documented uranium workers who have made a
commitment to donate tissue for postmortem
uranium analysis. Since this is a volunteer
group, often from incomplete work rosters, our
program is not an epidemiological study—this
type of effort is carried out by other DOE-
funded programs. It is a systematic search for
uranium in the tissues of uranium workers. We
believe such information will meet our goals and
help future uranium workers.

DISCUSSION

Question (Vance): Do Che participants' dependants
receive the results?

Answer: Very definitely, yes. The Tissue
Donation Agreement with the United States Uranium
Registry (USUR) must be signed by the individual's
next of kin, and by an additional witness. In
this way we are certain that the worker's gift is
really a donation by a family.

Written into this agreement is the stipulation
that the results of an individual's examination
will be given to the Individual's next of kin on
their request. This is a contractual agreement,
not an idle promise.
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Question (Gerard): What are you looking for and
how long will It take to get results?

Answer: The USUR Is looking for the nature and
distribution, if any, of uranium in the tissues of
occupationally exposed uranium workers. We have
primary Interest in the lungs, which we believe is
the primary source of occupational uranium intake.
He also have interest in the kidney and bone since
animal studies suggest they may be repository
organ systems for uranium. Finally, the liver and
spleen are blood "filters" and we do not know
whether or not they retain uranium.

We are currently analyzing tissues from nine
different individuals, so reports should not be
long in appearing.

any time, and the employer is not aware of this
either. The program is founded on the voluntary
donation of an individual with agreement by his
next of kin.

Question (Bernstein): We do not understand the
biological bails for differences In lifetime risk
of malignant dlaease in different individuals who
have had comparable rates and durations of
exposure to an occupational carcinogen. Early
recognition and control (e.g., by cessation of
exposure with medical removal protection and
retained rate of pay) of biological evidence for
overexposure to toxic agents or for reversible
preraallgnant effects of carcinogens would be a
valuable form of "secondary" prevention to be used
in conjunction with the more appropriate "primary"
prevention of exposure through engineering
controls. Do you plan to obtain non-invasive
tissue specimens (e.g., blood, urine, breath,
exfoliated bronchoalveolar ce-ls by sputum or
lavage, etc.) to correlate levels of exposure,
absorption, distribution, and metabolism of
radon/thoron decay products with adverse effects
on lung and other organs seen at an autopsy?

Answer: A USUR registrant gives us permission to
request his radlobioassay and medical data. Our
primary mission is to look at the biokinetics of
uranium using lung, kidney, bone, liver, and
spleen tissues analysis. We will also have
histologic sections. We will relate this
information back to such medical and radiobloassay
data as we can obtain. However, in early workers,
only recent medical information is available.

Question (Wright): What steps has the Registry
taken to ensure that participants give Informed
consent? In particular, we are aware of one
company which included forms for another tissue
registry with the basic employment forms.

Answer: The standard USUR Tissue Donation
Agreement must be signed by an individual's next
of kin, and witnessed by one additional
individual. This implies to me that the agreement
would have to be completed at home. Further, for
several reasons these agreements are renewed on a
regular basis. These renewals are handled by the
USUR without any employer involvement whatsoever.
Also, an individual can cancel the agreement at
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ABSTRACT:

The current Canadian dose limit for uranium
miners is 4 WLM/yr. Recently, the Atomic Energy
Control Board proposed a new limit of SO mSv/yr.
The setting of appropriate dose limits involves
both risk estimation and public policy
considerations. Varying estimates of the risk of
radiation-induced respiratory cancer among uranium
miners are examined. These estimates indicate a
high risk of cancer among miners exposed at the
current and proposed dose limits. Several arguments
against lowering the dose limits are considered.
The authors recommend a substantial lowering of
dose limits, limited only by questions of
feasibility. A tripartite committee should be
established to examine the question of feasibility
and reconmend appropriate dose limits to the Board.

This paper is derived from a brief submitted by
the authors to the Atomic Energy Control Board of
Canada on March 14, 1984.

INTRODirCTIOH

Between 1973 and 197S the government of Ontario
gradually lowered the dose limit for alpha
radiation from radon daughters from 12 to 4 WLM/yr.
In 1977 the 4 WLM/yr dose limit was extended to all
Canadian uranium miners by the Atomic Energy
Control Board. In 1982 the Board proposed changing
the dose limit to 50 nSv/yr, including in the
calculation, radiation doses from all sources.
These two limits provide roughly equivalent
protection for most underground uranium miners.
But is that protection adequate? The resolution of
this question depends first on an estimation of the
risk of respiratory cancer from alpha radiation.
The authors have not performed their own risk
estimate, preferring instead to rely on those
estimates already in the literature. However, the
setting of appropriate dose limitB also depends on
matters of public health policy. Public health
policy in turn involves both judgment and advocacy.
The authors have been directly involved in the
effort to lower radiation dose limits for uranium
miners in Canada and the United States. We make no
apology for such advocacy in a paper devoted to
questions of public health.

I. RISK ESTIMATION

For most occupational groups, the risk of death
from radiation must be estimated using data from
high dose, non-occupational studies. Uranium
miners are the exception. The evidence of an

increased risk of lung cancer among uranium
miners is direct and overwhelming. Studies of
uranium miners in Czechoslovakia, on the Colorado
plateau in the United States, and in Ontario all
show large excesses in lung cancer mortality.1/
Other hardrock miners similarly exposed to radon
daughters are also at increased ri«k.£/ In
Ontario alone, the Royal Commission on the Health
and Safety of Workers in Mines, headed by James M.
Ham, found 81 lung cancer deaths through 1974
among Ontario uranium miners, where only 45.1 were
expected.}/ Three years later, lung cancer deaths
had increased to 119, with only 65.8 expected, for
an excess of 53.2.4/ Since lung cancer has a
long latent period, this number will continue to
increase. Even then, it may understate the true
hazard, since uranium miners face competing risks
from occupatinnal accidents and silicosis.

Yet even whore direct evidence is available,
risk estimation is a highly uncertain exercise,
dependent as it is on epidemiological data of
varying quality and a series of assumptions about
the underlying dose-response relationship. In
September of I960 the Atomic Energy Control Board
commissioned Duncan C. Thomas and K.G. HcHeill to
prepare a report exploring these complex issues
and providing a credible estimate of the health
risks from alpha radiation. Their report, Risk
Estimates for the Health Effects of Alpha
Radiation, was published two years later. Thomas
and McNeil] thoroughly reviewed the existing
epidemiological studies and considered the human
and animal evidence for various possible
dose-response curves. The authors found that a
linear dose-response model, with the addition of a
cell-kill ing term, gave the best fit to the
existing data. Excess relative risks derived fro*
the five available studies range from 0.31 to 3.97
per 100 WI.M, with a best estimate of 2.28. This
yields a doubling dose of 44 WLM (page 131). At
thene jevela of risk, a 50-year exposure to alpha
radiation at the current limit of 4 WLM/yr would
cause between 65 and 250 excess cancer death* psr
thousand workers (page i).

Of course, lung cancer risks to uranium miners
have also been considered by the International
Commission on Radiological Protection, ICJtP
Publication 32, Limits for Inhalation pj Kadon
Daughters by Workers. in turn forms the basis for
the Board's proposed intake limits for radon and
thoron daughters, discussed in Section 4.4.2 of
the AECB's Consultative Document C-78.

The TCRF used two independent methods for
calculating intake limits. The epidemiological
approach utilized human data in much the same way
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as Thonas and McNeil1.

The ICRP also approached the question of intake
limits from the standpoint of dosimetry, by
attempting to calculate a conversion factor between
WLM and nSv delivered to the lung. Several
different models were available for this exercise,
so the dosimetric approach, like the epidemio-
logical approach, yielded a range of estimates.

Unfortunately, there is very little overlap
between the ranges derived by the two methods. The
"mean lung" dosimetric approach suggests an annual
exposure limit of 10-14 WLM, The "regional lung"
dosimetric approach suggests a limit of 4.8-12 WLM.
The epidemiological approach gives a limit of
1.8-5.5 WLM. Clearly, the dosimetric method yields
much higher estimates than the epidemiological
method. After a brief reference to the
uncertainties of epidemiology, the ICRP chose 4.8
WLM as its recommended annual limit. This is at
the low end of the regional lung dote curve, but
it i* near the upper end of the limits derived from
the actual experience of workers exposed to alpha
radiation. In this regard the ICRP deviated
sharply from the practice of other public health
and regulatory bodies, which typically recommend
the lowest exposure limit* consistent with the
range of credible risk estimates.

The question of epidemiology versus dosiaetry
was considered in detail by Thomas and McMeill. In
their Appendix t, they discuss some of the
assumptions which underlie the dosimetric
calculations, including the aerosol size and
resulting deposition of radon daughters; the
fraction of radon daughters not attached to
aerosol*; the effect of humidity on deposition; the
effect of breathing rate on deposition; the surface
area, volume and region of the respiratory system
irradiated; the extent of mucociliary clearance or
removal to lymph nodes; the nature of the kinetic
relationships (first-order or higher) governing
these factors; the effect of the mucus layer on
alpha absorption; and the effect of epithelial
thickness on dose. A* a result, Thomas and
McNcill concluded: "Due to the complexity of the
interaction, any figure derived in this way can be
only a gross approximation." (page 16)

In fact the dosimetric approach also suffers
from epidemiological uncertainties. It must be
remembered that the dosimetric approach attempt* to
calculate a eonveraion factor between WLM and mSv.
This conversion factor is then used to set an
annual limit in WLM equivalent to an effective dose
equivalent of 50 mSv. But the SO mSv limit was
itself derived from cpidemiological studies of such
group* a* the Japanese atomic bomb survivors,
workers exposed to radium, and patients who
received diagnostic and therapeutic doses of
radiation. These studies have all the
uncertainties of the studies utilized by Thomas and
McHtill, and more. In many cases the retrospective
ascertainment of dose was even more difficult than
for the mining cohorts. Kany of these studies
involved gamma, X-ray*, and other low-LET radiation
delivered to the whole body, while miner* are
exposed primarily to high-LET alpha radiation
delivered to the lung. In short, the ICRP's
attempt to set annual limits through a dosimetric
approach Buffers from all the difficulties inherent
in epidemiological studies, plus the problem of

extrapolating from non-occupational to
occupational cohorts, plus the problem of
comparing different kinds of radiation delivered
to different organs, plus, of course, the large
number of assumptions required by the dosimetric
equations. While the ICRP's dosimetric
calculations have great intellectual interest,
they do not provide a adequate basis for setting
dose limits. Dose limits should be set on the
basis of the more reliable human epidemiology.
That epidemiology clearly indicates a high risk of
lung cancer to workers who accumulate doses of
alpha radiation permitted by the Board's current
dose limit.

The risks estimated by Thomas and McNeil1 are
generally higher than the epidemiologically
derived risks cited in ICRP 32, which estimates a
lifetime risk of 1.5 - 4.5 x 10~* per WLM
(equation 2). The Board's Advisory Committee on
Radiological Protection estimates that the true
risk lies in the range of 1 to 6 x 10 per WLM..5/
On the other hand, the current analysis of the
Ontario miners cohort yield* attributable risk
estimates well within the range estimated by
Thomas and McNeil 1.,6/ It should be noted that
the range of uncertainty between these estimates
is roughly one order of magnitude, unusually
narrow for cancer risk estimation. Prudent public
health policy requires that occupational health
standards err, if at all, on the side of safety.
Therefore, the higher risk estimates should be
used for setting occupational dose limits.

Both the ICRP and the Board base their
recommended dose limits, in part, on a comparison
of the risk of death from radiation-induced cancer
and the risk of death from other occupational
causes. We reject this philosophy of "acceptable
risk," believing that no risk is acceptable if it
can be reduced without creating greater risks to
public health and welfare. Nevertheless, it is
instructive to compare various risk estimates for
alpha radiation with the risk of death from
occupational accident* currently faced by uranium
miner*. There were 11 fatal accidents in the
Ontario uranium mine* between January 1975 and
October 1980, for a rate of 0.30 per million hour*
worked.7./ Assuming an average of 2000 hours
worked per person per yearj,the fatality rate can
be expressed as 0.6 x 10 per person-year. A
miner exposed to this level of risk for 50 year*
would face roughly a 0.03 chance of dying from an
on-the-job accident. In other word*, 30 out of
every 1000 miners exposed for fifty year* to
conditions similar to those prevailing in Ontario
mine* in the late 70'* can be expected to die in a
mining accident. In contract, Thomas and HcMeill
estimated that 130 miners out of 1000 exposed to
alpha radiation at 4 WLM/yr for 50 year* would die
from radiation-induced lung cancer, considerably
more than from accidents. These are rough
estimates but they illustrate the relative
magnitude of the risk* faced by uranium miners.*

* These estimate* are very crude, and will vary
with the shape of the dose-response curve and
the age structure of the population at risk.
Nor do they account for latency. There is no
latency period for accidents, while latency for
cancer may be 20 year or more.
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This kind of calculation has been criticized on
the grounds that it compare* the average risk of
accidental death with the maximum "permissible"
risk of death fro* radiation (i.e., the riak
associated with the highest cumulative doae
permitted by the regulations over a working
lifetime — admittedly a rare situation). Let ua
then consider the case of a miner exposed for only
one year to alpha radiation near the current annual
dose limit of 4 WLH. The Thomas and McNeil1 point
estimate of risk utilized in the above calculation
is 0.65 per 1000 person-WLH, or 6.5 x 10~* per WLM
to each individual. Exposure between 3 and 4 WLM
for one year then carries a lifetime lung cancer
risk between 1.95 and 2.6 x 10 .* By comparison,
the risk of accidental death during one year in the
mines is 0.6 x 10 . In other words, a miner who
in the course of one year underground accumulates a
doBe of 3-4 WLM, accumulates roughly 3-4 times the
risk of death from lung cancer, as from accident*.
These exposures are permitted by the current dose
limit; 66 miners accumulated doies between 3 and 4
WLM in 1983 in the Elliot Lake operations alone.8/

It is also important to consider the risk
associated with the average dost. The averag* dose,
to Rio Algom uranium miners in 1983 was 1.54 WLM.**
Thirty years of exposure to alpha radiation at this
rate would re3ult in a cumulative dose of 46.2 WLH.
The corresponding risk of cancer is (46.2 WLH) x
(6.5 x 10 per WLM) or 30 deaths per thousand
miners. The risk of deaths from accidents over the
same thirty year period would be 30 years x 0.6 x
10 per year or 18 deaths per thousand. In ahort,
even a comparison using average doses show* that
uranium miner* face a greater risk of death from
radiation-induced lung cancer, than from
occupational accidents.

Thomas and McNcill's estimated doubling dose of
44 WLM provides yet another way to look at the
risk. A miner exposed to 4 WLM/yr would accumulate
this dose in 11 yeara. A miner exposed to the
current Rio Algom average of 1.54 WLM/yr would
accumulate a doubling dose in 29 years. In other
words, a miner who sptnds his working lifetime in
the Elliot Lake mints faces, on average, twict the
ordinary risk of lung canctr.

II. ACCEPTABLE AND UNACCEPTABLE RISKS

The growing death toll from lung cancer among
miners in Ontario, on the Colorado Plateau, in
Sweden, and in othtr areas has ltd mining unions,
government agencies, and txperts in radiation
protection to call for a reduction in tht eurrtnt
dote limits in Canada and othtr countries. The
United Steelworktrs of America and other uniona
have petitioned the Atomic Energy Control Board in
Canada and various regulatory bodice in the
United States to lower tht currtnt dose limits for
uranium minera and other atonic radiation workers.
In the United States, tht National Inatitutt for
Occupational Safety and Health hat urgad the Mine

Safety and Health Administration to lower the 4
WLM/yr standard.9/, Sweden has set a lifetime
dose limit of 35 WLM. In 1976 the Ham Commission
recommended a full-scale, review of the 4 WLH
standard. In their report to the Board, Thomas
and McNeill stated that the 4 WLM/yr dose limit
does not provide adequate) protection to
individuals (Recommendation 9).

* Of course, the ytars of lift lost will bt
smaller for each cancer fatality, due to
latency.

** "Average dose" is tht arithmetic mean. The
average for Dtnison was slightly higher.

The Board has yet to heed these calls for more
protective regulations. Recently the Board
proposed to replace the current WLM/yr dose limit
for radon daughters.. with a 50 mSv/yr limit for
dose from all cources. For most underground
miners, these regulations are roughly equivalent.
A number of defenses of AECB't current and
proposed dose limits have been advanced. We will
consider them in turn.

A. Maximum versus average risks

In Consultative Document C-78, the Board states
its rationale and that of . the ICRP for tht
proposed 50 mSv annual limit: "... the health riak
resulting from the average radiation dose rtcaivtd
by many occupational groups working under a 50 mSv
limit ii no greater than the average riak of a
fatal accident in induttrit* having a high
standard of safety..." (page Al). As has bean
demonstrated, this statement is incorrect for
uranium miners. But even if it was true, it would
not represent an adequate method for setting dote
limits. The goal of public health is to prevent
disease, not to equalize the death rates from
different causes. Further, the Board's rationale
confuses the average- risk with the maximum
permissible risk to an individual. Tht best way
to control the average riak it to stt explicit
limits on the average dost. In fact, both the
avtrage risk and tht maximum permissible risk to
an individual are important.' Wt, btlitvt that each
individual should have tht right to a safe and
healthful workplace. It is fundamentally wrong to
dtny this right to any individual on tht grounds
that his or her fellow worktrs, on -ha average,
face lower risks. Tht maximum permissible limit
should bt evaluated on the baaia of tht maximum
risk it permits to any worker.

B. ALAHA • , , . , •. :

Tht Board's currant policy' and proposed
rtgulations require that licensees "...establish,
implement, and maintain procedures designed to
maintain dotes of radiation as low at rtasonably
achievable, social pand tcomomic factors being
taken into account." It it' Sometimes argutt* that
this ALARA principle, applied through the Board's
licensing power, makes it unatcttsary to. lowtr tbt
dose limits. Of. count,"this bags the question of
why tht Board chose 50.mSv .in tat first place.
Clearly, the 50 mSv dose limit it meant to be an
upptr limit on th* acceptable dost-. In short
order, wt are back to the question of "acceptable-"
riak. » ..,-;,- . . .-

. • . • . • • ! , - • • •

Tht notion.that dotes should be ktpt "as low as
reasonably achievable...", is widtly accepted but
the concept of "social a«jd economic: factors" it
optn to varying interpretations. In Section 7 of
Consultativt Document C-78, • tht Board provides
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guidance to its interpretation of ALARA: "If a
fignificant reduction in collective dote can be
obtained at a reasonable coit, then the reduction
•hould be wide...In other words, there is sone
value of cost per unit dose reduction...below which
an expenditure should be made and above which it
would be inordinately expensive coapared to the
relatively small resulting reduction in health
risk."

At least four criticisas can be made of the
arguaent that ALARA provides effective control of
the dose to the highest exposed individual. First,
as stated above, the Board applies ALARA to the
collective dose, not to the highest permissible
dose. Second, the Board's explanation of the ALARA
principle include* an explicit coaaitaent to the
kind of cost-benefit analysis which coapares lives
with dollars, in particular the livea of ainers
with the dollar* spent by aining companies. We
believe this comparison to be unworthy of a
civilixcd aociety.

Third, the ALARA principle is atant to be
applied on a ease by case basis. The word* "as low
a* reasonably achievable" are necessarily vague,
open to • variety of interpretation! in a
particular situation. Different aining engineers,
health physicists, and employee* of the Board aight
apply ALARA in different waya. In contraat, a dose
limit is unequivocal. It provides regulatory
precision to mine workers and mining companies
alike.

Fourth, it is true that the ALAtA principle,
along with the efforts of the Board to enforce it,
and the companies to implement it, has kept average
dose* well below the maximum permissible dose. For
example, the average dose* at lio Algoa and Denison
Mine* in 1983 were 1.S4 and 1.22 HIM,
respectively.^/ However, 66 miner* accumulated
1983 dote* between 3 and 4 WLM. These worker*
deserve better protection.

C. Pncartaintv

The epidemiological uncertainties discussed by
Thomas and McKeill and in ICRP 32 have led to
argument* that "no adequate evidence exists" for
lowering the current dose limit*. However, the
uncertaintiea involved in the ICRP1a proposed dose
limit* are even greater. In short, the Thomas and
McNeil1 report provide* the beat risk estimate* of
which current science is capable.

It is not unusual for risk estiastion to be
fraught with uncertainty. The resolution of this
uncertainty in the form of appropriate regulation
is a matter of policy, not science. It is alway*
possible that we will make the wrong choice. For
example, it is possible that exposure* in the
varicue studies were underestimated, and that the
resulting risk estimates are too high. It is even
possible that a threshold exist* for
radiation-induced cancer, below which exposure is
perfectly safe, although no such threshold hat been
demonstrated. It is equally possible that
exposure* were overestimated, that the risk
estimates are too low, and that no threshold
exittt. It it therefore important to examine the
consequence* of choosing wrong. If the dose limit*
are set lower than is necesiary to protect the

health of miners, the consequence will be economic
losses. But if the dose Units are set too high,
the consequence will be cancer anong workers. If
we must err, it should be on the side of
protecting public health.

The history of uraniua nine regulations in
Canada and the United States provides a sobering
example of the consequences of error. The U.S.
standard in the early 1950s was 12 WLM/yr, a level
endorsed by the ICRP in 1955. The U.S. liait was
lowered to 4 WLM/yr in 1971, but the Ontario limit
reaained at 12 until 1973, when it was lowered to
8. In 1974 the limit was lowered 6, finally
reaching 4 in 1975. The Board extended this limit
to all of Canada in 1977. The excess lung cancer
deaths in Ontario and on the Colorado Plateau are
the result of this tardy and insufficient
regulation.

D. Infeasibilitv

The final argunent advanced for not changing
the dose Units is that it would be impossible.
It has been stated that the current dose limits
represent the liait of technological feasibility,
and that no further reductions are possible
without widespread worker rotation or abandoning
the nuclear industry.

Unlike the other arguments, feasibility
considerations provide a sound basis for policy.
Worker rotation exposes more people to radiation.
At best the collective dose will remain the saae;
it may, in fact, increase. Shutting down the
industry is even less acceptable. Alternative
sources of power also create risks to the public
health, such as sulfur dioxide, particulates, the
long-term build-up of carbon dioxide from
fossil-fuel plants, and environmental damage from
massive hydropower projects. Unemployment is
itself a significant health hazard, resulting in
increased mortality from heart disease, stroke,
alcoholism, suicide, and other ttress related
illnesses .IP./

Unfortunately, the Board has failed to perform
even the most basic feasibility analysis of
various regulatory alternatives. Without better
evidence, it cannot be maintained that lower dose
liaits are infeasible.

III. SETTING AN APPROPRIATE DOSE LIMIT

The goal of radiation dose liaits is to protect
the health of radiation workers and the general
public, including the health of the
highest-exposed individual. Such limit*, indeed
all regulations, should be determined by impartial
bodies, through an open public process, with
widespread participation by interested parties.
If the regulations must err, they should err on
the side of safety. In practice this means that
dote limit* thould be based on the highest
credible risk estimate*. To the extent possible,
the regulations should minimise the highest
permissible dose, the average dose, and the
collective dost. No risk of cancer is acceptable
if it can be reduced without creating greater
risk* to the public health and welfare. Setting
appropriate standards therefore requiret comparing
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ri«ki to rilkf. For extMple, lowering the doie
Haiti if not acceptable if it result* in greater
public health risks from unemployment or the demise
of necessary products and services. However the
dose limits should be lowered if the only impact is
on Monetary costs to the corporation, no matter how
those Monetary "costs" compare with health
"benefits". Therefore, since no safe level of
exposure to radiation is known, dose limits should
be reduced to the lowest level that can be met
using feasible control techniques in the existing
operations. In the caae of uranium Mining, that
level remains to be determined.

The feasibility of a proposed occupational
standard is best determined by a tripartite
committee with representatives of the affected
unions, companies, and the regulatory agency. The
committee should determine the lowest dose limit
which can be Met through feaaible controls in
existing and future operations. Appropriate
targets should also be established for the average
doit and the collective dose. The committee should
havt the power to inspect existing workplaces,
review relevant information in the possession of
the Board and the companies, and commission
appropriate engineering studies. The committee
should report its finding! at quickly as possible,
but it should remain in existence in order to
consider ongoing improvements in control technology
and Make new recommendations to the Board.
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DISCUSSION

Question (Bernstein): Radford and Renard (1984)
have reported that the Swedish government has
established a lifetime limitation on cumulative
exposure to radon/thoron decay products of 35 WLM.
The NCRP has implied that, based on application of
a modified absolute risk Model, a lifetime limit
on cumulative exposure of about 40 WLM would be
"acceptable" according to standards for
"acceptability" proposed by ICRP (NCRP No.78,
1984). The NCRP No.78 (1984) and No.77 (1984)
reviews of radon carclnogeneals concluded that
there la no convincing evidence that Intensity
(rate) of exposure to radon is the appropriate
basis for determining risk at low levels of
exposure (at or below the current 4 WLM/year
standard). What Is the position of the United
Steelworkers of America concerning the use of a
lifetime limitation on exposure with retention of
payscale (even If no non-exposed jobs are
available) as one element in a total radiation
protection program which includes annual Units on
average and collective exposures? What criteria
would you recommend for Medical removal protection
with (pay) rate retention for underground Miners
exposed to radon decay products?

Answer: He generally support lifetime limits on
dose. In fact our local unions in Elliot Lake
have negotiated an 80 HIM lifetime Unit, after
which a Miner is rotated to a low expoaure surface
job. I should point out that we would prefer a
Much lower lifetime limit, perhaps 30 WLM, in
light of the Thomas and McNelll estlmste of 44 WLM
as the doubling dose for lung cancer. So far, 80
WLM 1* the best we have been able to negotiate.
You should also note that our brief to the Atomic
Energy Control Board call* for the lowest feasible
limits on Maximum permitted annual dose, average
annual dose, and cumulative (lifetime) dose.

At the same time, we haven't provided much
protection to a Miner if we put him or her out of
work at age 40, with no prospects for future
employment in his or her chosen trade, because the
dose limits have been exceeded. Unemployment
creates substantial health risks of Its own.
Sweden has an extensive guaranteed employment
tystcM which undoubtedly protect* workers who
exceed the 35 WLM limit. Our Elliot Lskc
contracts guarantee that members do not lose their
jobs just because they exceed the 80 WLM limit.
He believe that any regulation establishing a
lifetime dose limit must provide full lifetime
earnings protection. That does not mean that such
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workers cannot be re-employed elsewhere. However
the goal should be to ensure that no worker
suffers a loss of earnings and benefits simply
because the company has permitted hln or her to
accumulate a high lifetime dose. The sane
criteria should apply to other members who must be
removed for medical reasons related to exposure,
for example, workers In the mill with kidney
damage due to yellowcake, who obviously should not
be further exposed to uranium.

The mechanics of such a program would require a
Jut of discussion. But I'd start with a simple
proposal. Set the lifetime limit at, say, 30 WLH.
Then tell the mining companies that they must
ensure employment for 30 years, or until age 65.
If they want to minimize their costs, they will
ensure that workers get their 30 WLH over 30
years. Instead of 10.

Question (Sowby): The 1CRP dose limit of SO mSv
is Intended to apply to the most highly-exposed
Individual, In a particular year. In radiation
work generally, optimization ensures Chat the much
lower doses, actually received by the workers as a
whole, result in a relatively safe environment in
comparison with other safe work. Continued
exposure at the dose limit would not do this. By
extension, continued exposure at 4.7 WLH y"',
corresponding to SO «Sv y~', is considered to
correspond to a level of risk considerably higher
than that of "safe" occupation*.

Answer: Unfortunately, there Is no regulation in
Canada or the U.S. which assures that workers who
accumulate 40-50 mSv one year, do not also
accumulate 40-50 mSv the next year. In fact, it
may be the same workers who are exposed to high
levels of radiation year after year.

In fact, the ICKP'e position that high waxlaum
rinks arc permissible because average risks are
tower Is unique to radiation. All other
cnrclnogenlc agents are regulated on the basis of
the maximum risk faced by an Individual exposed at
the legal limit over a working lifetime. No one
seriously suggests that 0.5 mg/m3 1* an
acceptable limit for coal tar pitch volatlles, or
10 ppm for vinyl chloride, or 100 mlcrograms/m3

for arsenic, Just because most workers are exposed
to less. Only in radiation do we hear this
bizarre argument that high risks to some
Individuals are acceptable just because most of
their co-workers face lower risks.

Comment (Muller): On the subject of risk factors,
only the range of values given by Thomas and
MrNelll differs from the ranges given by other
authors.

Answer: Of course, Thomas and McNeil1 did not
perform their own epldemlologlcal studies, relying
Instead on the fine work of Dr. Muller and others.
As Dr. Muller points out, their risk factors do
not differ all that much from others — about one

order of magnitude, which Is much better than most
cancer risk estimations. We tend to cite Thomas
and HcNeill in discussions with the Atomic Energy
Control Board, because, after all, the study was
commissioned by the Board. But I think it's obvious
that dose limits are as much a natter of regulatory
policy, as of risk estimation.

Question (Muller): In a comparison of the hazard
from radon daughters to the risk from violent death,
how should we spend the available dollars most eff-
ectively on safety?

Answer: Or. Muller correctly points out that
miners are also exposed to a serious risk of death
from accidents. Our union has worked very hard on
that problem, just as we have on other health
hazards, like silica. We probably spend more time
on conventional hazards than on radiation.

We don't believe our work In radiation
protection is incompatible with conventional
safety and health. The same ventilation which
reduces radon also reduced silica and diesel
emissions. In our worker education efforts, we
find that conventional and radiation safety
complement each other.

Nor do we believe that a company Is justified
in spending less on conventional safety just
because they are spending more for radiation
protection. In my experience, companies which
complain that the union is concentrating on
"minor" hazards, do not subsquently offer to spend
large sums on "major" hazards.

In fact, we believe that workers deserve all
feasible protection. Correcting one safety or
health problem does not relieve the company of the
obligation to correct others.

Comment (Ahmed): I have a comment rather than a
question concerning the considerations for
lowering the radon daughter standard. The present
recommended limit of 4.8 WLM as contained In ICRP
Publication 32 Is comparable to the natural
environmental radon daughter concentrations In
some dwelling houses, particularly In cold
climates. At the IRPA Congress in Berlin (in Hay,
1984) It was reported that In Sweden more than
100,000 persons are exposed to radon daughters In
dwelling houses at more than the occupational
limit. The objective of setting radon daughter
limits should not be to make uranium mines ssfer
than dwelling houses and encourage people to leave
their own houses and move Into underground uranium
mines. It should be borne In Mind that lowering
the standard Is not the only way to achieve
protection of the worker. Other control measures
including the training of personnel are equally
Important. If the workers do not know how to
protect themselves and their fellow workers, then,
even If they are given Ideal conditions, they can
make a mess out of It. Another point should be
kept In view. We in the IAEA use the experiences
in developed countries to help the developing
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countries. Some developing countries have their
national development programs linked to the Income
from uranium. In some cases It Is with very great
effort that they can meet the present standard.
If the standard Is lowered further, mining
operations may not be feasible and that would
affect the whole national economy and development.
The present standard provides adequate protection
already and It would be fair to allow the uranium
Industry in such countries to continue under the
present standard.
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ABSTRACT

Derived Surface Contamination Limits (DSCL) are
proposed for the control of surface contamination at
the work place for the uranium mining and milling
industry. They have been derived by a method
incorporating recent ICRF recommendations and
consideration of the radiation exposure pathways of
ingestion, Inhalation and external irradiation of the
basal layer of skin.

It is shown that for simplicity of monitoring
these DSCLs can usually be expressed in terms of beta
activity instead of alpha activity, because for most
contaminants the ratios of beta to alpha activities
are well known.

A generalized DSCL of 10s Bq/m2 of beta
activity is recommended for all contaminants likely
to be found in uranium mine and mill workplaces
except for fresh uraniun concentrates. In the latter
case, the DSCL is expressed in terms of alpha
activity because the ratio of beta to alpha
activities for fresh uranium concentrates is
variable, the beta activity increases with the
ingrowth of U-238 daughter products (Th-234 and
Pa-234m) until secular equilibrium is re-established
in about six months. Contamination of the order of
the limiting value will be clearly visible on a
contrasting surface and compliance with the DSCL
would be a simple matter of removing all visible
uraniua concentrate from the surface.

A surface contamination limit of 10* Bq/m2 of
beta activity is proposed for the release of
non-porous materials and equipment with no detectable
loose contamination to the public domain.

INTRODUCTION

Radioactive contamination on surfaces can become
airborne and subsequently inhaled, it may be
transferred by contact to the hands and subsequently
to food and hence ingested, or it may penetrate- the
intact skin or enter a wound giving rise to internal
contamination. In addition, beta emitters on the
skin may give rise to an external radiation dose.

If a contaminated article is moved to an inactive
area of a nuclear facility where the presence of
radioactive materials is not expected, it might be
handled without the precautions normally taken with
radioactive materials. In order to limit the dose
arising from contaminated surfaces, quantities known
as Derived Surface Contamination Limits (DSCL) have
been established. These limits will ensure that the
radiation dose as a result of contamination will not
exceed the dose limits prescribed in the Atonic

Energy Control Regulations.

In this document, the method developed by Dunster
(2) for derivation of surface contamination limits in
the nuclear power generation industry, with some
minor modifications, is adopted for the establishment
of DSCLs for the uranium mining and milling industry.
The modifications are necessary in order to reflect
the 1977 recommendations of the ICRP (3, 4) which are
different from those used by Dunster (2) in 1962.
The recommended dose limit for the skin now Is 500
mSv/year (compared to 750 mSv/year for extremities
and 300 mSv for skin in general In ICRF 2 - reference
1) and the concepts of maximum permissible
concentrations in air and water have been replaced by
annual limits of Intake (ALI). In addition, Dunster
derived DSCLs for fixtures of radionuclides in the
same radioactive decay chain (e.g. natural uraniua
and natural thorium) using the maximum permissible
concentrations in air and water for mixtures provided
by ICRP 2, while the ALIs for mixtures of
radionuclides In the same radioactive decay chain
must be derived from the method outlined in ICRP 30
before any DSCL can be calculated. The derivation of
these ALIs is outlined in Appendices II and III. The
ALIs for all mixtures of importance in the uraniua
processing industry are listed in Table I.

TABLE I

ANNUAL LIMIT OF INTAKE ( A L I ) FOt HIICTUUS OF MDIOHVCLIDCS ( I q )

fattnaya

1) Uraniua Ore with no thorlua:

leta activity
Alpha activity

2) Uranluej Ota vlth a Th-232
to 0-231 ratio of 4:1

Beta activity
Alpha activity

> I 10*
1 x 10s

1.0 X 10s

1.0 s 105

3) relZowcake <ac least 6 awntfce oli)

Jete activity
Alpha activity

7.2 I 105

7.2 x 105

4) Tailing! froa Ora vlth no thotliai

Beta activity
Alpha activity

5) Tailings frov Ore vlth
a IhiU ratio of 4:1

•eta activity
Alpha activity

i) Fresh Tellovcake

leta activity
Alpha activity

f.2 I 10*
«.» X 10*

t . t > 10*
*.O I 10*

l l 10s

1.3 > 103

1.7 i 103

5.0 i
7.0 x

l.t x

2.2 I
!.(•

10J
102

1O3

103

103

2.2 > 102

*.O x 10*

I* 105
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Similar DSCLs for the work place have also been
established in other countries for the mining and
milling of radioactive ores (e.g. reference S - 3.7
10' Bq m~2 for surfaces in controlled and
supervised areas).

DERIVATION OF SURFACE CONTAMINATION LIMITS FOR THE
URANIUM MINING AND MILLING INDUSTRY

Llnita based on Inhalation

To estimate the amount of surface contamination
which may become airborne under a variety of
conditions, resuspenslon factors (also called
dispersion constants by Dunster) defined as the ratio
of the air concentration (Bq/m3) to the surface
contamination (Bq/mz) are obtained from Reference
2. These resuspenslon factors range from 4 x
10"5 n"1 to 1 x 10"6 a,"1. The
highest value of 4 x 10~5 m"* was obtained in
an enclosed and unventlleted area, where the
resuspension of dust resulted from digging through
dusty building rubble. The author stated that for
controlled areas (e.g., nuclear power reactors) a
value of 2 x 10~6 m~' was sufficiently
conservative for long term use. H. Glauberman et al
(6) also obtained resuspension factors of the same
order of magnitude In their experiments on
resuspension of settled particulates in a uranium
processing plant with ventilation control and under
simulated working conditions. A resuspension factor
of 2 x 10~6 m"1 is used in this text.

Using the ALI for inhalation for each mixture of
radlonuclides (e.g., uranium ore with no thorium)
from Table I, the DSCL for inhalation for each
mixture can be obtained by dividing the ALI by 2.4 x
10^ m^a"1 (i.e. the annual air intake by a
worker, ICRP 23) and the resuspension factor of 2 x

6 ,-1,

These DSCLs are listed in Table II and sample
calculations are shown in Appendix IV.

DERIVED SURFACE CONTAMINATION LIMITS FOR MIXTURES OF ]
IK THE UUWEUH KIHIHG AND HILLING MDUSTKY ( a < j V

1)

2)

3)

4>

S>

()

Uraolua Ore with
no thorium

•eta activity
Alpha activity

Uranium Ore with
a Th-232 to U-23S
ratio of 4:1

Kta activity
Alpha activity

Imi

4.0
4.0

3.0
5.0

Tdlovcake (6 aontha f

•eta activity
Alpha activity

Talllnfi (ton Ore
with no Thorlua

Icta activity
Alpha activity

TallloKe froa Ore
with a Th-232 to
V-23S ratio of
4:1

Itta activity
Alpha activity

Iraah Tellowcake

leta activity
Alpha activity

3.0
3.0

4.0
3.0

4.0
4.0

3 I

eltlon

. 1 0 *
X 10*

X 10*
X 10*

>ld)

X lof
X I0 6

X 10*
x 10*

I 10*
> JO*

To*

Pathway

Inhalation

3.0 x 10*
3.0 x 10*

1.0 I 10*
2.0 I 10*

3.0 X 10*
3.0 X 10*

4.0 X 10*
3.0 x 10*

1.0 x 10*
1.0 » 10*

3 X 10*

External Irradlatloi

1 < 10'

1 X 106

1 > 10«

1 x 106

1 > 10«

i of tkln

Limits based on Ingestion

The most likely route for ingestion is via
contaminated hands.

Few quantitative data are available for relating
skin contamination levels to the rate of ingestion
but Dunster assumed that a person nay Ingest all the
contamination from 10"3 m

2 of skin every day
(2). The DSCLs for ingestion can be obtained by
dividing the ALIs for ingestion from Table I by this
contaminated area of 10~-> m2/day and 250
working days in a year. These DSCLs are listed in
Table II, and sample calculations are outlined in
Appendix IV.

Limit based on external Irradiation of the akin

The ICRP recommended occupational dose limit of
500 mSv for skin is based on non-stochastic effect of
radiation.

The dose limit for the skin applies to the dose in
the basal cell layer, and although the ICRP
recognizes that the depth of the basal layer varies
considerably from one part of the body to another, it
recommends the use of 70 pm as a reasonable mean
value for practical dose assessment (3). Hence, this
value is used in this report.

The maximum energy of the alpha emitters in
uranium mines and mills is 4.78 MeV (excluding radon
and thoron daughters) which corresponds to a maximum
range of about 3 mg cm in the skin, and
therefore the dose to the basal cell layer from alpha
emitters or. the skin is zero. Calculations similar
to those outlined in reference (7) indicate that the
dose to the basal cell layer of tlie skin from gamma
radiation is negligible compared to the dose from
beta radiation. Beta radiation is therefore the main
source of external radiation from surfaces
contaminated with uranium and thorium and their decay
products.

The dose rate to the basal cell layer from contact
with a planar source of beta particles having maximum
energy in the range of 0.5 to 3.0 MeV is about 0.2
nCy/h per Bq/m (derived from reference 8). The
dose limit for the skin is 500 mSv/year. Therefore,
for 2,000 working hours per year, the DSCL for beta
emitting contamination would be 10 Bq/m .

DISCUSSION AND CONCLUSIONS

(i) As indicated in Table II, inhalation Is
generally the limiting pathway for occupational
intake of mixtures of importance in the uranium
mining and milling industry.

The most restrictive ALI for the inhalation
pathway for the mixtures considered is 10-* Bq/m2,
which is the ALI for uranium ore with a 4:1 Th-232 to
U-238 ratio (4:1 being the highest ratio of Th-232 to
U-238 in existing Canadian ore, Appendix III).

(il) It follows from the above that the most
restrictive DSCL derived from the inhalation pathway
will be appropriate for surface contamination
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control. However, there Is a problem In monitoring
because this DSCL is derived from the ALIs for a
mixture of beta and alpha emitters. Fortunately, the
matter is simplified in the uranium processing
industry because for each mixture there is a known
ratio between the activities of beta and alpha
emitters. For finely divided uranium ore, the ratio
is always 4:5 If it is assumed that the radon gas
emanates from the ore particles immediately after it
is produced.

(iii) Current technology extracts most of the
uranium but only a comparatively small fraction of
the other radionuclides in the ore. Hence, the
tailings contain approximately the same
concentrations of other radionuclides as the original
ore minus the uranium (9). The ratio of beta to
alpha activities in this case Is 4:3.

(iv) The activity ratio between beta emitters and
alpha emitters for uranium concentrate (yellowcake)
is 1:1 after equilibrium between U-238, Th-234,
Pa-234ra and U-234 is re-established (approximately 6
months after processing).

(v) The DSCLs can be expressed as either beta or
alpha activities. For example, the DSCL for the
inhalation pathway for uranium ore with no thorium is
6.0 x 105 Bq/m2 of total alpha and beta
activities at a fixed ratio of 4:5 for beta/alpha.
Rounding to the first significant figure, as are the
ALIs In ICRP 30, the DSCL can be expressed as either
3 x 105 Bq of beta/ra2 or 3 x 105 Bq of
alpha/m . It is usually more convenient to monitor
for beta than alpha radiation in work places.

RECOMMENDATIONS

In the case of fresh uranium concentrates
(yellowcake) the DSCL has to be expressed in terms of
alpha activity. In practice this may not be a
difficulty since for a surface with a contamination
level of 3 x 10' Bq/m of uranium concentrates,
there would be about 15 grans of uranium concentrate
per square metre (see Appendix V). This amount is
quite visible against a contrasting background, and
compliance in accordance with the DSCL would be a
simple matter of removing most of the loose
yellowcake from the surface. A similar calculation
shows that there can be about 3000 grams of low grade
ore (0.2%U) on a surface of one square metre before
the DSCL is exceeded (see Appendix VI).

FURTHER APPLICATION OF DSCLs

The DSCL recommended for surface with unknown
contamination (see Table III), with some
modifications, may also be used as a general guide to
decide whether non-porous materials and equipment
having contamination only on exterior surfaces can be
released to uncontrolled areas outside the nuclear
industry. If the exterior surfaces of these
materials and equipment are cleaned of any loose
contamination, one tenth of the above-mentioned DSCL
(i.e. 1/10 x 105 Bq/m2 beta activity) Is a number
appropriate for general use (see Table IV). It Is
shown In appendix VII, A & B that any dose resulting
from the usage of such material will be well below
the dose limit for members of the public.

This surface contamination limit (10^ Bq/m2 of
beta activity) is not applicable for porous materials
because contaminants may be trapped inside the
material and surface contamination monitoring cannot
account for all the contaminants present.

(i)Recommended DSCLs for each mixture are shown in
Table III.

RECOMMENDED DERIVED SURFACE CONTAMINATION U M T S
FOR DIFFERENT MIXTURES AT THE WORK r u C E

DSCL. ( > q / » 2 )
•eta Xlphe

I) Uranlua Ore with no Thorlua

2) Uranlua Ore vlth • Th-232 to U-23B
rullo oj 4:1

3) telloucake

4) Tailing! froa Ore with no Thorlua

5> Telling* froa Ore with a Th-232 to
U-231 ratio of 4:1

6> Freeh Tellowcake

7) Unidentified Contaalnatlon

I 105

I » 10s

3 « I05

2 » 105

3 > I 0 5

3 I I 0 5

I II 1 0 5

RECOMMENDED DERIVED SURFACE C0HTAMHATI0N LIMITS FOR RELEASE OF SLICHTLI
CONTAMINATED MATERIALS FOR USE OUTSIDE THE HUCLEAR INDUSTRY

Halt (leta) In K/a;

Surfacea auet be cleaned and etrlpped
of any looee contealnante
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APPENDICES

APPENDIX I

ALIs and DACB for Host of the Radionuclides
In the U-238, U-235 and Th-232 Decay Chains

Radlonuclide

a) U-238 Chain:

0-238

Th-234

Pa-234a

U-234

Th-230

Ra-226

Pb-210

Bl-210

Po-210

ALI
DAC

ALI
DAC

ALI
DAC

ALI
DAC

ALI
DAC

ALI
DAC

ALI
DAC

ALI
DAC

ALI
DAC

Ingestion

8 x 105

1 x 107

9 x 107

7 x 105

4 x 10s

2 x 105

4 x 10*

3 x 107

1 x 105

Inhalation (Class)*

2 x 103

7 x 10"!

6 x 1 0 *
2 x 103

2 x 10f
1 x 105

1 x 103

6 x 10"1

7 x 102

2.0 x 10"!

2 x 10*
1 x 101

1 x 10*
4 x 10°

1 x 10*
4 x 102

2 x 10*
1 x 101

00

00

Of)

00

(W)

(W)

(W)

(H)

(W)
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APPENDIX I (CONT'D)

b) Th-232 Chain

Th-232

Ra-228

AC-228

Th-228

Ra-224

C) U-235 Chain

U-235

Th-231

Pa-231

AC-227

Th-227

Ra-223

ALI
DAC

ALI
DAC

ALI
DAC

ALI
DAC

ALI
DAC

ALI
DAC

ALI
DAC

ALI
DAC

ALI
DAC

ALI
DAC

ALI
DAC

* The Host restrictive
ALI Bqa'J
DAC Bq/a3

7

1

9

5

6

7

1

1

1

5

3

class

x 10"

x 105

x 107

x 105

x 105

x 105

x 108

x 103

x 105

x 106

x 105

is assumed.

2 x 102 (Y)
B x 10"2

4 x 10* (Y)
2 x 101

2 x 106

8 x 102

6 x 102

3 x 10"1

6 x 10*
3 x 10l

2 x 103

6 x 10"1

2 x 108

1 x 105

9x 10l
5 x 102

2 x 102

1 x 101

1 x 104

5 x 10°

3 x 10*
1 x 101

(Y)

(Y)

(W)

(W)

(W)

(W)

(W)

(W)

(Y)

To describe the clearance of inhaled radioactive materials froa the lung, Materials are classified as D, W, or
Y which refer to their retention In the pulaonary region. This classification applies to a range of half-tines
for D of less than 10 days, for H froa 10 to 100 days and for Y greater than 100 days.
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APPENDIX II

Annual Limits of Intake for Uranium Ore

The ALI for a mixture of radionuclides consisting of activities a, b, ... x, is set such that:

la + Ib + ... + Ix - 1 Equation (1)
ALI, ALIb ALIX

where, la is the maximum annual activity intake of radionucllde a which aay reault in the Intake of one ALI of
the mixture In a year;
ALI, is the Annual Limit of Intake of radlonucllde a associated with an committed effective doae
equivalent of 50 aSv.

For the radlonuclldes present in natural uranlua but excluding radon Isotopes and its short-lived
daughters, this becomes:

I (U-238) + I (U-234) + I (Pa-234a) + I (Th-234) + I (Ih-230)
ALKU-238) ALKU-234) ALI(pa-234a) ALI (Th-234) ALI(TH-230)

+ I (Ra-226) + I (Bl-210) + I (Pb-210) + I (Po-210) + I (U-235)
ALI(ka-226) ALKBI-210) ALI(Pb-210) ALI(Po-210) ALI(U-235)

+ 1 (Pa-231) + I (Th-227) + I (Ka-223) - 1 (2)
ALI(Pa-231) ALI(Th-227) ALKRa-223)

All radlonuclldes for each decay chain arc in secular equillbriua
therefore, I (U-23B) - I (U-234) - I (Th-230) - I (Ra-226) - I (Po-210)
and, I (U-235) - I (Pa-231) - I (Th-227) - I (Ra-223)

The specific activity of natural uranlua is 25 x 106 sq of alpha activity/kg with:
12 x 10° Bq/kg from U-238
12 x 10° Bq/kg from U-234
8 x 10s Bq/kg froa U-235

Using this information It can be shown that I (U-235) - 8 x 4 KU-238)
120 x 5

or - 0.05 KU-238)

Therefore, Ignoring the contribution due to U-235 equation (2) can be rewritten as follows with an error
of leas than 5Z:

I(U-238)| 1 + 1 + 1 + 1
ALI(U-238> ALKU-234) ALKTh-230) ALI(Ra-226)

1 + 1 + _ _ 1 + 1
ALI(Th-234) ALI(Pa-234m) ALKB1-210) ALI (Pb-210)

I
1 I- 1 (3)

ALI(Po-210X

1) ALI of uranium ore by Inhalation;
Equation (3) can be rewritten by substituting the approprlata ALIs as follows:

I (U-238) (5 x 10"* + 1 x 10"3 + 1 < 7 x io"3 + 5 x 10~5 +
1.7 x 10"7 + 5 x 10"' + 1 xlO"6 + 1 x 10"* +
5 x 10"5) - 1
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or I (U-238) - 1

3 x 10"3

- 3 x XO2 *1

whs re I (U-238) is the maxl!i'n:i annual activity Intake of U-238 in the uranium ore.
The ALI of the uranium ore is 9 x 3 x 102 Bq because there are eight radlonuclides at equilibrium with
U-238 with individual activity of 3 x 102 Bq.

of theae 5 x 3 x 10^ Bq are fro* alpha-emitters
4 x 3 x 10z Bq are from beta-ealttcrc.

11) Alii for uranlua ore by ingestIon:
By inserting Individual ALI* for all the radionucllde* froa Appendix I for the lngettlon pathway In
equation (3), the ALI for uralua ore by ingestIon can be calculated aa follow:

5 x 10"5 i(u-238) - I
KU-238) - 2 x 10* sq

The ALI for the uranium ore ia 9 x 2 x 10* Bq with 5 x 2 x 10* Bq froa alpha-ealttera and 4 x 2 x
10* Bq from beta-eaittera.

APPENDIX III

Annual Limit of Intake for Uranium Ore
with e Th-232 to U-238 Ratio of 4:1

(1) The radlonuclldea considered In uranlua ore arc U-238, Th-234, Pa-234*. U-234, Th-230, Ra-226, Bl-210,
Pb-210 and Po-210 (See Appendix II)

(2) The radlonuclldca concldered in thorium ore are Th-232, Ra-228, Ac-228, Th-228 and Ra-224 (See Appendix II)

(3) Specific activity of U-238 - 12 x 10* Bq kg"'
Specific activity of Th-232 - 4 x 10* Bq kg"1

Anumlng uranlua ore has a Th-232 to U-238 ratio of X:l by Height,

•ctivlty of Th-232 - 4 x 10* Bq kg"1 x X kg , therefore
activity of U-238 12 x 10* Bq kg"1 x 1 kg
activity of Th 232 - (1/3 X) x activity of (1-238

For uranlua ore with a ratio of thorium 232 to uranlua 238 of X.'l, equation (3) of Appendix II can be written
aa follows:

KU-238) +...+... KPo-210) +...+ KTh-232) +...+... I(Ra-224) - 1
ALI (U-238) ALI(Po-210) ALI(Th-232) AU(Ra-224)

......Equation (1)
where, KU-238), t(Po-210), I(Th-232) and I(Ra-224) arc the respcctlveaaxiaua annual activity Intake* of U-238,

Po-210, Th-232 and Ra-224 that aay result In the Intake of one ALI of ore In a year;
ALI (U-238), ALKFo-210), ALI(Th-232) and ALI (Ra-224) arc the ALI* of U-238, Th-232 and Ra-224
respectively.
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With th« assumption that Th-232 and U-23B are In equilibrium with their respective daughter product*, Equation
(1) can be rewritten as:

KU-238) 'L I +...+ 1 I + 1/3 I(U-238)X I

ALKU-238) ALI(Po-210)l I
" 1 ~ j 1ALI(Ra-224

ALI(Th-232)
- 1 '.Equation (2)

The ALIs for Ingestion and Inhalation of the uranium ore can then be obtained by Inserting the appropriate ALls
In Equation (2).

I) For the Ingestion pathway:
KU-238) (4.5 x 10 'J + 1/3 I(U-238)X J2.8 x 10"5] - 1

or KU-238) - 105

4.5 + 0.93X
solving for X X 1(11-238)

T 1.8 x 10*
2 1.6 x 10*
3 1.4 x 10*
4 1.3 x 10*

Since the ratio of Th-232 to U-238 In soa* Elliot Lake ores la as high as 4:1, the ratio of 4:1 is chosen
as the upper Halt.

For uranium ore with a ratio of Th-232 to U-238 of 4:1,
KU-238)- 1.3 x 10* Bq and 1/3 KU-238) - 1.6 x 10* Bq

Therefore, the ALI In tens of all the activities of constituents In the ore Is 2 x 10' Bq,

with 5 x 1.3 x 10* Bq from alpha emitters In the U-238 claim + 3 x 1.6 x 10* Bq from alpha emitters
In the Th-232 chain

and 4 x 1.3 x 10* Bq from beta emitters In U-238 chsln + 2 x 1.6 x 10* Iq froa the beta emitters In
the Th-232 chain.

II) A similar method can be used to calculate the ALI for this uranium ore for the Inhalation pathway:
KU-238) for the inhalation pathway - 8 x 101 Bq
When X - 4 (Th-232 to U-238 is 4:1), ,
1/3 I(U-238)X - 1 x IOZ *!•
The ALI for this uranium ore In terms of total activities of all the constituents Is 1.0 x 103 Iq,

with 5 x 8 x 101 Bq from alpha emitters in the U-238 chain plus 3 x 1.0 x 102 Bq of alpha froa Th-232
chain,

and 4 x 8 x 101 Bq froa beta emitters in the U-238 chain plus 2 x 1.0 x 102 Bq of beta froa the Th-232
chain.
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APPENDIX IV

Calculation of Derived Surface ContMilnatlon Lialta

for Uranlua Ore with a Th-232 to 0-238 Katlo of 4;1

a) For the Inhalation pathway;

Fro* Table I,

the ALI of this uranlua ore Is 1.2 x 103 Bq and can be expressed as either

S.O x 102 IK) of beta activity or 7.0 x 102 Bq of alpha activity

Using a resuspenslon factor of 2 x IO~*> »"' and the voluae of air Intake by a worker In a year of

2.* x !0 3 at3,

tht DSCL Is

12.0 x 102 Bq x 1 - 2.5 x I05 Bq/a2

2 A x 103 a 3 2 x 10*6 m-l

"here _JL x 2.5 x 10s Bq/aZ 1* beta activity

12

- !.0 x 105 iq/«2

and 1.5 x 10s Bq/a2 1* alpha activity

- 2.0 x 10s Bq/«2

b) For the lniestlon pathway:

Assimlng a dally Intake of contaminants froai a 10~3 a 2 area, a 2000 vorklng hour year and an 8 hour

working day, tht DSCL can be calculated by:

AH lq/a

10"3
 B

2/day x 2000 h/a

8 h/day

For thla uranlua ore, the ALI - 2.0 x 10s Bq of (beta and alpha)/a

1> The DSCL - 2 x 105 Bq/a2

250 x I0"3

- 8 x 10s sq (beta and alpha)/a2

of which 3 x 10s Bq/»2 is beta

S x 10s Bq/a2 is alpha
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APPEHDIX V

Derivation of the Amount of Freeh Tallow Cake on Surfaces with one DSCL

DSCL for freih yellowcake • 3 x !05 Bq alpha activity/a2

Specific Activity of U-238 + U-234 - 25 MBq/fcg

The amount of yelloUcake on l«z of the contaminated curface (aasualng yallowcakc contain* SOX V - the
upper range of uranium content In yellowcake)

This la equivalent to 15 x IOJ ag
10000 cl*

• 1.5 Bf/cii2 - which lc visible agalnit a contracting turf act.

AWEMDIX vi

Derivation of the Amount of Ore on a Surface
Contaminated with one DSCL of Low Grade (0.2HU) Uranlua Ore

The DSCL of ore expressed In C c m of alpha activities - 4 x 10 Bq/a2 (see Table III). The activity
contributed by U-238 Is one fifth of thla (I.e. 8 x 10* Bq/a2) tinea there are five alpha ealttera In
the U-238 chain.

Specific Activity of U-238 - 12 HBq/kg

the amount of U-238 on of 1 a 2 of aurface contaalnated with 1 DSCL
- 8 x 10* . ki

1.2 x IB7"
- 6.8 x IO"3 kg.

For 0.20X ore

the amount of or* that con fin* 8 x 10 * Bq of U-238
- 6.8 x 10'3 x 100 kg

0.?
- 3 kg.

There will be approximately 3000 grama of ore on a aurface of one iquara metre contaminated with one DSCL
of ore.
- Simple housekeeping will ensure compliance as well as recovery of valuable resource!.



154 CHINC

APPENDIX VII

Derived Surface Contamination Limit For
Release of Slightly Contaminated Materials

For Use Outside the Nuclear Industry

A) Considering external Irradiation of the skin:

Various assumptions can be made as to what a member of the public would do with slightly contaminated materials
and equipment. The author has chosen to assumed that the worst case would be a person sleeping on such
contaminated surfaces.

Assuming a person sleeps 8 hours per day. In a year he would spend 365 x 8 hours In close contact with the
contaminated surfaces. With a dose rate to the basal cell layer of 0.2 nGy/h per Bq/m2 of beta activity and
a surface contamination limit of 10 Bq/m2 (see main text section on further application of DSCL), the
annual dose to the person would be:

0.2 x 10-° x jo* x 365 x S

» 5.8 mSv.

Thli Is about 121 of the SO aSv dose limit for the skin for Members of the public.

B) Considering exposure to radon daughters:

1) Atturning a room with dimensions of 2.5m x 4.5m x 4.5m Is completely lined with contaminated material,
the area of contamination la therefore:
2 x (4.5 x 4.5) + 4 (2.5 x 4.5) m2

- 86 m 2

Room volume • 2.5 x 4.5 x 4.5 - 51 m 3

2) Assuming contamination level - 1 x 10* Bq/a2 (Section on further application of DSCL of main text)

3) Assuming 25Z of the total alpha activity In the surface contaminant is from radlum-226. (For most
uranium process product* or wastes, ratios of activities of Ra-226 to other alpha emitters range from
1:4 for tailing* to 1:5 for uranium concentrates.)

4) The total amount of Ra-226 on the room surfaces is
1 x 10* Bq/m2 x 86 m

2 x 2SX
- 2.2 x I05 aq

5) The rate of generation of radon-222 is 2.1 x 10"* Bq/s per Bq of Ka-226.

6) Assuming radon emanation fraction of 20X. (A typical value for emanation of radon gas from porous
media4. The emanation rate from porous material is used in order to give a conservatively high value,
however, as mentioned In the text the uncontrolled uae of contaminated porous material* would not be
permitted.)

The emanation rate of Rn-222 would be
2.1 x 10-6 sq/s x 2.2 x 10s Rq Ra-226 x 201
I Bq Ra-226
0.09 Iq/s.

* H.C. O'Rlordan, A.C. James and K. Brown, "Some Aspects of Human Exposure to Ra-222 Decay Products",
Radiation Protection Dostmetry 3: 75-82 (1982).
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APPENDIX VII (CONT'D)

7) Assualng one air change per hour, the concentration of radon-222 In the rooa would be:
0.09 Bq/s
50 a 3 x 1.0/hr

- O.09 Bq x 3600
50 a 3 x 1.0

- 6.5 Bq/a3

or - 6.5 x 10~3 Bq/L

Since at 1 air change/hour the concentration of radon daughter* la 0.53 WL per 100 pCl/L (at*
below)
( I . e . 0.53 WL per 3.7 Bq/L) of radon 222,
the concentration of radon daughter! In the rooa will ba

0.53 WL x 6.5 x 10"3 iq/L
T 7 ~ /

9.3 x 10"* WL

9.3 x 10"* WL x 2.08 x 10"5 J/a3/WL

1.90 x IO'» j/a3.

According to ICRP-23, a person apendc about 19 hour* per day Indoor* with a breathing rat* of about l*.3a3

per day or 5220a per year.

Hence the annual Intake of radon daughters will be

1.90 x IO"8 j/,,3 x 5220a)
3 - 1.0 x 10~* J.

This !• about 0.5Z of the Annual occupational Hale on Intake for radon daughter* (0.02 J) recoaaended by
ICRP-32. Assuming that the effective doi* equivalent per unit Intake of radon daughter* 1* the saae for the
public a* for workers, then, this represent* an Intake corresponding to 5* of the annual Halt on affective
do** equivalent for acabera of the public.

WORKttiOl UVIU IWL) MR 100 p a PIR MTIR OP
RADON-222 VS IPPICTIVIVBNTHATION RATS

* 4 • •
••'KTivf vnmuTWN M T I KM CHMWM m mum

It

Smirnt "A Pr*li».<nuy EnlMtlM tt ttw CMtrvl *f In*ttr *****
Dwthtir Uvtlt In Htw Itrwtvtt". Tkt U«lt*4 lutM Invlcmmital

A y , tM-S2l/*-J*-01i. Kmektr, »7*.<
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DISCUSSION

Question (James): Your derived limit for surface
contamination depends rather critically on the
assumed resuspenslon factor relating airborne
concentration to surface density. What Is the
basis of the number you have adopted and Is this a
conservative value?

Answer: Yes, you can get the answer from reading
the paper.
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PROBLEMS IN SETTING AND Al'PI.YINfi LIMITS FOR
OCCUPAIIOHAL EXPOSURE TO RADON DAUUITKRS

U.R. BUSH

Manager, Radiation Protection Division
Atomic Energy Control Board of Canada

ABSTRACT

The problems in setting and applying a Unit for
exposure to radon daughters in uranium nines
Include:
- problems in setting a Halt that is equivalent In

rink to the 50 mSv Unit on effective dose
equivalent! taking into account the uncertainties
in both the epidemiologies! data and the
doslmetrlc calculations, and

- problems In applying the limit, taking into
account concurrent exposure to other significant
sources of radiation encountered tn uranium Mine*.

Tht Atonic Energy Control Board proposed
ragulatory amendments in 1983 which Included n
Rolution to the above problems based on the
recommendations of ICRP-32, but la currently
reconsidering the natter in light of cowments
received during the public consultation process.
Alternative approaches are discussed, although the
final regulatory position has yet to be decided.

INTRODUCTION

The Atonic Energy Control Hoard (AECB) issued
proposed regulatory amendments, Including amended
Unit* for radon daughters, for public consultation
In 1983. (1, 2) Tht proposed limits were essentially
In accord with the recommendations of ICRP-32 (6);
for example, the annual Unit for the daughter* of
radon-222 would be 0.02 joule (equivalent to
4.7WLM), with the total exposure to radon daughters,
gataM radiation, and other significant sources of
radiation to be controlled within tht framework of
the effective dose equivalent. Much opposition to
thin approach had been expressed at the time of
Issuing tht proposed Amendments but the ICRP
recommendations were nevertheless Incorporated, with
the intention of reconsidering the matter In light
of tht comments expected to ha received during the
four-month public consultation process.
Rtconsideration of tht limits and their application
is still underway, and information obtained at this
International Conference will be taken Into account
before any further amendments are made. Any further
amendments will be Issued for an additional period
of public consultation.

COMMENTS FROM PUBLIC

Opposition to ICRP-32. A common element amongst tht
comments received on the proposed regulatory
amendments waa an opposition to the approach taken
In ICRP-32. Some considered the limit too high and
some considered It too low. Many supported
epidemiology as the aole basis for setting a radon
daughter limit but had differing opinions about
which data should be used and how it should he
analysed. Host respondents opposed the doslmetrlc
approach, and also opposed the limitation of tht
combined exposurt to radon daughter*, gamma

radiation, and other significant sources of
rndlntion by use of the concept of effective dose
equivalent.

It appeared that many who opposed the approach
taken in ICRP-32 perceived dosimetry as
supplementing or replacing epidemiology, whereas the
reverse is true. For example, it is stated In
ICRP-24 that; "Substantial cpidemiological
information, which has been developing in recent
years, will eventually constitute a very solid basis
on which exposure Units will be based", and, "Until
this collation and elaboration of Information is
converted into an exposure limit, the recommendation
included in ICRP Publication 2 is still applicable".
(3) The ICRP-2 limit had been derived by
calculating the dose to the bronchial epithelium,
taking into account the fraction of daughters
unattached to dust or other particulatt, and
relating this calculated dost to the 15 rtm annual
dost limit for tht lungs.

Tht various approaches to a radon daughter limit
were summarized by the ICRP in 1980, with somewhat
ltss reliance on epidemiology then had been
forecast In ICRP-2*: "There are several waya of
assessing tht relationship between tht Inhaled
amount of radon and its daughters and tht ttvtl of
riak. The dosimetrlc method used for most
radioactive materials in ICRP Publication 30 and a
similar method slightly modified because of tht
special problems of tht short-lived daughters of
radon, have both been used. Epldemlologlcal
studies have provided a third method. There is a
reasonably close agreement between the results of
these methods, and the Commission recommends a
limit which Is at the low end of tht doslmttrlc
reaults and which Is consistent with tht
epldemlnloglcal conclusions." (5)

It was subsequently stated in ICRP-32 that, "both
approachts, tha epldemlologlcal at well as tht
doslmetric, Involve uncertainties. Because of this
the Commission considtrcd that lta final decision
should be bastd on a comparison of both approaches,"
<«)

Many of tht comments In opposition to the ICRP-32
approach appeared to Include some degree of bias,
the nature and extent of which depended on tht
vested Interests of tht respondent. Some of tht
bias was obvious and predictable, such as the call
by workers for lower limits and tht arguments by
mining companies for no greater regulatory
stringency than prtstntly exists. Tht bias of
nominally ntutral scientists was more subtle, btlng
rooted In their strong personal commitments to thtlr
work. For example, those who had devottd a largt
part of thtlr professional lives to epldemlologlcal
studies tended to downplay doslmttrlc calculations.
A similar but opposite bias 1* apparent In a recent
report on radon daughttr dose: "these
epldemiologlcal data cannot be used directly to set
an occupational limit for Inhalation of radon
daughters, btcausa tht range of risk estimates
emerging from tht different studies Is too wldt.
This may ba dut in part to tht fact that estimates
of exposure of tht individual miners constituting
each study group are largely retrospective and based
on very Incomplete or otherwise Inadequate air
sampling". (7)
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REGULATORY PROBLEMS

One of the most difficult problems for the AKCB
tn deciding on a radon daughter limit is to give the
proper weight to the various pointn of view and
conclusions expressed during the public consultation
process. The AECB must consider nil the evidence,
and then apply its own judgement, taking Into
account the uncertainties in the epidemiologlcal
analyses and the doslmetric calculations. The
greater the uncertainty, the greater the
conservatism in selecting a regulatory limit,
bearing in mind that the degree of conservatism
should not be grossly out of line with that applied
by regulatory bodies to other industrial activities.

Several respondents stated that the regulatory
amendments proposed by the AECB were not
conservative enough. For example, the Canadian
Labour Congress (CLC, ref. 8) stated: "The study
done by Thomas and McNeil (9) for the AECB showed a
best estimate for the risks to uranium miners 4
times the TCRP estimate used by AECB. The upper
limit of the range of likely risks cited would place
the risk at 7.2 times the AECB estimate. It is a
cause for serious concern that the AECB does not use
this most recent evaluation of the Uranium miner
data, but instead chooses, to depress the risk
estimate by including it in a summary of studies
(10) that evaluate essentially the same data as
Thomas and McNeil used. At the very least, it again
emphasizes that AECB is not erring on the side of
caution, in its proposals for regulations on
radiation health and safety." The CLC also
recommended an annual limit of 5 mSv and a lifetime
limit of 200 mSv for occupational exposure.

Many other respondents also advocated that the
best upper estimate of risk made by Thomas and
McNeill (6.5 x 10 WLM ) be used as the basis for
the radon daughter limit, and many incorrectly
accused the AECB of ignoring this value. So much
misunderstanding was revealed by these comments that
the AECB issued an information bulletin (11) to
explain that it had in fact given careful
consideration to the Thomas-McNeil 1 report, along
with the report of its Advisory Committee on
Radiological Protection which eave a range of risk
values from I to 6 x IO~* WI.M (10), as well as
ICRP-32 and other information, before issuing its
proposed regulatory amendments. The information
bulletin also indicated some shortcomings in the
Thomas-McNelll report and stated that the AECB is
currently reconsidering the question of radon
daughter limits in light of all the comments
received during the public consul tat Ion and also in
light of other information that has been received
subsequently.

Some of the comments received suggested an
unawareness that the uncertainty in radon daughter
limits is a question oE degree rather than a
question of safe versus unsafe. The radon daughter
limit is more of an arbitrary upper boundary to an
area of good practice (or a "level of ambition")
than a toxic limit. As stated in a recent NCRP
report, "although the possibility exists that
environmental or slightly elevated radon daughter
levels do not induce lung cancer, conservative
radiation protection practice takes the view that
radiation induced lung cnucer Is a stochastic
process with no threshold".(I?) A radon daughter
limit could therefore be set anywhere within a

rather wide range of values, depending on which
exposure-response or dose-response data is selected
.IK a basis for the limit, and on the maximum level
of radiological risk that seems acceptable for
uranium mining.

Those who advocated a lower limit generally gave
no rationale for their proposed values other than
that their limit was more conservative than the
AKCB's or that they thought their limit was
achievable in practice. The rationale used by the
AECB when deciding on the dose limits in its
proposed regulatory amendments was adopted from
1CRP-26, and involves a comparison with the average
occupational risks in Industries with a high
standard of safety, bearing in mind that a range of
risks also exists within safe industries.(4) This
approach has resulted In an annual limit of 50 mSv
for the effective dose equivalent, and the objective
in ICRP-32 was to establish a radon daughter limit
that was equivalent in terms of risk to the 50 mSv
limit. The fact that lower levels are generally
achievable In practice has no bearing on the primary
regulatory limit, but it does affect the action
levels and other measures that the AECB requires
mining companies to establish in order to keep
exposures to the lowest levels that are reasonably
achievable. On the other hand, circumstances might
arise where it is impractical to keep the exposures
of all workers within the limit for combined
exposure to radon daughters, gamma radiation, and
other significant sources of radiation. As the ICRP
cautioned in a statement in 1980:

"The system of dose limitation of the Commission
requires the addition of exposures to external
radiation and Intakes of radioactive material. In
the special case of exposure in uranium mines this
additivity has the effect of requiring the
inhalation of radon and its daughters to be kept
below the recommended limit by an amount that
depends on the exposure to external radiation and
ore dust. A reduction of 20% is common.

These recommendations are intended for competent
authorities for general application and they may
not always be appropriate for application In
particular cases. The Commission Is aware that
some mining conditions are such that it may not be
possible to operate within the combined limits
recommended by the Commission on a year to year
basis. The national authorities will then have to
take decisions on how best to deal with these few,
but difficult, situations." (5)

The controversy over radon daughter limits has
tended to obscure the fact that it is not
automatically permissible to be exposed to the full
extent of the limit. There should be no unnecessary
exposures and all exposures should be as low as
reasonably achievable, taking Into account relevant
social and economic factors. The limit is the upper
value of the range of reasonably achievable doses.

PROBLEMS WITH EPIREMIOI.OGICAL STUDIES

The major problem is that the exposure data is
very poor, because relatively few radon or radon
daughter samples were taken in the early mines
(before about 1960). The number of samples per mine
and per year was often 1 or less. The poor data
would not be a problem if radon daughter
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concentrations had been fairly constant, but this
was not the case. As pointed out by Dory:

"Experience and studies have proved that radon
daughter concentrations vary with time and location
within the same mine by as much as three orders of
magnitude" (eg., 0.01 to 2.4WL in one mine).(13)

This and other problems were summarized recently in
an NCRP report:

"The assessment of the risk of attributable lung
cancer through human epidemiological studies is
difficult since the detailed information required
is not available. In the ideal case, the exposure
of each miner as a function of time would be
available and the follow-up period would be
sufficient for all of the group to have died from
lung cancer or other causes. In addition, it would
be possible to separate attributable lung cancers
from those arising spontaneously or from cigarette
smoking. The cumulative exposure, person years at
risk and the number of lung cancers attributable to
mining would allow the exact calculation of risk.

The present data do not fulfill these
requirements since exposures are only estimates and
the follow-up periods are not sufficiently long.
Nevertheless, recognizing the limitations of the
data, it is possible to estimate a mean risk which
is consistent with experience." (12)

Even if the epidemiological data were much
better, a fundamental problem would remain because,
since most of the early uranium miners are still
alive, it is necessary to predict the number of
radiation-induced lung cancers yet to appear by
extrapolating from the number of cancers already
observed. Differences of opinion exist as to
whether the total risk should be predicted by using
a relative or an absolute risk model. Additional
differences affecting the prediction of the
remaining risk relate to the length of the latent
period before the appearance of lung cancer, and the
duration of the period during which all the lung
cancers appear.

HLM as a Surrogate for Gamma Radiation, etc.

Another problem with the epidemiological studies
of uranium miners is that the risk estimates are
generally expressed as risk per WLM, whereas miners
are simultaneously exposed to radon, radon
daughters, gamma radiation, and ore dust (as well as
thoron and thoron daughters in Canadian mines), plus
non-radioactive carcinogens, initiators and
promoters. It is therefore implicit when expressing
exposure in terms of HLM alone that exposure to
these other radiations and substances has occurred
as well. Consequently, the "risk per WLM" really
means the risk from a WLM of radon daughters plus
variable and uncertain amounts of gamma radiation
and other radioactive substances, plus variable and
uncertain amounts of non-radioactive carcinogens,
promoters and initiators. The long-existing
suspicion that such non-radioactive agents might
contribute to the risk of lung cancer is reinforced
by a recent finding by Muller et.al. of an
above-expected incidence of lung cancer in gold
miners. (14) These miners had been exposed to a
lower concentration of radon daughters (0.05 WL)
than other non-uranium miners (mostly 0.08 to
0.16WL) for whom no increase in lung cancer

Incidence was observed. Since many of the early
Ontario uranium miners had previously worked in gold
mines, it is possible that some of the excess of
lung cancer observed amongst the uranium miners was
in fact due to unknown factors associated with their
previous gold mining experience. This observation
lends credence to the view that the present radon
daughter limits are conservative.

The use of WLM as a surrogate measure for the
total radiological hazard would be satisfactory if
the risk estimates were to be applied to miners
working under conditions similar to those that
existed in the early mines from which the risk
estimates were derived. However, conditions are
much different in today's mines due to improved
ventilation and better dust suppression. In
principle, the risk estimates derived from the
earlier mines should be adjusted to allow for the
different exposure conditions existing today. In
practice, however, this cannot be done with
confidence because of the lack of good information
on the relative magnitudes of the various
radiological risks in the early mines. This problem
is discussed qualitatively as follows.

Gamma radiation was negligible relative to radon
daughters in the early mines, but would have
remained essentially unchanged in magnitude as the
radon daughter concentration was reduced by improved
ventilation. Consequently, for every WLM of
exposure to radon daughters, there is a greater
exposure to gamma radiation in today's mines than in
the earlier mines. A similar comment applies to
thoron daughters, but to a somewhat lesser extent
because the growth of thoron daughters as air moves
through a mine is negligible due to the short
half-lives of thoron (55s) and thorium-A (0.15s).
On the other hand, the radon daughters could be more
hazardous now due to the possibly increased fraction
of unattached daughters that would have resulted
from the reduction in dust concentrations, although
increased concentrations of diesel particulates
would have offset this to some extent.

The concentration of airborne ore dust would be
lower in today's mines due to improved ventilation
plus improved dust suppression. The reduction in
dust due to improved ventilation alone would not be
as great as the reduction in radon daughter
concentration, however, because radon daughters have
been reduced not only by the increased dilution with
fresh air and the increased rate of flushing out of
contaminated air, but also by the better utilization
of ventilation air by reducing the mixing of new and
old air. There is no question that the total
concentration of airborne dust has been reduced, but
perhaps the reduction in respirable dust has not
been as great.

PROBLEMS WITH THE DOSIMETRIC APPROACH TO LIMITS

The problems of determining the dose to lung
tissues from inhaled alpha-emitters have been long
recognized, however most of the uncertainties have
been removed in recent years. As indicated in a
recent NCRP report, "the complexity in the dose
estimates for the lung required to account for
daughter deposition, radioactive build-up and decay,
removal by mucociliary clearance, and physical dose
calculation for specific cells in bronchial mucosa,
has caused many to consider a dosimetric approach
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unduly difficult. However, lung cancer induced by
radon daughters in underground miners is found
primarily in the upper TB region. Most of the
modeling parameters that are necessary for
assessment of dose in this region are reported in
the literature and for this reason, it is now
possible to estimate the dose to this region rather
than to the whole lung, so that a proper
dose-response relationship may be formulated."(12)
The NCRP report placed a rather narrow range of
uncertainty on the dose conversion factor:

"The overall variability in the radon daughter dose
conversion factor can be as high as about 120
percent if all parameters except the Rn
concentration are unspecified. Ordinarily, the
range of these parameters, such as fraction of
unattached RaA, daughter disequilibrium, particle
size, etc., is not large and the overall
variability would be smaller than this
maximum."(12)

Despite the improvements in dosimetry, the use of
dose calculations as even a partial basis for a
radon daughter limit was opposed by many who
commented on the AECB's proposed regulatory
amendments. A common element was the expressed
opinion that the dosimetry is too uncertain compared
with the results of the epidemiological studies. It
was not apparent from the comments, however, that
any of the respondents had analysed the more recent
dosimetric reviews. It is ironic that some
proponents of epidemiology cite the rather good
agreement of the various studies as support for
epidemiology, whereas the NCRP cites it as support
for the dosimetric calculations:

"The underlying consistency in the human
epidemiological data, when lung cancer is
related to exposure in WLM, is probably due
to the relatively narrow range of bronchial
dose per WLM."(12)

The calculated dose to lung tissues from radon
daughters should be considered along with
contributions to dose to the lungs and other parts
of the body from other sources of radiation, within
a conceptual framework such as provided by the
effective dose equivalent (EDE). However, this
approach has been widely opposed for application to
uranium mining, the opponents generally favouring
either a purely epidemiological approach or a hybrid
approach combining epidemiology and a modified EDE
system.

USES OF EFFECTIVE DOSE EQUIVALENT

The effective dose equivalent (EDE) is
conceptually attractive because it can be used to
account for the total risk from every organ and
tissue exposed from each source of radiation (radon
daughters, gamma radiation, ore dust, etc.).
Nevertheless, the use of the WLM as a surrogate for
all these components would be a perfectly adequate
alternative to EDE if working conditions were
sufficiently similar to conditions in the early
mines. However, gamma radiation is relatively more
important in today's mines, and to assess its
contribution to the total radiological risk, as well
as the contribution of radon daughters and other
significant sources of radiation requires a concept
such as EDE. EDE would also be needed for setting

limits for underground mining of high grade ore, for
open-pit operations, and for working in high
concentrations of thoron daughters or radon.

Problems of Combining Epidemiology and EDE as in
ICRP-32

Epidemiology is needed in order to provide the
risk basis for the EDE concept, and although the
epidemiology of uranium mining was used in ICRP-32,
it was not used solely within the EDE framework.
The conventional approach of multiplying the
calculated dose equivalent per WLM by a weighting
factor of 0.12 for the lung from ICRP-26 was used to
derive a limit of 10 to 14 WLM. The calculation was
then done using a weighting factor of 0.06 for the
bronchial tissues, giving a limit of 4.8 to 12 WLM.
The lower end of this range (4.8 WLM) was then
selected because it happened to fall within the
range of limits derived from epidemiology (1.8 to
5.5 WLM). This process, which is virtually
tantamount to averaging the results of the two
approaches, yielded a recommended annual limit on
intake of 0.02 joule (equivalent to 4.8 WLM).

A proper application of the epidemiological data
within the concept of EDE would require that the
risk estimates derived from the epidemiology of
uranium miners be considered along with the other
risk information for the lung and other organs and
tissues in order to verify or modify the whole
system of weighting factors. This system is
constrained (and strengthened) by the fundamental
requirement that all the weighting factors for the
various organs and tissues must add up to unity.
Another constraint is that the risk factors must be
as realistic as feasible, because over- or
under-estimation of the weighting factor for lung
tissues would necessarily result in conversely
under- or over-estimating weighting factors for
other organs. The use of a quality factor of 20 for
the alpha particles from radon daughters might not
be realistic. According to the NCRP, a value that
more realistically represents the risk per unit
absorbed dose from radon daughters might be 3 to 5.
(12)

If it is decided to use a radon daughter limit
derived by in effect averaging limits derived from
epidemiology with limits based on the calculated
weighted dose equivalent, as in ICRP-32, the EDE
framework should be adjusted to allow for the
working conditions in today's mines. In other
words, a composite approach to setting a Unit calls
for a composite approach to applying the limit.
Care must be taken to avoid multiple counting of
exposure from gamma radiation and other sources of
exposure.

A hint of a composite approach is given in C-78,
where the minimum levels to include in EDE are to be
determined case by case, depending on the
circumstances.(2)

As Low as Reasonably Achievable. No matter what
level the radon daughter limit is set at, it will
not stand on its own. An additional part of the
system of dose limitation recommended by the ICRP
and adopted by the AECB is to keep exposures as low
as reasonably achievable, economic and social
factors being taken into account. In order to
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determine what level Is as low as reasonably
achievable for a given operation, the allocation of
resources for exposure control should be optimized
by considering which of the available options gives
the smallest combination of dose and cost.

The available exposure-reduction options in the
underground mining of uranium generally relate to
ventilation. Although ventilation in today's mines
is vastly superior to that in the early mines,
significant improvements can probably still be
realized with respect to auxiliary ventilation for
each occupied area. There was evidence of confusion
in some of the comments on the proposed regulatory
amendments between optimization of the overall
ventilation system and optimization of radiation
protection, the latter requiring attention to the
auxiliary ventilation of each and every workplace.

SUMMARY AND DISCUSSION

1. Problems in setting a radon daughter limit all
stem from the poor exposure data; i.e., too few
measurements of radon daughters and virtually no
measurements of gamma radiation, thoron
daughters, and respirable ore dust in the early
mines.

2. A limit derived solely from the epidemiological
studies of uranium miners, with radon daughter
measurements taken as a surrogate for other
sources of radiation as well, would be
sufficient if the radiological conditions in
today's mines were similar to those that existed
in the mines in which the subjects of the
epidemiological studies were exposed.
Conditions in today's mines are quite different,
however, and so the epidemiology-based risk
estimates have to be modified to account for the
different proportions of radon daughters, gamma
radiation, thoron daughters, and respirable ore
dust existing in today's mines.

3. The doslmetric approach, which was originally
used to set a limit in the absence of adequate
epidemiological data, and is now used to
complement the epidemiological approach and to
permit the extension of the radon daughter risk
information to thoron daughters, also suffers
from the poor exposure data. Dose calculations
ultimately have to be combined with an
epidemiology-based risk estimate in order to
derive a radon daughter limit that is comparable
In terms of risk to the 50 mSv limit on
effective dose equivalent.

4. The major problems in the application of a radon
daughter limit arise when applying the limit in
conjunction with the limits for the other
sources of radiation encountered in uranium
mines with the objective of limiting the
combined risk from all the sources to a value
comparable to the risk associated with the limit
for any of the sources considered in isolation.
Limitation of the combined risk from all sources
can be Accomplished in various ways; for
example, within the framework of the effective
dose equivalent (EDE), or within a modified EDF.
framework as in ICRP-32. Both these approaches
present problems, however, and so are currently
being reexatnined by the AF.CB.

5. The application within the EDE framework of
the radon daughter limit recommended in
ICRP-32 is not entirely appropriate because
the limit was derived by a composite of the
EDE and epidemiological approaches:

- the weighting factors from ICRP-26 (which
are based primarily on the epidemiology
of groups other than uranium miners) were
used for calculating the weighted dose
equivalent to the lungs and bronchial
tissues per joule of potential alpha energy
intake, from which an intake limit equivalent
to 50 mSv of EDE was calculated, and

- the risk per WLM derived from the
epidemiology of uranium miners was used for
calculating a radon daughter limit that is
equivalent In terms of risk to the risk
associated with an EDE of 50 mSv.

Combining the resulting limits (0.02 to 0.05
joule based on the weighted dose equivalent and
0.0075 to 0.023 joule based on epidemiology)
led to a single hybrid limit of 0.02 joule
(equivalent to 4.7 WLM, or 4.8 WLM according to
ICRP-32).

The risk derived from the epidemiological
studies of uranium miners is nominally
expressed as risk per WLM of radon daughters,
where "WLM" is actually a surrogate measure
for gamma radiation and other sources of
radiation as well. The radon daughter limit
recommended in ICRP-32 is therefore also a
partial surrogate for gamma radiation, ore
dust, etc., and care is required when applying
the limit to avoid double accounting for these
other sources of radiation.

6. An alternative approach was proposed by Bush
in 1976:

rems of gamma dose + WLM — 5. (15)
Underlying this proposal was an assumption
that the early miners received 1 rem of gamma
dose for every 4 WLM of radon daughter
exposure. The intent was to provide for no
greater restrictions than under the current 4
WLM limit unless the annual dose from gamma
radiation was to exceed 1 rem. Provision was
also made for modifying the formula to include
thoron daughters and ore dust if necessary.
Action on this proposal was put in abeyance
pending additional guidance from the ICRP,
which was then thought to be imminent. The
guidance eventually came with ICRP-32, the
recommendations of which were Incorporated into
the proposed regulatory amendments.(I) In view
of the opposition to ICRP-32 subsequently
expressed during the public consultation,
both these approaches are being reexamined.

7. Another alternative to exposure control in
uranium mines is the status quo, but including
the refinements that are currently under
consideration with respect to greater attention
to thoron daughters and respirable ore dust.
Under this approach, radon daughters and gamma
radiation are controlled separately to their
respective limits (4 WLM and 50 mSv per year),
which might be adequate for the existing mines
in which radon daughters are the predominant
radiological hazard. This approach might not be



162 BUSH

appropriate, however, under conditions where
both radon daughters and gamma radiation could
approach their respective limits.

8. One of the regulatory problems is to specify
which sources of radiation have to be accounted
for while at the same time providing adequate
flexibility for dealing with the wide range of
radiological conditions that exist in present
uranium mines or that could exist in future
mines. The intended flexibility can be deduced
from Consultative Document C-78, although it
appears that more specific guidance is needed:

"gamma radiation would be only partially
accounted for by application of the
epidemiology-based radon daughter limit to
today's well-ventilated mines because, whereas
radon daughters are decreased by ventilation,
gamma radiation remains essentially
unchanged...,On the other hand, concentrations
of airborne uranium would likely have decreased
even more than radon daughter concentrations due
to improvements In both ventilation and
dust-auppreasion practices, and consequently the
application of the epidemiology-based radon
daughter limit would more-than account for the
dose from inahaled ore dust. (However)....the
new radon daughter limit recommended by the ICRP
is based on considerations of the "effective
dose equivalent" as well as epidemiology, (and
therefore) there is less justification when
applying the new limit in assuming that exposure
to other sources of radiation is inherently
accounted for. There is consequently a need for
greater attention to be given to these other
sources. For example, the concentrations of
airborne ore dust should be monitored in order
to determine the ranges of concentration
existing in each nine. The presence of
abnormally high concentrations could be cause
for talcing the doae from ore dust into account
when applying the limit on effective dose
equivalent."(2)

9. Despite the variety of alternative approaches
that are being considered for limiting radiation
exposures in uranium mines, and despite the
underlying uncertainties in the epidemiologlcal
data, the data and calculations are sufficiently
accurate Co give reasonable assurance that the
total radiological risk incurred by miners
operating under the current radon daughter limit
is no greater than the risk associated with the
50 *Sv limit on effective dose equivalent.

10. Regardless of the level at which the AECB
eventually seta the radon daughter Unit, or how
the combined exposure to radon daughters and
other sources of radiation Is ultimately
limited, licensees will continue to be required
to keep exposures as far below the limit as is
reasonable achievable.

CONCLUSION

The final position on the radon daughter limit
and how it should be applied (within the EDE
framework, a modified EDE framework, or as at
present) has yet to be decided by the AECB. In the
meantime, workers are not being placed at undue risk
under the existing regulations. These regulations

allow radon daughter and gamma exposures to be
considered separately, and since few workers
approach either limit, and radon daughters generally
predominate anyway, the combined maximum exposure is
not much different than it would be under the
proposed amendments. Moreover, amended regulations
are not necessary in order to introduce further
improvements in ventilation and hazards assessment,
which are being continually introduced under the
existing regulations and licensing practices.

Regardless of the position ultimately taken by
the AECB with respect to a limit for exposure to
radon daughters, relatively few workers would be
expected to approach the limit in actual practice.
Exposure to the full extent of regulatory limits is
not automatically permissible, and any new
regulations will include a requirement for licensees
to establish and implement design and operating
measures intended to keep exposures as far below the
limits as is reasonably achievable under the
circumstances.
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DISCUSSION

Question (Wright): You indicated that, just
because lower limits may be feasible, it doesn't
M M they are justified. Why not? What possible
rationale can you have for not providing the
maximum feasible protection to miners?

Answer: A two-tiered approach is taken by the
Atonic Energy Control Board:

1- set an upper limit which provides a certain
measure of protection to even the highest-
exposed workers. To date, this limit has been
set at the value recommended by the ICRP;

il- require mining companies to set action levels
below the limiting value, the action levels
varying from mine to mine depending on what is
achievable at each mine; and in addition,
require the companies to establish and
implement design and operating procedures and
other measures intended to keep exposures as
low as reasonably achievable.

This approach provides at least as much
protection as would a lower limit; in fact, it
probably provides better protection because It
requires that continued efforts be made to reduce
even the lower exposures to the lowest levels that
are reasonably achievable.
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Introduction

The kinds of haraful effect that might be caused by
radiation have been known for well over SO years. The
frequency with which they are caused, following
different radiation doses in nan is, however, what is
important in estimating the degree of safety or risk
in any work which necessarily involves some amount of
radiation exposure. This information has accumulated
during th« last 30 years, as a result of detailed
epidemiological surveys on groups of people who have
been exposed to ionizing radiation in various ways,
and whoit racords have been examined over the long
periods of time during which effects of radiation may
be expressed. In consequence it is now practicable
to make good numerical estimate* of the risk of
radiation exposures at moderate dose, and inferences
of the risk at low dose. This is true particularly
for the effects of radon and ic* radioactive daughter
products, for which numerous and reasonably
consistent estimates have been made of the induction
of lung cancer; and any "genetic" effects in causing
inherited disease are likely to be negligible since
the doses delivered to the germinal tissues are so
small.

Types of radiation effect

Radiation can cause biological damage in two ways;
either by killing cells, or by lesser damage to cells
which allows them to survive, but with errors in the
chemical structure of their chromosomal DNA which can
occasionally cause genetic abnormalities or cancer.

Cell killing is usually unimportant except after
high doses, since otherwise too few cells are killed
in any body organ or tissue to cause any detectable
effect. Organs contain so many millions of cells
that normal organ function can be fully maintained
despite tht death of a few hundred or thousand cells;
and in many organs, the normal process of cell
division will replace the Missing cells. In u/anium
mining, when the doses to lung tissues are controlled
according to dose limits which are set to restrict the
occurrence of lung cancer, no degree of cell killing
in these tissues would be sufficient to cause any
impairment of lung function, since the likely thres-
holds for such damage would not be reached.

For other body tissues, external exposures by gamma
radiation from the rock which is being mined would
similarly fail to cause these so-called non-stochastic
effucts of cell killing, since the whole body exposure
from this source involves doses which are too low to
causa threshold levels to be reached in any organ.

The effects with which we art concerned, therefore,
art essentially restricted to those in which cells
survive the radiation exposure with uncorrected
errors in their DNA, and subsequently multiply by cell
division so that the defect in a single cell is
reproduced on a sufficiently lsrge scale to be
detectable or to cause harm. This selective

advantage of the progeny of a single cell occurs onl\
when the damaged cell is an ovum or sperm-forming r
of the ovary or testis which becomes fertilised
develops to form a child; or when it is from am
body tissue, and is so transformed that it multip^.-
in an uncontrolled way and forms a cancer.

Genetic effects must form a very minor component
of any harm from the radiation exposures incurred in
mining. Firstly, as mentioned, the dose to the germ
cells from radon daughters is very small, and of the
order of IZ of that to the lung. And iccondly, the
total dose to body tissues from gamma radiation is
ordinarily less than that from radon daughters, and
the only part of the gamma dose to the germinal
tissues which is of genetic significance is, of course,
that received by them before children are conceived.

Since the average age in man at which children are
conceived is less than 30 in most countries (I) only
part of the total collective dose to all miners is of
genetic signficance, the fraction depending on the
average ages of starting and stopping mining; whereas
the whole collective dose at all ages needs to be
taken into account in considering the risk of cancer
induction.

Requirements in radiation epidemiology

The assessment of the frequency with which
radiation exposure causes cancer in man differs in
several important ways from epidemiological studies of
the effects of many other environmental agents.

In some respects the task is easier than, for
example, with some chemical substances. For any
particular type of radiation, the probability of
causing harm is largely determined by the energy
delivered to each body organ or tissue; and thin
absorbed dose, in joules per kilogram of tissue, can
usually be reliably estimated. The estimation depends
on knowledge of the penetration of the radiation
through the substance of the body, or the way in which
the radionuclides emitting tht radiation are distribu-
ted and retained in the various body organs. There is
good information on the penetration through tissue of
different forms of radiation - from the efficient
penetration of high energy gammas to the very weak
penetration of alpha radiation. There is also
adequate information on the likely organ distribution
and retention of most radionuclides, depending of
course upon the chemical behaviour of the element
concerned, and on the chemical and physical properties
of the compound or particulate form in which it may
enter the body by being inhaled or swallowed. (2)

Specification of dose

The absorbed dose in different organs is thus
likely to be a more readily determined quantitative
indicator of harm than the different potentially toxic
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products of the Metabolism of a range of chemical
fubstances, of which the body distribution and tissue
effects have ordinarily been less fully explored.

It i s , however, well known that the probability of
causing harm, and specifically of inducing cancer in
an organ, depends on the type of radiation, as well
as on the energy that i t deposits per unit Mass of
tissue. This variation depends upon, or at least
correlates with, the closeness with which individual
ionizations are spaced out along the track of the
particle through the tissue. With alpha radiation,
the init ial energy of the alpha particle is given up
within a few hundredth* of a ailliaetrc of its pass-
age through tissue, so that the individual ionizations
that i t causes are very closely spaced along this
short track. The taste is true for neutrons, and soae
other forms of radiation with this "high linear energy
transfer" (high LET) along their tracks.

On the otbtr hand, gamma radiation and x rays give
up similar initial amounts of energy over much longer
tracks in tissue, commonly of the order of tens of
centimetres. Individual ionization* are therefore
very much more widely spaced along the tracks of these
low UT forma of radiation, since the energy given up
in causing «ach ionimion is broadly similar to that
for nlpha radiation.

The risks of causing incorrectly repaired chromo-
some damage, and hence occasionally of inducing
canctr, are found to be greater per unit energy
deposited when ionizations are caused at close spac-
ing by high LET radiations than when caused sore
sparsely along the tracks of low LET radiation. This
•ay be because Multiple ionizations occurring simul-
tancouily within the thickness of a chroaosoMe, or
within th« dimensions of the double DNA molecular
helix that i t contain!, are more likely to cause
breaks in both strands of the DNA helix than when
•ingla ionizations occur in i t . Single ionizations
may cause breaks in one strand of the helix only; and
single strand break* are more frequently, or more
correctly, repaired than double atrand breaks, because
the intact second atrand can serve *§ a template
ensuring correct repair. Alternatively, the occur-
rence of many ioniiations simultaneously in a small
ragion may saturate the local enzymatic processes of
DNA repair in • way that the same number of ioniza-
tions, and the damage that they cause, do not when
they are spaced over longer periods of time.

When the body or a body organ ia exposed to
r.iiliiiHnnx of different rvn*1". 'h* nmnunr of exposure
from high or from low LET radiation, or from a
mixture of both forms, must be taken Into account in
any epidemiological atudy. Otherwise, the estimated
risks for a given absorbed dose from one form of
radiation will not be applicable to exposures from
another form. Here, however, there is ample evidence
from radiobiologlcal investigations of the relative
effectiveness of radiations of different LET. An
approximation can therefore be made to allow a given
risk estimate to be applied to radiations of different
quality and LET. (Conventionally, this involves the
w*f»hMn; n( nftn^rr nrRi'i*,, J ut .<!.....ri,̂ ! f,,:r,z.:,
measured" in rads or grays, by the normal differences
in effectiveness of radiation* of different LET, to
indicate frequencies at corresponding done equivalent,
in rems or siti verts.)

Similarly, account needs to be taken of the dose
rate of the radiation exposure, because radiation (of
low LET) is commonly rather more effective in causing

harm when delivered at high dose rate than at <i low
rate. This may relate to the spacing in time of
individual ionizations at any one locality on a
chromosome, as mentioned above in the case of high and
low LET radiations in general.

It i s , of course, necessary also that any epidemi-
ological survey should show the dose level or range of
doses following which an increased frequency of effects
was observed. This is important when risks are
expressed, for example as an increased cancer incidence
per unit dose, since it cannot be assumed that the
increase is proportional ta dose at different dose
levels.

With these qualifications, however, i t is a valu-
able simplication in radiation epidemiology, that the
risk of, for example, cancer induction in a specified
organ is validly indexed by the dose delivered to that
organ, regardless of the source of radiation exposure
or the particular radionuclides from which the dose
resulted; or whether the exposure was incurred for
medical or occupational reasons or in consequence of
a direct exposure to atomic weapons in Hiroshima and
Nagasaki. It i s , indeed, one of the strengths of
current risk estimates of cancer induction by
radiation, that estimates are so often broadly
consistent following doses received in different ways
and under different circumstances, when proper
allowance i s Made for the age distribution of those
exposed, the duration and ainner of their "follow-up"
after exposure, and the factors already mentioned
which influence the frequency with which effects are
expressed.

Sensitivity of different organs

In spite uf these simplications, however, i t is
clear that the frequency of cancer induction by
radiation differs considerably in different organs or
tissues of the body. This would not be an important
difficulty if radiation exposed all body tissues
uniformly, and only the overall effect of such whole
body irradiation needed to be known, tn fact,
however, the localised retention in different organs
of many radionuclides after they have been taken into
the body results in very unequal doses to these organs.
There is therefore a need for risk estimates applic-
able to the individual organs, or at least to those
of the highest sensitivity to cancer induction. It is
a striking testimony to the work that has been done in
humsn radiation epidemiology that cancer risks have
been estimated, even if sometimes only very approxi-
mate) v. for ovpr ?(i limlv nr?.m» nr

This is the more li"p»rrmii sLnm kuch numerical
estimates of risk to man can only be vulidly deter-
mined by epidemiological studies in man. There i s ,
at least at present, no basis for transferring risk
estimates observed in experiments on other animal
species to estimates that would apply for the same
organ, or for the same type of cancer, in man. Risk
estimates may vary substantially between different
animal species, and often hptwftpn different strains
of the same species, in a way that cannot yet be
ivl.itri! !•!•< .injr known cMff»»renr*n in longevity, cell
proliferation rate in the organs, or imminological
response to cells of the developing runner.

The human data on risks for different organs,
however, have been based largely on the effects
produced when parts of the body or individual organs
have been exposed to substantial doses of one, or
several, hundred rads; either when the spine, the
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neck, the breast, or the scalp has needed to be
irradiated in the course of medical treatment, or when
individual radionuclides have become concentrated in
particular tissues following their administration for
medical reasons or their intake during occupational
exposure. Thus a thorium preparation, Thorotrast,
was at one tine used as a "contrast medium" to allow
x rays of the arteries into which it was injected.
Its subsequent localisation in bone marrow and liver
delivered substantial doses to these tissues. Or the
shortlived radium 224 was formerly injected as an
effective treatment for joint disease, and became
localised in tone. Similarly, the effects of radio-
active iodine, given in the diagnosis or treatment of
thyroid disease, have been examined to detect or
exclude (and currently the latter) any evidence of
thyroid cancer induction.

Similarly, the localisation of radium 226 in bone
after being swallowed accidentally by dial painters,
has indicated the'somewhat low - sensitivity of bone
cell* to cancer induction; and the retention of radon
daughter products in lung tissues has provided the
rather consistent estimates of the level of rndi.it ion
risk to lung in the many countries and mining
communities which thin conference is reviewing in
detail.

These circumstances of medical and some occupa-
tional exposures have made i t possible to derive risk
estimates because the organ doses have been higher
than any to which the whole body is ever exposed in
any normal medical or occupational circumstances. Hie
resulting numbers of cancers have therefore been
sufficiently large to allow the cancer frequency to be
reliably distinguished from that to be expected in the
absence of the radiation exposure; and risk estimates
of reasonable precision have been established.

Only at Hiroshima and Nagasaki have whole body
doses occurred which were sufficiently high to permit
estimates of the sensitivity to carcinoRenesis of
individual organs. The large numbers of survivors
studied, and the detail in which their subsequent
course has been followed, have not only made i t
possible to determine and compare the sensitivity of
different organs to cancer induction. In the case of
some organs of relatively high sensitivity, it has
been possible, or will be possible when dose estimates
to individual survivor* aro more fully cdtublishcd, to
examine the way in which the increase of cancers
varies with the size of the dose to which groups of
survivors were exposed. The form of this "dose effect
relationship" is important in helping to infer the
risk at doses lower than those at which it is possible
to observe an increased cancer incidence directly, as
discussed later.

Meeds with regard to population size

The major difficulty in detecting or measuring any
excess in the frequency of cancer after low doses
resultn, however, from the fact that the cancers that
are induced by radiation do not differ in their micro-
scopic appearance or clinical behaviour from cancers
of tht lame organ or coll type which occur naturally.
The detection of an excess of cancers can therefore
only be made on statistical grounds, by comparing the
numbers observed following radiation with the numbers
expected in the absence of this increased radiation
exposure. This causes two problems. One is the
familiar difficulty in distinguishing signal from
noise, particularly when the signal is weak and the
noise level is high. And the second is that the

unexposed population from which the "expected" number
is estimated must be very exactly comparable (or

"stratified") so as to be similar in all relevant
respects with the exposed population, except for not
having been similarly exposed to radiation. This
requirement is particularly exacting when investiga-
tions are attempted into the effects of low doses,
when very small elements of bias, or in the random
variations of small numbers or small differences, can
be falsely interpreted as indicating detectable or
measurable risks from these low dose levels.

A numerical illustration can show the severity of
this problem. Most reliable estimates of risk from
organ irradiation are derived from studies of a few
hundred people in whom the organ was exposed at one
hundred rens (I sievert) or more; although one
estimate of thyroid risk was based on about 10,000
children whose thyroids received about ten rems in
the course of therapeutic scalp irradiation. If the
risk per rent remained the same at lower doses,
however, it would require the study of a million
thyroid exposures to estimate the risk of exposure
to 1 rent with the same precision. This dependence of
the size of the population that needs to be studied
on the inverse square of the increased dose to which
they were exposed,results necessarily from the fact
that the expected number would vary in individual
trials with a standard error about equal to i ts square
root. To detect a small increase in this expected
number therefore, at two standard errors, or - worse -
to evaluate the size of the increase at a 3 standard
error difference, involves rapidly increasing numbers
as the dose size decreases. And the numbers would
s t i l l become very large even if the risk per unit
dose were somewhat larger at low doses than at high.

Any attempts, therefore, to establish directly the
frequency of cancers caused by typical rates of
exposure of the few tenths of a rem per year that are
received from all natural sources, or from most types
of occupational exposure, will therefore require the
study of large population* who have been exposed for
long periods of tine. Moreover, the size of the
comparison populations on which the expected number*
of cancers are forecast will need to be even larger,
if an added imprecision from this source i s to be
avoided.

It might be possible to detect an increase in one
type of cancer more easily than in the total of all
types, if that one type had a higher induction rate
relative to the normal incidence than applies for all
cancers induced. The reduction in number* of cancer*
that would be observed, and the poorer (tst ist ical
power of studies on small numbers, however, make this
unlikely except perhaps with regard to the induction
of thyroid cancers. (6)

It is possible also that a study confined to the
cancer incidence in a restricted age and perhaps sex
group might be more sensitive. If so, however, the
group to be included would need to be determined
before obtaining the results, since the selection of
a sub-group for report because it* cancer rates were
found to be high would not be properly assessed by
conventional statistical criteria.

Condition* needed in a comparison population

For al l these reasons, i t is particularly important
that the cancer rates in the exposed population
should be compared with those in an appropriate com-
parison population. The comparison population should
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be large, so that the "expected" rate in the absence
of radiation should be accurately known. Kor this
reason, the national rates are often used for the
types of cancer being investigated. These rates will
be based on large numbers of cases, and so known with
good statistical precision. Up-to-date figures are
likely to be available; they will give rates at
different ages and in the two sexes, so that the
nuabers expected in the exposed population can be
estimated according to i ts age and sex distribution.
Moreover, when the frequency of a particular type of
cancer is varying with time - as is the case with
lung cancer in Many countries - the frequency of
deaths or diagnoses during different years in the
exposed population can be properly conpared with the
expected frequencies in those years according to past
national records.

If comparisons arc made in this way with national
data, however, various kinds of error may occur.
Some types of cancer vary in their frequency in
different region* within a country, or in different
ethnic or •ocial groups, or according to residence in
town or in rural area*. National stat ist ics , by
averaging such variations, nay providn a false rum-
pariion with an exposed population which does not
include these variations. The error nay be small,
but may cauce large inaccuracy in estimating the
*ige, or the existence, of a small excess of cancers
induced at low dose.

Or, error may result from the so-called "healthy
worker" effect, whereby an individual in whom an
undiagnoaed cancer is developing is less likely to
start work than a fully healthy person, or may leave
work before his cancer is diagnosed so that the cancer
is not included in the records of the working popula-
tion.

In addition, i t is to be expected that the
efficiency with which all cases of cancer are
recorded may differ in a population which is being
studied to detect the effect* of radiation, and in
the general population of the country. This
difference stay affect either the frequency with which
Che cancer occurs, whether i t is fatal or not, or the
frequency only of fatal cancers. In the former case,
estimates of total incidence in the general population
(7) necessarily depend upon the efficiency with which
tumour registries were operating; and few were
operating or comprehensive before the I960'*. On the
other hand, the recording of cancer incidence may have
been more comprehensive in a closely surveyed working
group exposed to radiation; or i t may he less
comprehensive in a retrospective study of the frequency
of non-fatal cancers in such a group.

Recorded mortality rates from cancer, on the other
hand, a n likely to be More comprehensive and reliable
in countries in which registration of causes of death
is statutory. (8) Here, substantial error is unlikely
to occur in Che frequency with which cancer is
recorded as the cause, or a contributory cause, of
death. Errors may arise, however, in recording the
type of cancer causing death, or the organ in which
the cancer originated. This is the case particularly
for lung and bone, to which organs cancers originating
in other body organs may spread, by blood-borne
"mitaststti". There is no obvious reason why the
frequency of this error should differ in an exposed
and in the general population. In studies of lung
cancer mortality, therefore, an absolute excess of
lung cancers observed over the number expected should
give a valid estimate of the rate with which lung

cancers were occurring, even though the relative risk
ratio might not reflect a relative increase in
cancers arising primarily in the lung.

The most important consideration, however, in com-
paring exposed and comparison groups - whether the
latter is the national population or some more
appropriate section of i t - must be to ensure that any
exposure to other cancer promoting agents than
radiation has been equal in the two populations. In
the case of lung cancer, subsequent papers will
emphasise the need to base comparisons on groups with
similar smoking habits, in which the type, amount and
duration at least of cigarette smoking are factors of
major importance. And consideration has been given,
in previous surveys of mining communities, to the
possible significance of other potentially cancer
producing agents which may be present in the atmoshere
in underground mining but which do not influence
cancer rates in the general population.

Significance "f latent intervals

A final factor which wmplicatt'ti many epidemio-
logical studies of cancer causation - whether by
radiation or probably by various chemical agents - is
the long interval that typically elapses between
exposure to the cancer-producing factor and the
development of any detectable cancer.

In the case of radiation, the range of these
"latent" intervals is known for two types of malignant
disease that may be induced - namely for leukaemia and
for cancer (sarcoma) of bone. In both cases, no such
"cancers" are detectable within the first few years of
the radiation exposure, and few have developed later
than about 25 years after the exposure. <9) This
evidence comes from surveys following an isolated
exposure to radiation - from atomic bombs and from
x-ray therapy in the case of leukaemia, and from
therapeutic injections of radium 224 in the case of
bone sarcoma. There is no reason to believe that the
range of latent periods would be different, however,
for a cancer of those types which was initiated during
any one year of continuous annual exposure to radia-
tion.

For most other types of cancer that may be Induced
by radiation, the evidence from Hiroshima and Nagasaki,
and from other sources, indicates that cancers develop
after an initial period which is probably rather
longer than in the case of leukaemia, and are continu-
ing to appear later than the 25 years after ex[> lure
by which the leukaemias and bone sarcomas have ceased
or almost ceased to occur. (4) It i s not yet clear
whether the rate at which such other cancers appear
after a causative radiation exposure will subsequently
fal l , or will continue at a constant level, or will
increase at the older ages at which the natural cancer
rate increases. (4)

The length of the interval between exposure and
cancer development probably exceeds 20 years, as the
average for all cancer* that may be induced by radia-
tion. Any prospective epidemiologlcal study of
radiation effects, therefore, needs to extend for a
long time from the occurrence, or the start, of the
radiation exposure. Several such studies have already
continued for over 30 years, and that in Hiroshima and
Nagasaki is now approaching 40 years. The problems of
the necessary complete ascertainment of all causes of
death, and even more of all causes of major disease
during these long periods of time, are obviously
substantial.
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The long average latency for many cancers,
including tuns cancer, li.is of course a l s o the e f f ec t
that today's incidence or mortality from any radiation
induced cancers must be attr ibuted to the expo*ures
received on average 20 or mure years ago. Since
today's radon l e v e l s in underground n ines , at least in
the USA, arc t y p i c a l l y in the region of 5Z of what they
wore 20 years ago (10 ) , i t would he reasonable to
expect a 20-fold future fa l l in such excess mortality
from lung cancer as i s observable today.

If th i s i s s o , tile deta i led cpidcmiological
analyses of the currently observed e f f e c t s of uranium
or other mining arc valuable part icularly for the
l ight they throw on the consequences of exposure to
radon in general at d i f ferent dose l e v e l s , d i f ferent
ages , and for di f ferent durations, rather than .is a
direct quant i tat ive statement of the risk or safe ty c f
the radiological aspects of present mining prac t i se .
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DISCUSSION

Question (Bate*): We have learned a great deal
over the past 20 year* on factor* affecting
particle deposition within the lung, Do you think
that we should expect some difference In the
carclnogenlcity of radon daughter* In the presence
of dust, such as night be present In a mining
atmosphere, compared to radon daughter inhalation
In the home, where such dutt might be absent?

Answer: Yes, this 1* likely, since the dole*
delivered to lung tissues by radon daughter* are
affected hy the fractions of them that are bound
to aerosols or parttculates, a* well a* by
difference* In average breathing rate* during work
In mtne* and during work or sleep In home*. There
have already been studies on the bound fraction*
observed In homes under different clrcuMtance*,
a* compared with thost found In mine*.

Question (Brown): It ha* been suggested that
heavy smoking lead* to an Increase In the
thlcknea* of the mucosal layer which fitves come
protection against carcinogenic effect* of
deposited radon daughter*. My question 1* In two
part*.

1) How Important do you feel the thickness of the
mucosal layer to be and Is not the clearance rate
of more Importance (because of mixing within the
layer)?

2) Are there not many other component* of the
typical mine atmosphere, which may also greatly
affect the thlckne** of the mucoial layer and
which will vary vary greatly from mln* to miner

Answer: The mechanism of any Interaction between
heavy smoking and the carcinogenic effect of radon
daughters deposited in the bronchi may well be
affected by *uch factor* M the thickness of the
mucoue layer, tht rat* of mixing of partlculata*
In It, the speed of their removal by the upward
flow of M C W I and the effect of material
deposited In smaller bronchi being brought up Into
larger on**. A quantitative answer to the
question of the relative impact of tuch factor!
t«, a* far a* I know, Impossible,

Question (Nartlnson)t Previous questions have
referred to environmental factors other than
radiation In mines, (fork In deep Witwatersrand
gold/uranium mine* often entellst

1) high rate* of energy expenditure accompanied by
elevated deep body temperatures and high sweat
rateet

2) comparatively large change* In barometric
ere**ure.

Could these factora conceivably affect the alpha
radiation hazard?
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Answer: It teems unlikely thru they would
influence it, except by any effect tti.it they had
on breathing rate, or by the balance between
nouth- and nose-breathing.

likelihood of any. Radon and thoron themselves
cause little expocure of body tissues generally,
and the exposure of such tissues from either the
short- or the long-lived daughter products after
deposition In the lung are also very small.

question (Bush): What is the smallest acute dose
to a child in utero that has been associated with
developmental defects (or other defects) in the
child?

Answer: The question is, of course, difficult to
answer accurately, since any occasional hunan
defects following low radiation doses could not be
distinguished unequivocally from defects resulting
from natural causes. On the basis of experimental
work In animals, tc Is ordinarily assumed that
such effects are not Induced below threshold
absorbed doses In the region <>f 5 rads delivered
during tlir short periods during which the various
particular defect* may be induced. The recent
study ^suggesting impaired brain development in
children Irradiated at a certain period of
development in utero In Hiroshima and Nagasaki,
doM not give any Indication oE a threshold, but
doe* not exclude a threshold of this slxe nr
larger.

Question (Bush): Could you elaborate on the risk
of skin cancer for uranium miners?

Answer: An excess of skin cancers of the face has
been miRgeated by one study of uranium miners, but
It unlikely to be due to radiation, since the
alpha radiation from any radlonucltdes deposited
on the face la most unlikely to penetrate the
layers of dead cells always present on skin
surface, and reach llvtng cells In which skin
cancer might be Indiicad. No such Increase has
been reported In other studies.

fJuewtCon (Bernstein); Can you comment on the
biological plausibility and any available evidence
for adverse effects of Inhalation exposure to
alpha radiation from the decay of radon and thoron
fanes on the conceptus, embryo, or fetus? Do the
short- (or Che long-) half-Ufa "daughters" from
radon or thoron gases cross the placenta In humans
(or In animal studies)? If such effects arc
plausible or well-documented, given the
uncertainty of recognition of pregnancy during the
first month or ao of the existence of developing
embryonic life, what precautions would you advtae
(or female miners who arc using effective methods
of contraception and for those who are sexually
active and who are not using effective
contraception?

Answer! The dnses to any conccptua following
Inhalation of radon or thoron and their daughter
products are very much smaller than tha doses to
lung tissues, and I know of no evidence suggesting
adverse effects on an embryo or fetus, or the
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REMOVAL OF AIRBORNE TMORON(RADON) DAUGHTERS ON MINK WALLS AND OTHER
SURFACES BY CONVECTIVE DEPOSITION AND ELECTROSTATIC PLATE-OUT

J. B1GU

Elliot Lake Laboratory, CANMET, Energy, Mines and Resources Canada,
P.O. Box 100, Elliot Lake, Ontario P5A 2J6, Canada

ABSTRACT

Experimental data on thoron(radon) daughter plate-
out phenomena on walls by convective and electrostatic
deposition are presented. Experiments were carried
out in underground uranium mines and in the labora-
tory. Measurements were conducted under a wide range
of environmental conditions including relative humid-
ity (30-90Z), temperature (14-25°C), aerosol concen-
tration (1x1O3-2x1O5cm-3), and air velocity (0-1.2
m/s). Experimentally determined radon and thoron
daughter deposition velocities were in the range 0.06--
0.6 cm/s. These values are substantially lower than
theoretical estimates by several authors on which
plate-out calculations are based.

The effect of an electrostatic field on the removal
of thoron daughters has also been investigated. DC
voltages ranging from 0 Volts to ± 1000 Volts were
applied to aluminum metal mesh electrodes. Measure-
ments show quite a substantial reduction in the thoron
daughter Working Level, about a factor 2 to 4, when a
voltage between -300 V and -1000 V is applied to the
metal mesh.

INTRODUCTION

The loss of particles to walls is important in
evaluating mass transfer operations. Mechanisms of
removal by large surfaces, e.g., mine walls, of the
airborne short-lived decay product of radon (Rn-222)
and thoron (Rn-220), i.e. daughters for short, is a
topic of practical interest. The loss of radioactive
particles to mine walls, and other surfaces, is rele-
vant in the calculation of the concentrations of
radon daughters in underground uranium mine atmos-
pheres. Two removal mechanisms are important in the
context of this paper, namely: removal by diffusion
to, and impaction on, walls, i.e., plate-out, and
removal by external electrostatic fields.

Radon daughters and thoron daughters are initially
formed in a positively charged atomic state. Daughter
products formed by cx-decay of their respective parents
are formed as positive ions because of stripping of
orbital electrons by «-particle emission and/or by
atomic recoil mechanisms. Radon and thoron daughters
formed by 0-emission are preferentiaJly formed in a
positively charged state also because of the process
of B-particle emission itself and because of ejection
of orbital electrons from atoms near the surface of
the particle. However, radon and thoron daughters are
also found in a negatively charged state because a-
particle emission is not compensated by the loss of
electrons during nuclei recoil and/or because negative
charges, produced by ionizing radiation, may attach
themselves to recently formed daughters. Radon and
thoron daughters in an electrically neutral state are
also found and are formed by neutralization mechan-
isms. Negatively charged and neutral radon and thoron
daughters usually constitute the smaller fraction of
the total.

Although radon daughters (RaA, RaB, RaC and RaC)
and thoron daughters (TliA, ThB, ThC and ThC) are
initially formed in an atomic, positively charged,
state, they teadily attach themselves to other par-
ticles, e.g., fumes, vapours, smoke, mist and dust.
However, a fraction of the daughter products remain
in an unattached state. Because attached daughter
products are of relatively large size, i.e., mainly
in the approximate size range 0.01-1 urn, they do not
plate-out easily. Unattached radon and thoron daugh-
ters, on the other hand, diffuse quickly to nearby
walls where they readily plate-out. The attached
daughter fraction, fa, and unattached daughter frac-
tion, fu, are defined, respectively, as the fraction
of the total that attach to aerosols and the fraction
of the total that remains in a free-state.

The attached and unattached fractions play a very
important role in plate-out phenomena. Particle
charge, on the other hand, plays a fundamental role in
removal mechanisms by external electrostatic fields.

This paper presents data on the removal of radon
daughters and thoron daughters on walls by plate-out,
and by external electrostatic fields under laboratory
controlled conditions and in underground uranium
mines. For simplicity these two topics will be dealt
with separately.

RADON DAUGHTER AND THORON DAUGHTER PLATE-OUT

A measure of the extent of particle loss by plate-
out is given by the deposition rate, a variable that
is related to the particles deposition velocity and
some geometrical considerations, as indicated beiow.
The deposition velocity , and hence the deposition
rate, is a function of the radioactive particle size,
which may range from atomic size to particles greater
than 1 urn.

Because the deposition rate is related to the dep-
osition velocity and the daughter products concentra-
tion in attached and unattached state, the variables
fa and fu must also be known to determine the deposi-
tion rate from which the deposition velocity can be
calculated.

Theoretical Background

The deposition velocity,
lowing relationship:

v, is defined by the fol-

(1)

where in equation (1) Y is the deposition (attachment)
rate, i.e., number of particles plate-out per unit
surface area of wall per unit time; and N is the
number of particles per unit volume.

The deposition rate for a given radioactive product,
say i, can be expressed as follows:
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(2)

where Cj is the concentration of daughter product i,
f£ stands for the attached or unattached fraction of
daughter product i, depending on whether the attached
or unattached fraction is considered, respectively.

The deposition velocity ran be calculated from
equilibrium surface, i.e., walls, d-activity measure-
ments, as indicated below, ('.ill ing Sl( the gross n-
activity measured on the walls under equilibrium con-
ditions, it can be shown (1) that for radon daughters
only RuA and RaC1 need to be considered. For this
case:

S (RnD) = V,,(RnD)|8.8 f(RaA) CD +

(3)38.7 fu(RaB) C R a R)

where in equation (3) lh" following assumption has
bci'n made: V (R:iR) '- V (RaB) = V . The symbol Rnl)
stands for radon daughter(s). The subindcx u stands
for unattached (it shouli! be noted that the contribu-
tion from f.he attached daughter fraction will be
ignored because of the much larger particle size than
that corresponding to the unattached fraction, and
hence considerably lower diffusivity and deposition
rate on walls.)

Fur tlinion daiii-,ht.ei:j it is not difficult to show
(I) that the contribution rrc.i ThA is negligible
cninparpd with that • orrpp|>.-"i<'ing to ThR even assuming
f (ThA) = 1, i.e., maximum theoretical unattached
fraction, on account of its very short half-life (0.16
s)• Hence the equilibrium surface activity for thoron
daughters (TnD), say, S (TnD), can be written:

S^TnD) Vu(TnD)

It should be noted that the contribution from RaC
is not included in equation (3). This is so because
f (RaC) •••< f (RaB) < f (RaA) which compounded with
tneir respective radioactive decay constant values
makes the contribution from R.tC quite small compared
with that corresponding to RaB and RaA. A similar
argument follows for the case of ThC as compared with
ThB.

The equilibrium surface u-nrtivity can be deter-
mined experimentally by col leering the airborne
daughter products on metal discs or filer paper placed
on the walls. Hence, S(1 in equations (3) and (4) is
also given by:

N
e -

2.22 r.
(5)

where Nl( is the total 'i-rount measured by an u-count-
ing device with an u-counting efficiency r. T is the
counting period and A is the surface area of the
sample where collection of daughter products has taken
pl.ice. The numerical factor 2.22 is used to convert
pCi into disintegrations per minute (dpm).

From equations (3), (4) and (5), the radon daughter
and thoron daughter deposition velocities can be
obtained.

produced in any given ratio according to specific
needs. Environmental conditions in this facility,
including aerosol concentration, air moisture content
and temperature could be varied within a wide range.
The RTTF has been described in detail elsewhere (2).

When experiments were done in the RTTF, measure-
ments were conducted:

a) under 'still' conditions, i.e., the only air flow
in the facility wis that created by the flow of gas
entering (intake) and leaving (exhaust) the test
facility; and

b) when a mixing fan was operated to investigate the
effect of strong air flow and turbulence on the
daughter product deposition velocity.

Equilibrium surface ci-activity measurements were
done using stainless steel discs and filter paper
(•<• 11 cm2 surface area each), heretofore referred to
as discs, which were placed on the walls at different
locations at about 1.5 m height. A minimum of eight
discs were used at any given time for better statisti-
cal analysis. The discs were left on the walls for at
least 5 h in the case of radon daughter atmospheres
and for a minimum of 24 h in the case of thoron daugh-
ter atmospheres, or radon daughter/thoron daughter
mixtures, to ensure equilibrium conditions, i.e., rate
of deposition on the discs equal to the rate of radio-
active decay.

Radon daughter concentration measurements and radon
daughter Working Level, WL(Rn), measurements were
carried out using conventional grab-sampling methods.
Thoron daughter concentrations and thoron daughter
Working Level, WL(Tn), were determined using a two
gross a-count developed for the purpose (3). In the
presence of radon/thoron mixtures, such as underground
mines, radon daughter and thoron daughter concentra-
tion and WL(Rn) and WL(Tn) were determined by a 5
gross n-count method (4).

The unattached daughter fractions were determined
by the wire-screen method (5 to 9). Wire mesh number
150 was used. Two sampling sets were used consisting
of a pump (flow-rate "- 6 L/min) and a sampling 'head'
each. One sampling head consisted of a sample holder
where the wire screen and a back-up filter (Millipore
0.8 urn AA) were located. The second sampling head
contained a reference filter of the same kind as that
in the first sampling head. Both sets were placed
side by side and hence sampled air under identical
environmental conditions. The sampling time and
method of measurement of a-activity used were as
indicated above. Two daily determinations of the
unattached fraction were made, one in the morning and
one in the afternoon. Equilibrium cx-activity was
determined daily for several weeks.

The unattached fraction was calculated according to
(10). Temperature, relative humidity, aerosol concen-
tration and air flow conditions were carefully noted
to investigate their effect on the deposition velocity.

Results and Discussion

Experiment al Procedure and Aj>p_arat:us

Measurements were conducted in several underground
uranium mines, i.e., (U/0), where thoron is present in
substantial amounts, and in a large ("• 26 m3) radon/
thoron test facility, i.e., RTTF, where radon/radon
daughter atmospheres only, thoron/thoron daughter at-
mospheres only, or a mixture of the above could be

The results obtained in the RTTF and tl/G for the
unattached fraction, deposition and other relevant
data are summarized in Tables t and 2.

The unattached fractions measured in the RTTF were
rather high, e.g., in excess of 403! and 102 for RaA
and ThB, respectively. The high values obtained are
consistent with the low aerosol concentration (<1.5 x
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TABLE 1: RADON DAUGHTER RESULTS ]N RTIF ANO lli-:i)P.R';KUUNU

177

Location

RTTF

RTTF

11/ G

Fan

On

Off

-

Rii
7.

44.5

47.5

85-100

4

1

N
cm"1

.6x10'

.5x10'

10"'

£ (RaA)
" X

64

45

1

f (KaB)
" X

24

13

- 1

f (RaC)
" Z

35

7

j i

V(PuD)
cm,'';

0.24

0.09

0.17

(0.20)

V(RnD)
cm/s

0.17

s,,
pCi/m*

18420

13000

5146

Remarks: The symbols RII and N stand, respect ivt'ly for relative humidity and aerosol roncontration. RnD
stands for radon daughters. The horizontal bars indicate average. The number in round brackets
indicates 'overall' average deposit ion velocity.

TAIILF. 2: THOKON DAUGHTER RESULTS IN RTTF AND UNDERGROUND

Location

RTTK

RTTF

U/G

Fan

On

Off

-

Klf
Z

53

53

85-100

N

1.0x10'

I.OxlO3

>to5

fu(ThB)

10

13

<J

£u(ThC)

5

7

<3 l

V(TnD)
cm/s

0.53

0.06

0.13

(0.24)

V(TnD)
cm/s

0.29

Sa
pCi/m*

101400

35500

3200

Remarks: The symbols RII and N stand, respectively, for relative humidity and aerosol concentration. TnD
stands for thoron daughters. The horizontal bars indicate average. The number in round brackets
indicate 'overall' average deposition velocity.
1 Values fluctuated within a wide range partly indicating reduced accuracy in the determination
of ThC in radon and thoron mixtures.

10' cm"') and low relative humidity ('>• 45%). Table 1
shows that the radon daughter unattached fractions
decreased with increasing aerosol concentration, an
experimental finding which agrees with theoretical
expectations.

The unattached fractions for radon daughters and
thoron daughters measured U/G were very low, i.e.,
• 1Z on the average,as reported earlier (II). Tlie low
values obtained are in agreement with the high aerosol
contentrat ion (10s - IOr cm"1) and high relative hum-
idity (90-1002) characteristic of many mine atmos-
pheres.

The average equilibrium surface n-activity, Sl<(
varied considerably according to experimental condi-
tions (see Tables 1 and 2). The ratio Sf,/WL, i.e.,
the specific surface "-activity, was in the range
8.7 x 10' - 4.6 x 10 pCi m"» WL~' for radon daughters
and 6.1 x 10' - 8.7 x 10" pCi m"! WL"1 for thoron
daughters.

The variable ?u was much lower in underground
uranium mines than in the RTTF, an experimental ob-
servation which is consistent with the corresponding-
ly higher aerosol concentrations, and hence lower
unattached fraction, in underground environments as
compared with experimental conditions in the RTTF.
Furthermore, S(J in the RTTF was found to be signifi-
cantly higher when the fan was operating than when
the fan was turned off. S( was also higher for discs

oriented perpendicularly to the air flow than for
discs oriented parallel to the air flow.

As expected from the data presented and the discus-
sion above, the deposition rates were substantially
lower underground than in the RTTF. Typical range of
values from underground and RTTF deposition rate mea-
surements were: t!7 to 2380 pCi nr* min-1 for RaA,
75 to 285 pCi m"2 min"1 for RaB, 56 to 105 pCi m"!

min"1 for RaC, 5 to 150 pCi ur» muT" for ThB, and
4 to 28 pCi m"2 min-i for ThC. The wide range of
values measured for the deposition rate is related to
the substantially different experimental conditions
of aerosol concentration, relative humidity, air flow
characteristics and disc orientation.

The deposition velocity for radon daughters in the
RTTF varied from 0.16 - 0.35 cm/s (ave. 0.24 cni/s)
with the fan on and from 0.07 - 0.10 cm/s (ave. 0,09
cm/s) with the fan off. For thoron daughters, the
deposition velocity measured in the RTTF was as
follows: 0.19 - 1.22 cm/s (ave. 0.53 cm/s) with the
fan on and 0.04 - 0.07 cm/s (ave. 0.06 cm/s) with the
fun off.

The deposition velocity measured U/G varied from
0.25 - 0.53 era's (avo. 0.32 cm/s) and from 0.09 - 0.18
cm/s (ave. 0.14 cm/s) for radon daughters and thoron
daughters, respectively.

From the above data and Tables 1 and 2, the follow-
ing conclusions can be reached:
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a) Radon daughter and thoron daughter deposition
velocities measured in the RTTF with the fan on
are significantly higher than those measured with
the fan off. This result is to he expected be-
cause of the air turbulence created by the fan and
the added air velocity to the normal air flow in
the RTTF between intake and exhaust.

b) The deposition velocity measured LT/G is higher
than that measured in the RTTF with the fan off
and comparable with that with the fan on, except
far the case of thoron daughters. We cannot
explain this different behaviour for thoron
daughters at this point except noticing that en-
vironmental conditions U/C were considerably
different from those in the RTTF (see Tables 1
and 2). Furthermore, relatively large errors in
the estimation of the thoron decay products have
been shown when measurements are conducted in
radon and thoron mixtures using the method
indicated above and other five gross a-count
methods.

c) Average values calculated from all deposition
velocity measurements in the RTTF and U/G for
radon daughters and tlioron daughters show no
significant different, i.e., 0.2 cm/s and 0.24
cui/s, respectively (Tables t and 2). This seems
to indicate that ra<lun daughters and thoron
•laughters do not hi'havc ' i",nif Jointly different
.is far ns their deposition velocity is concerned
within the rnngp.of air velocity investigated
(" 0 - 1.2 m/s).

Additional data regarding deposition velocity
determined 11/G from discs at right angles to the air
flow give substantially higher values than those
obtained from measurements with discs parallel to the
air flow. The range of values obtained was 0.27 -
1.2 rm/s (avc. 0.58 cm/s) for radon daughters and
0,15 - 1.9 cm/s (ave. 0.56 cm/s) for thoron daughters.
This limited number of U/G measurements at right
angles to the air flow included discs with heavy
solid materials deposition including long-lived
radioactive dust present in mine air during certain
mining operations. The effect of discarding these
discs was to lower the upper deposition velocity
boundary and to reduce the average values to 0.43 cm/s
and 0.23 rm/s for radon daughters and thoron daugh-
ters, respectively.

Theoretical estimates of free radon daughters de-
position velocity by Jacobi (12) arc in the range of
0.5 - 1.5 cm/s on rough surfaces and 0.3 - 0.6 cm/s
on smooth surfaces. Radon daughter values cited by
PorstcndUrfer et al (13); MiSller and Schumann (14)
ore in the range 1 - 3 cm/s, whereas experimental
values by Scott (15) on radon daughters are in the
range 0.1 - 0.5 cm/s. As our .studies apply to rough
surfaces (U/G) and smooth surfaces (RTTF) it is
concluded that the values reported here for radon
daughters are significantly lower than those reported
by .lacobi, Porstendiirfer et al., and Mtfiler and
Schumann and in quite good agreement with data by
Scott. Furthermore, it may be concluded that the
deposition velocity for tlioron daughters is similar
to that obtained for radon daughters.

field. Some work on the effect of an electric field
on radon daughters has been reported by Jonassen (Ifc!
Studies on the effect of electric fields, positive
and negative, on thoron daughters are reported here.

Experimental Procedure and Apparatus

The effect of an electrostatic field on thoron
daughter concentration was studied by applying a DC
voltage in the range 0 to ±1000 V to aluminum metal
mesh electrodes which were designed and positioned
inside a smaller test facility (3 nt1) than the RTTF
referred to above (17) at about 2 cm from the inner
walls covering a total surface area of about 5.5 m*.
The effect of the electric field on the thoron daugh-
ter Working Level, Wl.(Tn), and other radiation vari-
ables including ThB, ThC and Rn-220 concentration vas
investigated. Negative voltages were used mainly.
Measurements were carried out initially at ground
potential for a period of time, after which a negative
potential was applied to the electrodes. Alterna-
tively, measurements were initially conducted with a
negative potential applied to the electrodes for a
period of time, after which the potential was de-
creased to ground potential. Electrical potential
'cycling' was also conducted. The electrical poten-
tial applied to the electrodes was supplied by a
±3000 V DC external power supply. Experiments were
preferentially conducted at low relative humidity
(<36Z) and low aerosol concentration, 1 x 10» cm"5.
The temperature was in the range 22°C to 28°C.

Sampling was done through adequate sampling ports
located in the test facility. WL(Tn), ThB and ThC
concentrations were determined by a two gross a-count
method developed for the purpose (3). In addition,
total gross a-count by grab-sampling and continuous
monitoring of Rn-220 and thoron daughters were con-
ducted by techniques described elsewhere (17). It
should be noted that there is a relationship between
gross a-count by grab-sampling and WL(Tn). However,
this relationship depends on the ThC/ThB concentration
ratio. This ratio varied with the electrical poten-
tial applied to the electrodes (see below) and other
conditions in the test facility. For these reasons,
n-count rather than WL(Tn) has preferentially been
given in this paper.

REMOVAL OF THORON DAUGHTERS BY AN EXTERNAL ELECTRO-
STATIC FIELD

The fact that radon find thoron daughters are
initially formed in an electrically charged state
suggests the possibility of using a variety of
external means to change their airborne concentration.
One such means is by the use of an external electric

Experimental Results and Discussion

Ficures 1A and IB show the effect of an electric
field on the thoron daughter level,.e.g., a-count,
versus time. Several WL(Tn) measurements are also
indicated. Figures tA and IB show that the thoron
daughter level decreases when a negative potential is
applied to the electrodes. These Figures also show
that the effect is reversible. The data shown were
obtained on two different days. The voltages used
were 0 V and -750 V.

Figure 2 shows u-spectrn obtained when no potential
is applied, and 190 min after applying -500 V to the
electrodes. The lower and higher energy peaks shown
in the spectra correspond to ThC (6.07 HeV) and ThC'
(8.78 MeV), respectively. The Figure provides clear
evidence of the removal of thoron daughters by an
electric field. ThC is obtained from the decay of
ThB collected in the filter and from ThC collected
directly on the filter, both during the sampling
period. Because of the short half-life of ThC'
(0.3 us), the presence of this radioisotope arises
mainly from the decay of ThC collected in the filter
during sampling. TliC' is in equilibrium (-v, 67Z) with
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FIGURE 1: THORON DAUGHTER 'i-COUNT VERSUS TIME. VERTICAL ARROWS INDICATE TIME AT WHICH VOLTAGE
WAS TURNED ON (UPPER CURVE) OR OFF (LOWER CURVE). HORIZONTAL ARROWS SHOW VOLTAGE
APPLIED TO THE ELECTRODES. SOME WL(Tn) MEASUREMENTS ARE ALSO SHOWN (X).

ThC on account of the short half-life of the farmer.

The experimental data in Figure t and 2 show that
under our experimental conditions of low relative
humidity and low aerosol concentration, the effect
of an electric field, arising from the application of
a negative voltage to the test facility electrodes, on
airborne thoron daughters is to significantly reduce
their concentration by a factor between 2 and 4.

Measurements of the thoron daughter concentration
ratio |ThC]/[ThB] show that the latter increases as
the applied voltage goes from a negative value to
ground potential. The opposite effect )s observed
when the voltage is chaged from ground potential to a
negative value. The results above seem to indicate
that ThC is more susceptible to the influence of an
electric field than ThB.

The decrease in thoron daughter concentration by
the application of a negative voltnge to the test
facility electrodes is consistent with two well
documented facts, namely: a) a large fraction of

thoron daughter aerosols are electrically charged;
and b) thoron daughters are initially formed in a
free, positively charged, state. From the dramatic
decrease in thoron daughters concentration in the
presence of the electric field, it may be concluded
that a large fraction K60Z of the radioactive aerosols
are electrically charged. However, the observation
that even much higher potentials do not reduce the
thoron daughter concentration to a negligible amount
indicates that a significant fraction of the thoron
daughters arc in a neutral electrical state. These
data are supported by ion-mobility field measurements
in underground mines and in the laboratory carried out
with a dual mobility spectrometer designed in-house
for the purpose. Furthermore, a decrease in thoron
daughter concentration was also noticed when using a
positive voltage. This effect is believed to arise
partly from thoron daughter aerosols present in a
negatively charged state.

The data so far obtained indicate that several
factors, or their combination, including relative
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humidity, thoron daughter stntc- of disequilibrium and
vnltnge strength and sign play .i nip.ii if leant, although
not clenrly understood role, it should be noted that
the rmpnniie of thnron dnnghtcr* to in electric field
i* a relatively ilow process an demonstrated by the
dntn presented.

No attempt has been mndc here to explain the
effect of an electric field on the ratio |ThCj/|TM!l
and other phenomena, except that investigations are
being continued in nn effort to elucidate these
effects. The data presented here for thoron daughters
are in Agreement with data for radon daughters report1-
ed recently (16). It is suggested that electrostatic
fields could he used in underground uranium mines as
a mean* to reduce rndon daughter and thoron daughter
concentrations.
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Question (Jonaaeen): Your value* of plate-out
velocities M e * to be In excellent agreement with
those reported by George at at., Scott, and
Mclaughlin.

Question (Jonassen}: Your electrostatic plate-out
box is rather a Faraday cage and does not
discriminate between positive and negative
daughters. The Held Is not well defined and the
field strength ts not known.

Answer: The surface area of the electrodes used
Is small compared with the total surface area of
the test facility used. Accurate knowledge of tlie
field configuration and strength of the field Is
secondary In the practical context of this paper.
The values quoted for the tlioron daughter charged
fraction agree quite well with measurements
conducted with a twin lon-moblllty spectrometer
designed In our laboratory for charged-partlcle
studlet.

Question (Jonassen): The apparently higher vilue
of fc than fa le probably a question of
uncertainty.

Answer: This le partly »o but selective plate-
out under our environmental condition*, I.e. low
aerosol concentration and low humidity, has been
observed.

Question (Toohey): Your first table showed a
value of 24Z unattached Ral and 35% unattached
RaC. Could you comment on how more of the KaC Is
unattached than Its parent?

Answer: The value* quoted are average value*
under our particular experimental condition!, I.e.
I.e., low relative humidity and low aeroiol con-
centration. These data may reflect selective
plate-out of decay product* on walls and other
large surfaces, Including monitoring
Instrumentation, located In the test facility.
Some uncertainty In the measurement M y also play
a role, at Indicated by Dr. Jonassen.

Question (Khan)t Depending upon the construction
Material of a radon chamber there can be
considerable deposition of radon daughter! on
valla. I have seen your radon chamber and t
recall that It we* made of plexiglass. Natural
atatlc charge on plexiglass can be a* high a*
4OO-5OOV. Have you aed* any measurements, without
applying voltage, In order to determine the
deposition on walls due to natural charge?

Answeri So** of the data presented la for
thoron daughter* In underground uranium, win**. To
ity knowledge, there arc no data available for this
particular case. However, the values reported
here are In excellent agreement with data by other
author* on radon and thoron daughter deposition
vetoclttea under laboratory controlled
conditions.

Answer; M* haven't found the atatlc charge on
chamber wall* to ha more than JOY under norms!
renditions. The effect of static charge was of
concern originally but we haven't found any
measurable and significant charge on the wall*.
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PRACTICAL APPROACH TO KETRGSPECTIVE ESTIMATION OP
RADON DAUGHTER CONCENTRATION IN THE

UNDERGROUND NINING ENVIRONMENT

A.». DORY AND D.A. CORKIM

Atomic Energy Control Soard
Ottawa. Ontario, Canada

ABSTRACT

The epldemiologlcal approach to assessment of
health effect* attributable to radon daughter
Inhalation by underground miners la still the au«t
reliant* aethod of determining the risk per unit
of exposure. Several groups of Miner* have been
studlcl In the past. The eoimon element of all
studies In a very poor quality of the exposure
itot.i. Very Hatted number of radon daughter
concentration measurement* were taken In tarlltr
year*.

Thin paper provide* .HI outline <if procedures and
Method* which cog I-I b» uied to estlMtt the
possible ranges of radon daughter concentrations
In any mtna, h.-wind an fciKiwi ventilation data and
1 {Ml ted mimhVr of me.inureaeHt* of radon daughter
concentrations.

Practical examples of estimation of ranges of
radon daughter concentrattons ar* also provided.

I. INTRODUCTION

Epldemlological evidence of radiation Induced
lung cancer among uranlua) and sosw non-uranium
hardrock miners tad to attempt* to analyse the
quality of the working environment In theie
Nines.

United nuaibcr of radon or radon daughter
Measurement* were used to derive "avtragt" working
condlttone In the Bines at the tl«e that radiation
exposure* leading to the development of lung
cancer* occurred. Unfortunately, when the assumed
"average" concentration* were derived, not
sufficient attention wan given to the clone
dependency of the radon daughter concentrations
on the design and operation of the ventilation
aystes), geological factors, Mining Methods and
work practices.

The desire to quantify the radiation risk in
developing lung cancer among Miners led In recent
yeara to «any attempts to Improve the radon
daughter exposure **tlmat«*.<l'<2'<3'

In order to aaalat in the estimation of past
radon daughter concentrations In the Mines, the
key factors effecting their concentration! arc
analysed. The various ways of gathering and
utilising thle information In the development of
radon daughter concentration estimate* are
discussed. The use of the computer model* In this
task 1* slso considered.

The working environment In mines Is dynamic and
changes frequently even at better controlled
conditions prevailing today. This Is gradually
being recognized and In the newer estimates of
past radon daughter exposure* range* rather than
single numbers of concentrations are used to avoid
an Implied precision which Is not Justifiable.

2. FACTORS EKrECTINC RAUON DAUfiHTKR CONCENTRATIONS
IN A MINK

2.1. Geological Conditions. The type, composi-
tion, structure, fracturing, porosity and perme-
ability of the host rock and or* will determine the
amount of radon and radon daughter* released into
the Mine environment. Also very Important Is the
pretense of groundwater in the orebody and it*
release into the mine environment. The presence of
water in the orebody and the surrounding ruck can
have a very dramatic effect on radon Influx Into
the mine. Mine water is known to Introduce radon
Into mine* where the composition of the host rock
and the ore Itself would not produce any
appreciable release* of radon into the mine
atmosphere.(*><*>

2.2. Mlnlna ?*.t>>ot' chotc* nf th* "Inlng method
has a twofold effect on the radon daughter
concentration. As th* mnhod of mining Influence*
the amount of ore broken at a time, its
fragmentation and the length of time th* broken
ore remains In th* stope, It governs the extent of
the total surface from which radon can emanate
into the working environment. Secondly, the
choice of Mining Method significantly effect* th*
efficiency and quality of th* workplace
ventilation.

2.1. Ventilation and Mine Design. Ths ventilation
system is th* most Important factor that will
govern th* radon daughtar concentrations In th*
workplac*. Dilution and removal by ventlistIon fa
the only practical swan* of controlling radon
daughter concentration in the workplace at this
time. Th* Mine design on the other hand, may Make
ths vent Hat ton system csrry out Its objective
mors, or lass effectively, tt would also influence
the level of radon daughtar coatsmlnstlon In the
air provided to Individual workplaces.

2.4. Work Practices. The organisation of the
•Ining cycle, distribution of responsibilities
among the workers Involved, th* extent of
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Mechanization utilized, drilling patterns,
blasting timing, shift timing and operating
policies in effect, are all Important factors
effecting the levels of radon daughter
concentrations to which workers are exposed in the
workplace.

3. SOURCES OF INFORMATION

3.1. Company records. The company records should
be the best source of information on all factors
Mentioned In section 2. Geological assessment
reports and the geological asps will usually give
sufficient information for the estimation of radon
daughter diffusion coefficient.

Nine production maps and stope sections are an
important source of Information on how the stopes
might have been ventilated: (the existence and
location of raises and millholes).

Documentation of the overall ventilation system of
the mine and periodic airflow measurements arc
generally required in all jurisdiction.
Ventilation maps and sections showing this
information at various times in the life of the
mine a n therefore most valuable tools in the
reconstruction of the working environment
conditions at any given time period of interest.

Studies of the production cycle could yield
important Information on the elements of the cycle
effecting the quality of the work environment
(e.g. type of drilling equipment used, use of
wetting during mucking operations, time of
•lasting-daring or after shift etc.) Company
standard practices are also a valuable source of
Information,

If a mining method utilising backfill was used.
It Is Important to determine the type of material
used. Wfcen a fraction of mill tailings from
uranium milling is used, the backfill material can
be a vary significant source of radon
contamination.

Record* of work environment quality monitoring
are also very helpful for eetlmatlon of radon
daughter concentrations* Particularly records of
concentrations of airborne must, blasting fumes
ana oxygen •efficiency records ara Important.
Results of radon and radon daughter meaaurementa
if any eelsts, are of prims importance.

If access could be gained to all the
information outlined above, the conditions of the
working environment could be estimated with
reasonable accuracy.

Unfortunately some of the historical records
ara difficult to obtain even at the mines still
operating. Shoctag" of storage space In many
Instances reaulta In old historical records being
discarded neglected or destroyed. The situation
la even worse In the case of mines no longer In
operation.

3.2, Government recorda. Some of the records
mentioned in chapter 3,1 a n submitted on regular

basis to the government agencies. At least the
ventilation plans and sections with results of
periodic ventilation surveys are frequently found
in the government records. Geological maps are
also frequently submitted to the government
agencies. Records of government safety
Inspections, government investigations and
commissions of enquiry will usually contain
valuable testimony and submissions regarding
working conditions and work environment quality.
However, government records are often subjected to
the same treatment as the company records -
destruction or neglect.

3.3. Workers Interviews. Valuable information
could be obtained by Interviewing present or
former employees. Interviewing has to be
approached with caution. Although questioning
should be done in a manner focusing attention on
the important factors to be addressed, the use of
leading or euggMtlve questions should be avoided
as they tend to blaa the answers obtained. As
time tends to obscure facts, the results of
Interviews have to be carefully analysed and
croasnferenced to obtain a reasonably accurate
Information, It is also important to crosscheck
this information with that obtained from other
sources. This Is even more important In
ascertaining dates of significant occurences and
changes which might have affected the quality of
the working environment. Dotes obtained from the
interviews are generally the least reliable part of
the collected information. One important factor in
obtaining information from workers Is, that whereby
official records with some exceptions represents
the conditions as they were "supposed to be",
without the consideration of the "human element".
Carefully and properly conducted interviews, should
give an understanding of the extent, to which these
"deelgn" practices ware adhered to in the day to
day operations.

4. UTILIZATION OP TNI DATA

One* all available data has been obtained, a
thorough analysis has to be undertaken. After
careful crosschecking of all the Information, the
objective is to estsbllsht

a. the sain ventilation system In existence at
the times for which the radon daughter
concentrations are to be estimated. Dates of
Implementation of major changes in the main
ventilation eystem should bs identified;

b. the prevailing work practices affecting the
actual ventilation of the workplaces;

c. the database of all available work environment
monitoring results, with a speclsl emphasis on
contaminants, that tend to behave similarly to
radon daughtere when introduced Into the mine
atmosphere;

d. all geological and operating Information from
which the radon diffusion Into the mine atmosphere
fro* the walla, broken ore and backfill material
could be estimated;
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c. u l n points of entry, quantity and quality of
Che oine water, i ts handling and Information on
puaping systea (location of suaps, condition of
ditches, pumping arrangeaents and capacities and
actual voluaes puaped).

5 . ESTIMATION OF RADON DAUGHTER CONCENTRATION

Fro* the asseabled Inforaation, an e s t i a a t e of
radon re lease in to the atmosphere throughout the
nine should be aade. When radon emanation froa
the wail* of Che s ine openings i s ca lculated,
allowance for increases in a rock surface should
be Made for the wall roughness, which result* In
usually wuch higher rates of eaanatlou than those
indicated froa laboratory t e s t i n g . ' 6 ' The
easnation rate uoutd in aany cases be affected by
tb» use of blowing, exliaustlnj; or coabined Bain
vent i l a t ion s y s t e a . Th<> e f f e c t of |>rv«>iurtZ4tlon
of the vent i la t ion s y n e a resul t ing in decreased
• Mnatlnn rat* , could In aany c»t»tt« be very
«i f ( f i ( f lc«ne . ( ' ) (a) jUiton releaxes froa broken
ore, backf i l l u t e r U ] unit aim* water *hould a lso
kt eittlmntri.

FIGURE 1:Radon daughter monltorinq results
Indlcottng the effect of b'owtng compreeeed
olr ot the face of o long dood and drift.
Rodon goa H the mine wo'er.

Jrow the 4n»ly->i> «f
an thv vuntil4ti'>" K

condition* ID

eollectfd infonMtlon
ami on rlie other

v^rkian envirunacntal
y:.*.*1 >n,i- ••. riie alna should he

For t.;.icple, ration daughter
concentration* in the workplaces Mould he greatly
Influenced by the existence and type of auxittary
ventilation. The use of coapressed air fro*
alning equipaent for ventilation. If aechanlcal
auxiliary or flow through ventilation was not
•vallable, would result in • different Mtttra of
radon daughter concentration. Figure I show the
effects of blowing coasreised atr at the workplace
1* a lon( dead end drift. Figure 2 indicate> the
effect of coaeresaed reaovsd while the workaan
continue* other work. These aeaiureaent* were
Md« In • it, Uwrence "fid. fluor*»ir sine by
J.P. Wndiih in ItJt. tht orgwHiMlon of the
•rocett eycU will have a M M significant effect
In the absence of Mechanical ventilation than If
•echantcal ventilation existed. A liberal MM of
water fogging devices during and1 after bleating
and during aweklng, tends to redure radon davgfetar
euncantration* nlgnlfleantly tven If no atr
•ovasMnt It •Miureablo.l")

The radon daughter concentratInns In the •topea
would depend to a large axtent on the atning
•ethod uaed. For eMaele the uat of thrinkage
•toalng doea not raeuira aa an essential part of
the process to have a ralaa broken through fro*
the atope to the next l«v«l above. A* a raault,
driving of the raise to the next level waa often
neglected In the past* Thla practice resulted 1*
poor vent Hat ton In the Hope. Ang the large
quantity of broken or* la the slope aarved aa •
practically unllaitad source of radon supply. If
In turn, a cut and f i l l alning aathod waa used, a
rail* to the next level above had to bo driven at
the begining of alning of the stope to provide the
routa for f i l l aatarlal for the atope. Thia
provided for a flowthrough ventilation In the
atope. The aawunt of broken or* In the stope
would be Minimal In eoaparUon with the ehrinkage
•tope, thua reducing the radon source* In the

COMPRESSED AIR
ON 4 HOURS

COMORESSCP AM
ON 12 HOURS

so 100 1 5 0 a o o a s o
INSTANCE FROM VENTILATION (METRES)

FKJUt 2:Koden Douo^tor rnentiering raautta
In a tone) deod «nd dnft oftar tho rafnevof
of maehonlco! vonttlot'o".

80 T
DWTANCE FROM VCNTfUTION
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radon source* In the stope. Figure 3 t* a portion
of a longitudinal section of the IRON SPRINGS
MINE, St. lawrence, Nfld. This was found In a
Newfoundland government publication dated 1957.
It Indicate* a nuaber of scopes with no break-
throughs to the level above a» well am a nuaber of
very large scope* with only one open way.

Mony STMMC I
for vorrlMotlon totho lovol

WOO ©Tliy ODOU*

Obviously • great variety of Mining Methods
•Mitt i and we cannot discuss tht effect all tiiaaa
o* the radon daughter concentration* In the stops.
D w above coaparison w a choosan to Illustrate the
need for thorough sesttsoant of tha Mining
techniques used, before an attea** la Made to
derive radon daughter concantratlona In a
workplace.

Watar aa a significant aourca of radon was
already discussed. Handling of tha aina watar can
tkarafota Influanca tha ralaaaa of radon Into tha
•Ina ataospher*. In Many cases thla could result
In centaalnat Ion of fresh air eve* before It
reaches the workplaces. It la therefore laportent
to datenlM the way the Mine water waa handled
underground.

Once all the factors have been analysts', ranges
of radon daughter concentratlone could be
eatluted for various areas and workplaces In tho
•Ina.

6. VERIFICATION OF ESTIMATES

Once the radon daughter concentrations have been
estlaated, it Is important to verify the validity
of these estlaate*. The choice of verification
•ethod depend* on the actual situation. If the
alne 1* still accetsible and if soae radon or
radon daughter concentration MeasureMent* exists,
the choice of verification procedure 1* different
than If the sine is not accessible.

6.1. Mathematical Modeling. Various Mathematical
Model* could be used to verify the esttMates of
radon daughter concentrations. Careful consider-
ation should be given to the choice of a Model
appropriate to the situation. The Model should
have provisions to reflect all the key factor*
affecting the radon daughter concentrations. If
SOMC radon daughter concentration Monitoring
results, together with tnforaation on tha working
condition* at the tlo* of saMpling exist, an
excellent verification and calibration of the Model
could be carried out. The known factors on the
working environaent could be "fed" Into the Modal
and the radon daughter concentration estimates
generated by the Model could be compared to those
which have been Measured. If radon daughter
concentration MMsursMents do not exist, result* of
Monitoring of other airborne contaMlnant* could be
used/'0' however, allowance should be made for
a different characteristics of radon and radon
daughters, e.g. that the growth of radon daughters
occur* after a certain tiae lapse froa the ttae the
radon enters the atrstreaa. The effect In fora of
the presence of radon daughters will tharfore occur
BOM* distance "downatreaa" in the airflow froa the
radon source. This distance depends on the
velocity of the airflow.

6.2. IlMulation of paat conditions. If the aine,
for which the radon daughter concentration
esclMate* are being established 1* still accessible
and In operation or operating condition,
representative workplaces could be chooaen. Hie
basic roquireMMt Is, that tha working condition*
In these workplaces could b* Modified to reflect as
cloaa aa possible tha conditions established to
exist at tha tlaepertod for which the radon
daughter concentration estlMate* have been
generated. The workplaces should be then operated
under the conditions for which the estlMate* are to
be aada.

Frequent MsaaureMents of tho concentration of
radon, radon daughters and other airborne contaal-
nants ehould be Made together with ventilation
•MiuroMMte. These MsasureMsnts could also be
uaed for verification and calibration of MtheMtl-
cal Models used for generation of radon daughter
concentration Mtlaata*. There are Many instances
when radon concentration MsaaureMsnte have been
Made in earlier yeara of urealwa Mining. To uee
tha result* of these MaaaursMMt* for radon
daughter concentration dateralMtlon, the
eaulllbrtuM ratloa have to be known. These could
be situated, but if a ISM 1st ton studies are
conducted, the eejiillbrluM ratios could be
determined with Much greater accuracy.
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It Is preferable to use simul .cion studies for
calibration and verification of mathematical
models to increase the decree of confidence in
estimate* generated by tbeie models, rather than
obtaining radon daughter concentration estimates
directly fro* records and reports. The
reconstruction of the variuus operational
conditions chat existed in different parts of the
nine to develop directly observed concentrations
generally applicable to the whole mine would not
be economically feasible and in many case*
technically Impossible. (The technilogy used in
the past operations sight no longer be available).

7. ANALYSKS OF RECENT ESTIMATION STUDIES

Attempts to Improve radon daughter exposure
data tn epidumiological studies of various sioer
groups tn Canada, led t« three independent radon
d/iufchrer cunrentretlon estimations studies tn
rcesnt li-nes. The following short review of their
ex*i:uti'in and Methodology It provided in the light
of ttwt iirocfdufKk recommended in thU paper.

'•' lit .
fu»»s (.-•wer

increased
St.Lawrence~QI fu»»s (.-•wer awing

fiuorspar niner* w«s M-'ittified in late HSO's.
Surveys at < w of tUe are* slues identified the
presence of utgnjfleant concentrations of radon
daughter* in the mine.*'*' At the tlae of the
survey* only on# Mine warn accessible and in
operation fro* eight fluorspar sines in the area.
The result* of the surveys were used to develop a*
estimated concent rat ion which Mas then used for
exposure estimation for workers who worked *c all
f luorspsr sines from I931-INO.<12^

In 1912-191) a study wae undertaken to develop
new radon daughter concentration estimate* for the
various sine* tn the area. All the fluorspar
sine* tn ft .Lawrence had been abandoned and
flooded fn 1*77, and therefore no direct access to
the Mine* wan possible.

Ifct first step wa* to review the existing
company data, Unfortunately, emit of the company
record* have been lost or destroyed after the
•ln«s were shut down tn lt>77. Nuwover mining sap*
and section* showing- yearly progrecs of operation
lor most of the mint* nave been found. As there
waa a Royal Commission Inquiry In 1*6* Into the
conditions In tne Bines, valuable information has
been assembled In the Company submission to tne
Royal Commission. The submission a* wall aa data
published by those who rerrled out aurvey* of
radon daughter concentrations at <>n* of the sine*
In 19)9 and I H O contained « U o the description of
condition* at the tlse and location of the
measurements. Unfortunately ventilation sap* or
quantitative ventilation recorda have not been
found, Ae the sin* water was Identified aa the
•ourc* of radon In the sine* and recorda of radon
content of the sine water have been obtained and
recorded* tt wa* comparatively simple to calculate
the Influx of radon Into the sin* atmospher*.

A w a r y report on the history of Individual
•Inea, their progressive development, description
of mining stthods, operatlnic practice* and

technology used has been obtained from the compsny
records. The rupnrt also provided a Rood
description on tlu> source and amount of mine water
tn the various nines.

The review of government records yielded
report* of nine inspectors who visited the mines
at various Lines from I** 16 to 1959 and records of
testimony of workers at an industrial tribunal
hearing In the early 1940's. Briefs submitted to
the Royal Commission in 1968 have been also found
together with records of witnesses testimony.

An extensive collection of interviews ulth the
miners uho worked in the mines from their
establishment in t°33 until I960 has been
previously assembled and published. These
published data were further augmented by
additional interviews with other former miners and
staff members who worked at the vsrlous mine*.

Cnrcful review and correlation of all the data
Assembled allowed tlie author* to estimate the
working conditions in each mine In various year* of
operation. Using the results of the It}*-I960
nurvrys of radon daughter concentration*, at one of
the sines, ranges of radon daughter concentrations
in individual nines for each year of their
operation have been estimated. Ranges of radon
daughter concentration* for various workplace
conditions as the function of the type of
ventilation and the amount of sine water Inflow
were also estimated. The annual ranges at
individual nines were estimated in a sanner to
represent average rather than extreme condition* at
the given sine tn the given year.

the estimated working condition* for various
mines were used In a mathematical model of a
workplace ventilation tystem. The Model wa*
calibrated by ualng Information collected In the
I9S9-196O aurvey. Hi* radon daughter
concentration value* generated by the Model run
confirmed the validity of the estimated average
radon daughter concentration range*. Figure 4
•how* two result* for long dead end drift* with two
rate* of water Influx Into the drift*.

7.2. teaverlodie mine*. On December ) , 1 M 1 .
fldorado Nuclear Ltd. announced It would cea*a
operation* at It* ttavarlodge Mlnc-alll complex
within « Months, to end about thirty year* of
uranium mining and milling at thi* sit*. A*
Individual radon daughter exposure record keeping
had began only In 19M the proceeding year*
enpoeurea for worker* hid been eatlmated from paat
records. Various air sampling studies and
engineering measurement had been used. Discussion*
were Initiated aa to the feasibility of conducting
a teat to recreate pset working conditions In a
representative underground workplace before the
mine closed. The cooperation of the company, the
workers representative and provincial and federal
regulatory authorities was required and during
these dlecusefons an agreement on the method was
prepared. During these discussion* former miners
and ahlftboMee* still working at the mine were
Interviewed to aeleet a suitable work-place
reflecting on* of the paat mining mtthods. Their
experience wa* also uaed, along with a study
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FIGURE 4:Rodon daughter iump't reaultm for a
long connprifMd air ventilated drfft versus
reeu'ts from e radon estlmat'on mathematical
mod*' for o efmllor hypothetical drift.The
north drift wai rruch drier.
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of a fav coapaay documents available, to plan tha
conditions of vaatUatlon Airing the taat Mining.
It w i decided to go with the wont coadltloae of
no ventilation other tbaa the ralaaaa of
coapressed air oaring mining operatioaa and fro*
headers between shifts, rortunatly tba Miners
familiar with thle work location and the Mining
Method volunteered for the taat. Tha taat period
waa organised ao that all atagaa of tha mining
cycle would occwrt drilling, slushing, Mucking,
tramming ana* that all relevant envlrotamttal
pareaetars be Monitored. Tha i | m m t between
tha partlee further allowed for «ach to Include a
•actten In the report expressing any particular
observation and/or concern* they had regarding tha
test. The taat Bluing waa carried out and haa
considerably added to tha total Information
available for tha evaluation of workera peat
axaoaura aatlaataa. Of particular interest wee
the confirmation ot result• fro* other taata that
tha aaall awount of coaareaeee1 air Introduced to
tha heading considerably reduced tha radiation
lavela around the alnar. Alao of Interest wee
that xn tha heading, tha fog produced ky tha drill
axhauat required tha header to ha turned on
allghtly ao the worker could see tha face. TMa
would further reduce the duet and radiation
exposure at tha lace.

7.3. Illlot take Mines. RacognUlng tha uncar-
talntlas with the recorded data and tha under-

standing of the underground sine environment which
existed in the early days of mining In Elliot Lake
it use proposed to recreate certain alnlug
conditions to verify a realistic working nodel. The
nodel parameters could then be used to furchcr
explore other conditions that sight have occurred
during this period. The first phase of the program
was to gather as much information as possible about
Che nominal work practices, ventilation conditions,
dust control and geology of the late 1950's. To
that end Miners who worked in the mines during that
time were interviewed for their recollections of
the work practices and conditions. K questionnaire
to be followed by the interviewer was prepared and
approved V all parties involved: the company,
union and federal and provincial agencies. Asked
to recall conditions 25 years previous when the
mines were rapidly expanding resulted in a wide
range of responses but a general picture of the
conditions of that time could be summarised from
the Interviews. The files of the companies war*
ravtawad for past reports with recorded
observations and environmental monitoring results.

Zn second phase of tha study a mathematical
model waa developed to predict radon, thoron and
daughter concentrations In a mine workplace given
environmental and geological conditions. It was
confirmed with tha model that the ventilation
volumes and patterns had the greatest effect and
that the experimental portion of the study should
concentrate on this.

In the third phase, a workplace In a mine In
Elliot Lake was selected as representative of one
typo of mining in the late SO'a. Also the
ventilation volumes could be easily varied with
protection supplied for the workers. The location
waa remote from other workings. The workplace was
•ado available for a Z week period. During tha
experimental program along with tha radiation
and duet concentrations and air flow patters were
alao meaaured. Tha numerous •aaauramsnta allowed
for an wndoratandlng of tha variation throughout
tha work environment ao that some of the historical
aeopllag which had not keen dona right at tha work
location could be related to It. Alao of
particular Interest were a number of locations
whan under low air flow conditions a raclrculatlon
•one of air within tha workplace allowed the radon
to decay more than If tha air flowed out directly.
Theee tones would have to he Included In tha
mathematical Model, to refine tha estlaate and to
pradtet other work situations. Of most importance
la tha confirmation of tha low concentration of
contaminants In tha work aona during drilling
becauea of tha compressed air released directly
around the workmen. This observation should be
considered in deriving tha miners estimated
exposures for tha aarly years.

I. COHCUISIOH

The three examples of tha estimation of radon
daughter concentrations at various mines clearly
Indicate, that a reasonably accurate estimates
could be developed, If a proper analysis of all
factors affecting tha radon daughter concentrations
In tha workplaces la undertaken. Tha present level
of knowledge of radon and radon daughter behaviour
In tha mine atmosphere allows much better
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estimation than that derived fro;n averaging the
results of sporadic measurements of various
locations In a nine.

The ranges of radon daughter concentrations
developed by the described method should then be
used to calculate radon daughter exposures for
groups of miners participating in epidemiological
studies to assess the health effect of exposure to
radon daughters. The authors would strongly
advise against the use of single numbers instead
of ranges of concentrations, as the variability of
work environment conditions in mines at all times
does not allow the development of estimates, which
would have a prerislon justifying the use of
single nuishc-rs for radon daughter concentrations.

The on; 1 in*.' of intricate relations between
various geological, engineering and operational
factors and the radon daughter concentrations in a
nine or its part, makes it obvious, that the
estimation of radon daughter concentrations for
the purpose ot establishment of radon daughter
exposure records should always be done by
professionals in the mining engineering field,
rather than professionals in the field of health
science. Unfortunately this was not the case in
many existing apid.?;aiological studies raising
questions about the validity of their derived risk
estimates per unit of txpusure.
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DISCUSSION

Question (Swent): From your experience in
reconstructing past exposures, would you say that
the tendency to estimate such exposures without
your mining expertise would be to underestimate or
overestimate the exposures?

Answer: In the St. Lawrence nines where the radon
is released from water which predominantly enters
in the lowest levels of the mines, the
measurements of radon daughter concentrations
made in the upper levels have lower values than
those made in the lower levels of the nines.
Estimates of exposures based only on an average of
these concentrations would therefore underestimate
exposures because most men worked in the lower
levels where the mine was most recently developed.

In underground uranium mines, the
surprising efficiency of a small volume of fresh
air to clean the immediate area of its release has
caused us to question the exposure estimates aade
for those who might work there. There is some
evidence that the exposure estinates attributable
to the workplace might not have been the result of
sampling directly in this zone. lite size of any
possible effect or the number of workers affected
is not known at this time.
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ABSTRACT

The physical characteristics of alpha-emitting
long-lived dust were investigated in uranium mines and
mills. The MMAD and AMAD were generally within the
range of 2 to 10 Jim with standard geometric deviations
between 3 and 5. Radon emanation rates from uranium
bearing particles is about 30%. The activity air con-
centration of alpha emitting dust ranges from 10 to
700 mBq/m-' in underground locations and from 10 to
2000 raBq/m3 in mills.

INTRODUCTION

The application of radiation protection regulations
(or recommendations) gives rise to the issue of how
ore dust in underground uranium mines should be taken
into account. The main parameters required to
quantify exposure to uranium ore dust through in-
halation are: dust concentration, its size distribu-
tion and radionuclide make-up. From these physical
characteristics it is possible to calculate the
Committed Dose Equivalents and to determine the
Annual Limits of Intake (ALI) and the Derived Air
Concentrations (DAC) under various mine and mill
conditions.

This paper presents the physical characteristics of
airborne uranium ore dust sampled at two uranium mines
and two mills where both uranium and thorium are pre-
sent.

Dust concentrations and size distributions were
measured at all sample locations. Complete identi-
fication and quantification of alpha emitting radio-
nuclides on all samples was not always possible.
lf-238 and Th-232 were evaluated by alpha spectrometry
and in some cases by neutron activation analysis.

Sampling locations in the mines and mills are
indicated in tables l(a) and l(b) where a total of 90
open face filter samples and 42 cascade impactor
samples were taken. The parameters measured on each
dust sample are indicated on table (2).

MEASUREMENT METHODS AND ASSOCIATED ERRORS

Total Dust Mass Measurement

Blank and dust-loaded filters and cascade impactor
substrates are weighed on a micro-balance after at
least twenty-four hours in the lab environment. The
error on the mass of dust collected on the open face
filter samples ranges from 1 to 13% depending on the
dust load. The error on the mass of dust collected
on cascade impactor substrates ranges from 1 to 50%,
except in instances where the mass of dust collected
on lower stages is not measureable.

TABLE 1 (a): SAMPLING LOCATIONS IN UNDERGROUND
URANIUM MINES

Underground Sampling Mine A Mine B No. of
Location Samples

Active Stope *

Rock Breaker

Jaw Crusher

Beltway

Haulage drift

Main Air Intake

Main Air Exhaust

Refuge Station

U

17

20

17

14

4

4

4

* air sampling in active stopes covers several
mining operations, such as drilling, mucking,
scaling and roof-bolting.

TABLE l(b): SAMPLING LOCATIONS IN URANIUM MILLS

Mill Sampling
Location

Jaw Crusher

Cone Crusher

Screens

Grinding

Dewatering Disc Filter

Drum Filters

Acid Precipitation

U. Concentrate Drying

U. Concentrate Packing

Mill A

X

X

X

X

X

X

X

X

Mill B

X

X

X

X

X

No. of
Samples

2

8

8

5

4

4

11

3

3

* Present address: Atomic Energy Control Board
P.O. Box 1046
Ottawa, Canada
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TABLE 2: PHYSICAL PARAMETERS MEASURED
ON DUST SAMPLES

the apparent grade of uranium ore dust. Errors
associated with gross alpha counting are timing,
calibration and statistical errors.

Parameters
Measured

Open Face
Filter

Cascade lmpactor
Substrates

Total Dust
Concentration

Mass Size
Distribution

Activity S;.z«
Distribution

Total Al.;.hu
Activity

A] ?l>a

C-^JS i Th-232
,viass lieasurement
by Neutron
Activation

Aerosol samples are taken on open face membrane
filters (47mm diameter, 1.2 pm pore size). Sample
volumes are 1 to 2 «' of air and sampling times range
from 30 to 200 minutes depending on flowrate. During
sampling the collecting surface is held perpendicular
to the direction of si.r fj/ow-

Alpha Spectroinetry

Open face filters and cascade impactor substrates
are analysed using a diffused junction detector
together with a multichannel analyser. The equip-
ment is calibrated for geometric efficiency and peak
resolution with alpha sources of known activity and
energy (Pu-239, Am-241, Th-230). Due to the small
quantities of radioactive material collected on most
samples, long counting times (up to 400,000 seconds)
are needed to obtain significant spectra. The sharp-
ness of the spectra varies greatly between samples
independent of the total mass of dust collected on
filters or substrates (see Fig. 1 and fig. 2).

50 60 70
ENERGY (M.V)

FIGURE 1: EXAMPLE OF AN ALPHA ENERGY
SPECTRUM FROM AN UNDERGROUND
DUST SAMPLE.

Dust - Size Distribution Measurement

The dust is collected on preweighed glass fibre
substrates and then weighed for dust mass determina-
tion. The size distribution is determined using a
Sierra Model 210 Cascade Impactor. Cascade Impactor
samples are collected over long periods of time due to
the low flowrates imposed by the final stage of the
instrument. The substrates are also analysed for
gross alpha activity and alpha spectrometry.

For practical reasons (ease of handling, reduced
particle bounce and relatively low mass) glass fibre
substrates are always used for cascade impactor
samples. In the absence of Cascade Impactor cali-
bration under actual mine and mill conditions and
because of the discrepency between theoretical and
practical collection efficiency on glass fibre sub-
strates, (1) the Mass Median Aerodynamic Diameters
(MMAD), Activity Median Aerodynamic Diameters (AMAD),
and the standard geometric deviations (<Tg) in this
paper are current best estimates. Further work should
be undertaken to calibrate cascade impactors under
actual working conditions.

Measurements

Gross alpha activity is measured using Ludlum
Model 2000 sealers equipped with two-inch diameter
zinc sulphide scintillators- Samples are held for a
minimum of four days before being analysed for alpha
activity, in order to allow radon/thoron daughters
collected on the sample to decay away. Specific
volume activity in (Bq/m3) is calculated along with

80

50

20

90

60

30

0

r '**

• / v
. V-.» »• ».

—J 1 L ! 1 l 1_
50 60 70
ENERGY (MtVI

FIGURE 2: EXAMPLE OF AN AL?PA srEC^r '
FROM AN uNLiiRGRaUND DUST
SAMPLE.

Spectra were analysed further to evaluate the number
of counts present within the distinguishable peaks.
This was achieved crudely by measuring the different
peak areas using a planimeter.

RESULTS

Total Dust Mass Concent ••• *• i n i.- Ajr

Total dust mass concentrations found <.t f.ic vari-
ous sampling locations are summarized on Figure 3
(underground) and Figure 4 (mills).
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FIGURE 3: DUST MASS CONCENTRATION AND ALPHA ACTIVITY CONCENTRATION
AT UNDERGROUND LOCATIONS. SOLID AND DOTTED LINES INDICATE THE RANGE OF OBSERVED VALUES.
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IN MILL LOCATIONS. SOLID AND DOTTED LINES INDICATE THE RANGE OF OBSERVED VALUES.
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Tin total dust mass concentrations are consistently
in thi' vicinity of 1,000 jjg/m-* throughout the mine
situs, cxrcpt at rock-breaker and crusher locations,
when- tliu dust concentrations are affected by the
activity of this equipment.

It must be remembered that the airborne dust col-
lected on open face filters and cascade impactor
surstrares includes all types of dust present in the
working environment (mineral dust, diesel smoke part-
icles, and open atmosphere aerosols driven into the
minr bv the ventilation systems).

'!.•>!.•! I Must Mass and Act iv i ty Dis t r ibut ion in I'nder-
; : ' I I I I IJ locat ions

The cumulated mass of dust collected on the n last

jt.",es of the Cascade Impactor is plotted against

the cut-oil' Jiameter of stage n on log-normal graph

paper. Q n this graph paper, particle size and

'n.i-r. a: st ribut ions are often close to a straight line.

iroia the graph, the MMAD is determined at the intercept

i>f th•• fjrapi, with the 50% probability ordinate

'\>p, J 0 £ ) . The geometric standard deviation (5~g) of

tin distribution is given by the ratio Dp,50%.

Dp,16%

Ex.-.ir.ples of Mass Aerodynamic Diam.'ter distributions

and Activity Diameter distributions are given in

ti«i.i'. ! and figure 6.

1.0 10.
DIAMETER I^iM)

100.

FIGURE 5: MASS AERODYNAMIC DIAMETER (0)
AND ACTIVITY AERODYNAMIC
DIAMETER (X) DISTRIBUTION
(BELTWAY).

99.9

1.0 2.0 50 10
DIAMETER /•*

FIGURE 6: MASS AERODYNAMIC DIAMETER (0)
AND ACTIVITY AERODYNAMIC
DIAMETER (A) FROM AN UNDER-
GROUND SAMPLE (STOPE).

Cross alpha founts from Cascade Impactor sub-
strates are processed in the same manner as mass
measurement. The results are summarized on figure 7.

In underground aroas (stopes, crusher and rock
breaker locations) most of the MMAD's and AMAD's are
in the range of 2 to 10 urn. In crusher and rock
breaker locations MMAD's and AMAD's are similar.indi-
cating few interferences from non-uranium ore
materials. In stopes, the AMAD's are on average
larger than MMAD's. In haulage ways, AMAD's are
spread over a wider range, from 2 to about 30 urn.

From a radiation protection and regulatory view-
point, only AMAD's are significant.

It seems reasonable to suggest that a mean AMAD
of 5 urn be used for calculating a uranium ore dust
ALI (and the corresponding DAC) for all underground
occupations, except for workers who spend most of
their time in haulage or travel ways, where the AMAD
should be taken as 10 um.

Total Dust and Activity Distribution in Mill Locations

In uranium mills, the mass of dust collected on
the lower stages of the cascade impactor is not always
measureable. Consequently, only the distribution of
the Activity Aerodynamic Diameter is investigated.
The results are summarized on figure B. The AMAD's
under mill conditions are all in the range of 5 to
10 um, with s"S'->-3. For radiation protection purposes,
a mean AMAD of 7 pm could could be used for calcula-
ting ALI's and DAC's for long-lived airborne radio-
nuclides in uranium mills.

Alpha Spectrometry Sample Analysis

The number of counts in the Po-218 and Po-214
peaks were measured on some sharper alpha spectra
obtained from open face filters, (figure 1). These
count numbers are compared with the total number of
alpha counts observed on the samples. For the pur-
pose of this analysis, it is assumed that the ratio
U/Th in the ore is 2/1. In the case of secular
equilibrium in the ore between all the elements of
U-238, U-235 and Th-232 decay series,

(Po-218 + Po-214) alpha counts _ 0.21.
total alpha counts "~

Any lower ratio indicates that some radon has
escaped from ore particles. The results of these
analyses, conducted on 9 samples, are summarized in
table 3 and seem to indicate that emanation rates vary
between 0 to 50%.

Although each alpha emitter cannot be identified
on the spectra, the major peaks due to (U-238),
(Th-230, U-234, Ra-226), (Po-210, Rn-222), Po-218,
Bi-212), (Po-214), (Th-232), are easily identified.

In mill locations, downstream of acid leaching,
the major contributors to alpha activity are U-238 and
U-234. (Figures 9 6, 10).

TABLE i: IPo-218 + I'o-Jl'l A! PHA COUNTS VS.
TOTAL ALPHA COUNTS, AND KADlK EMANATION RATE

Po-218

988
620
700

6244

1851
89b
707
494
788

Po-214

10U0
577
728

5861

1899
763
716
530
746

Total Alpha
Count?

12511
11488

13993
63711
15824
S294
10554
6417
10503

tvnanat ion

Ratt

0.24
0.50
0.51
0.10

0
0.05
0.3b
0.25
0.30
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and Thj^ eutron

All filters and cascade Impactor substrates were
analysed for their dust mass,gross alpha activity
and alpha spectrometry. A subset of these samples
were analysed for U-238 and Th-232 by neutron
activation. The ratio is within the range of 2/1 and
3/1, which is consistent with the local ore
characteristics.

From the mass of U-238 and Th-232 measured by
neutron activation, the theoretical total alpha
activity of the samples was calculated, and compared
with the gross alpha counts previously obtained.

Although there is a good agreement. In average,
between neutron activation and gross alpha activity,
wide discrepancies are observed on individual samples.

R =
calculated alpha activity
observed alpha activity is given

on figure 11 for open face filter samples, and on
figure 12 for cascade impactor samples.

10

No
OFCASES

• I . I ,
.3 .5 .7 .9 I.I 1.3 1.5 1.7 1.9

R
FIGURE 11: RATIO (R) BETWEEN CALCULATED AND MEASURED

ALPHA ACTIVITY FOR OPEN FACE FILTERS

The calculated alpha activity expected on open
face filters is on average lower than that measured.
Since no evidence of misealibration was found, it is
assumed that some of the dust collected on open face
filters was lost during transportation to the neutron
activation laboratory.

This hypothesis is sustained by the better agree-
ment (figure 12) found on cascade impactor glass fiber
substrates which are less susceptible to losing
material than are membrane filters.
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FIGURE 12: RATIO (R) BETWEEN CALCULATED AND
MEASURED ALPHA ACTIVITY FOR CASCADE
IMPACTOR SUBSTRATES

Some sets of cascade impactor substrates show an
apparent grade decrease of the collected material
for smaller size. This may be due to the presence of
diesel smoke particles collected on the lower stages
of the impactor. They contribute to the mass but
not to the activity collected.

Conclusion

DISCUSSION

Question (Mason): I am interested to see that the
AMAD values you obtain are comparable, in general,
tfiti) those that we have been observing in
Australia, but in one of your slides you show an
AMAD of about 22 micrometres and I should be
Interested to know what cascade impactor you
use that has a measurement range extending that
high; In our experience such instruments
generally have a first-stage cut-off of little
more than 10 micrometres.

Answer: Only 34% of the activity collected was on
stages 2 to 8 of the cascade impactor. Since the
cut-off diameter of stage 2 is 7.8 micrometres,
the AMAD of this distribution was extrapolated
from the distribution observed on the lower stages
and found to be 22 micrrtnetres.

Question (Bouville): What is the range of
232Tn/238u ratios measured in Canadian
uranium mines?

Airborne long-lived aerosols are present in mea-
sureable quantities in aJl l^i'ations of uranium
mines and mills. in general, their dimension ranges
from 5 to 10 ft m, with a standard geometric
deviation of 3 to 5. In underground and surface
locations where the ore is prepared for chemical
processing, all the natural radionuclides of U-238,
U-235 and Th-232 are found in the dust. The secular
equilibrium is broken in the lower part of the decay
chain due to radon emanation; the contribution of
Po-210 to the committed dose equivalent is reduced
accordingly.

In mill locations starting at the acid leaching
tanks, only U-238, U-234 and U-235 are present in
long-lived aerosols. The ALI and DAC for long-lived
aerosols must be calculated accordingly.

It seems reasonable to suggest that a mean AMAD
of 5̂ i»ra be used for calculating a uranium ore dust
ALI, and the corresponding DAC, for all underground
occupations, except for workers who spend most of
their time in haulage and travelways, where the AMAD
should be taken as lO^om. In mill working places,
the suggested mean AMAD is 7 i/m.

However, since it seems possible to observe wide
variations of the AMAD depending upon site or process
specific conditions, it would be prudent to measure
periodically the physical characteristics of long-
lived aerosols in uranium mines and mills.

The accurate determination of ALIs and DACs should
also take into account the radon emation rate and the
radionuclide make-up of the dust in mills atmosphere.

Acknowledgements

This work was sponsored by the Atomic Energy
Control Board of Canada.

Answer: In mass, the ratio 232Th/238U
ranges from 1/2 to 1/3, on our dust samples. It
is possible that at places, in the orebody, this
ratio is different.

Question (Singh): I do not see any reason for
measuring 232-ph in uranium mine air. Could
you explain It?

Answer: In the mines where the study was
conducted, the mass ratio U/Th is from 3/1 to 2/1.

Question (Singh): Your alpha spectra were so poor
that you can not separate 2 3 4U from 2 3 0Th.
Then how do you know how much 230Th is present
in the dust?

Answer: 23^Th is not identified by alpha
spectrometry.

Comment (Singh): Let me tell you that your alpha
spec
232
spectra were so poor that you could not separate
232 238 ?3fl ?1£

from and JUTh from U.

Answer: 232Th and 2 3 8U were measured by
neutron activation.

Reference

(1) RAO, A.K., An Experimental Study of Inertial
Impactors, Ph.D. Thesis, University of
Minnesota, 1975

Question (Cross): I may have missed it but in
your activity sizing are you measuring only the
long-lived radioactivity, excluding the short-
lived radon daughters?
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Answer: Yes, we start our counts late enough to
exclude the short-lived daughters.

Question (Martinson): Variations in concentra-
tions at specific workplaces underground nay be
due to variations in ventilation flow rates, or
variations in emission rates, or both; in the
studies described was any attempt made to isolate
the two factors?

Answer: No attempt was made to identify the
sources of variation of dust concentration. The
sampling times were long enough (4h to 15h) to
cover several of the mining activities, like
drilling, mucking, scaling, and even periods of
non-activity. No attempt was made to identify and
quantify changes in ventilation rate.



1% SCOTT

RECREATING THE URANIUM MINING ENVIRONMENT OF THE 195O'S
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DSMA ATCON LTD.
Toronto, Ontario

ABSTRACT

A picture of uranium mining practices at Elliot
Lake in the late 1950's was built up from interviews
with old miners and a review of contemporary litera-
ture. These practices were simulated at a pilot
raise in an operating uranium mine. Extensive measure-
ments were made of the resulting radiological condi-
tions, which were similar to those reported in the
1950's. A general computer model of airborne concen-
trations versus ventilation was calibrated with the
measurements, and used to estimate changes in miner
exposure from the 1950's to today.

INTRODUCTION

The radiation environment to which an Ontario
uranium miner was exposed in the late 1950's differs
from that existing today. Mining methods, equipment,
and both ventilation and dust control standards have
all changed. To quantify these changes, the Atomic
Energy Control Board proposed a study in an operating
uranium mine at Elliot Lake to recreate the mining
conditions of the 1950's, and to determine how they
differed from those existing today. This was
supported by both the miners' union and the mining
companies. A contract was awarded to DSMA ATCON LTD.
to carry out the work.

PROGRAM ORGANIZATION

The program was carried out in 4 phases. In the
first phase interviews were held with miners who had
worked in Elliot Lake in the late 1950's to obtain
their recollections of the mining conditions and
practices. Miners were selected jointly by represen-
tatives of mining companies and the Union from the
seniority lists of the two mining companies, and from
the Union list of retirees, and those living in Elliot
Lake were invited to participate.

Internal uranium mine reports and published infor-
mation on mining practices at that time in both
uranium and other mines was reviewed. Information
from all these sources was combined to estimate the
nominal work cycle, ventilation, and dust control
practices at Elliot Lake in the late 1950's. In the
second phase a general computer model was developed
to predict radon, thorop, an^ daughter concentrations
ip Lhe miiit euvirouiisent. T..c purpcm of this model
was to generalize the results of the experimental
study, and to simulate the effect of changes in mining
practices on concentrations. The model was tested
by comparing its predictions with the published
results of similar, but less general, models. Agree-
ment was excellent. Initial work with the model
showed that a major source of uncertainty was the
airflow pattern in the work place, and a portion of
the experimental program was set aside to investigate
that.

The third pha.se w.is an underground experimental
study, in which the mining methods and ventilation -i.
dust control practices of Die late 1950's, as dtte-r
mined in ptia.se 1, were imitated while measurements
were made of the radiation environment. Other
agencies and rest-arch groups wetc invited to paM :•
pate in this phase. The McMaster University Si±i_
Research Group sent a team member with dust measure-
ment equipment. The Ontario Ministry of Labour pro-
vided an observer, and loaned a portable sealer/
counter, a condensation nucleii counter, and a gas
chromatograph for tracer gas measurements.

The fourth and final phase was carried out in two
steps. First, the nieasurL'iHent.s collected in phase 3
were analyzed, and realistic values of radon and
thoron daughter production and removal parameters
were calculated from them. Second, these parameter
values were used in the computer model to simulate
the changes in concentration with mining conditions,
and to estimate the exposure to miners in the late
1950's.

MINING CONDITIONS

The ore body at Elliot Lake is 3 to 10 m in thick-
ness, and dips at approximately 20°. In the 1950's
the ore was removed by first driving large drifts
across the ore body on the strike at about 80 m inter-
vals which were then connected at 50 m intervals by
driving pilot raises up-dip through the ore body. The
raises were enlarged sideways into stopes up to 20 m
wide. Broken ore was removed from raises and stopes
by cable operated scrapers (slushers), with the winch
located on a bench off the lower drift. Both track
and trackless mining methods were used, but trackless
vehicles were electrically powered.

The reference year chosen was 1959, when the mines
had completed their development phase. At that time
there were 4950 underground workers. We were able to
interview 46 of them. They were asked to recall con-
ditions of 25 years ago, at a time when conditions
were changing rapidly. It is not surprising that
their recollections differed in detail, but they gave
a consistent picture of the mining conditions of the
time. This was compared with that presented by con-
temporary reports and presentations to the Morrison
Committee ( 1 ) , which carried out an investigation
in 1959 into conventional mine safety in Elliot Lake.
Agreement Between these different sources was gci-i.

The major differences between mining practices v
today and those of 1959 were in ventilation and dust
control. Local ventilation systems were coming into
use, but the only ventilation in the small pilot
raises was compressed air from the miners1 drill, or
from air valves 'cracked open". The use of water to
reduce dust release from broken ore was a well estab-
lished technique at the time, but the muck was often
not as completely wetted as is the practice today.
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The radon daughter and dust concentration measure-
ments of that period were combined with the time and
task descriptions given by the miners to provide
nominal working condition estimates for the reference
period. These were used as a basis for the computer
modelling of concentration variations, and for
planning the experimental phase of the study.

SELECTION OF EXPERIMENTAL SITE

The Morrison Committee (1) reviewed working
conditions in 1958-1959, and suggested that the worst
environment was to be found in driving the up-dip
pilot raises with high concentrations of silica
dust and radon daughters throughout the raise. This
general picture of high dust and radiation levels in
pilot raises was confirmed by the phase 1 study, and
so a pilot raise was the experimental location of
first choice.

Mining today is not generally by the pilot raise/
stope development routine used in the late 195O's.
There was a location in the Rio Algom Quirke II mine
where a small pilot raise 2.5 x 2.5 » by 40 i long
was being driven up-dip for stope development.
Drilling was carried out with jackleg drills, and
broken ore was removed by slushing. This operation
was identical to that carried out in the 1950's except
that an auxiliary ventilation system was provided,
and modern dust control practices were in use. The
site was located on a main airway, and was remote
from other raining operations.

This was an ideal site for an experimental study.
The conditions of the 1950's could be imitated by
turning off the auxiliary ventilation, the site was
remote and the scale of work was small (2 miners), so
that there would be minimal interference with other
mining operations and production goals of the mine as
a whole. Through the kindness of Rio Algotn management
this site (746 Raise) and the miners were made avail-
able for a two week period in February 1984.

MEASUREMENT PROGRAM

The measurement program measured the concentrations
of radon, radon and thoron daughters and dust released
during the mining cycle, and the effect produced by
various forms of ventilation and dust control measures.
Additional measurements were also made to assist in
deriving parameters for the computer model, and in
quantifying the radiation environment. As part of
the program a representative of the McMaster
Silicosis Research Group made konimeter and respirable
dust measurements to assist their interpretation of
historical konimeter dust measurements.

Measurements were made over a two week period from
February 20 to March 2nd. The first two days
(February 20, 21) were devoted to physical measure-
ments of the site and the ventilation system. The
flow patterns throughout the raise and slusher bench
were visualized by smoke tubes, and the ventilation
rate measured by anemometer traverses and tracer gas
clearance studies.

The air released from the ventilation duct, com-
pressed air hose or drill has momentum, and will
travel some distance before that is dissipated. The
miner works in this recirculation zone, and his ven-
tilation rate is set by the air supply rate and the
zone volume. The concentrations in this zone are set

by the local releases into the zone, and are essen-
tially independent of the concentrations in other
parts of the raise. The ventilation periods produced
by the auxiliary ventilation system ranged from
1 min/ac with the duct discharge at 7 m from the
face to 10 min/ac with the duct at 17 m. Compressed
air ventilation and drilling gave ventilation periods
in the range of 6-10 min/ac.

Air movement took place in the raise even in the
absence of forced ventilation. A layer of air 2-3 cm
thick flowed up the raise along the hanging wall with
a velocity of 1-2 cm/s and a corresponding layer of
air flowed down over the foot wall. As the hanging
wall was bare rock, and the foot wall was covered with
wet crushed ore, the flows may have been driven by the
small temperature differences between these surfaces
caused by evaporation of the water.

Radiation Fields

The local activity ratio of thorium to uranium as
shown by a scintillometer varied from 0.18 to 0.42
over the raise. The exposure rate averaged 1.9 mR/h
and ranged from 1.3 to 2.4 mR/h in the raise, and was
about 0.7 mR/h on the slusher bench and in the main
airway.

MINING CYCLE MEASUREMENTS

The nominal raise mining cycle of the 1950's was
very similar to that used today. Starting with a
raise filled with broken ore, the miners wash down
and scale the face and back, wet down the muck pile,
and set up the slusher block (ca 1 h). The raise
is then slushed out (1 h ) , the back roof-bolted with
a stoper drill, and the jackleg drill set up (0.5 h).
The remainder of the shift is spent drilling (4-5 h).
The holes are loaded in the last 0.5 h of the shift.

Today an auxiliary ventilation system runs con-
stantly throughout the cycle, but in the 1950's the
only ventilation was natural ventilation plus the
compressed air released either from the drill or from
a compressed air valve 'cracked open'. Compressed air
was used to blow the blasting fumes out of the raise,
and was released during drilling, but it was not on
during scaling, or slushing. Concentrations in the
raise increase rapidly during these activities.

Measurements of radon and thoron daughters and dust
concentrations were made at the face, at the entrance
to the raise, at the slusher bench and in the main
airway regular intervals during the mining cycle.
Figure 1 shows the variation in radon, WL(R), WL(T)
measured at the face and at the slusher bench over
the course of 1 shift using compressed air for ven-
tilation. The air valve was left 'cracked open' over-
night to remove blasting fumes. Concentrations were
0.14 WL(R), 0.14 WL(T) at the face, but rose at the
rate of 1 WL(R)/h when air was turned off for scaling.
A maximum of 1.1 WL(R), 0.2 WL(T) was reached just
before drilling started. Concentrations then fell
rapidly to 0.04 WL(R), 0.04 WL(T), and remained below
0.06 WL while drilling was in progress.

In contrast, the WL at the slusher bench was rela-
tively constant throughout the shift, averaging about
0.3 WL(R) and 0.3 WL(T). This was higher than that in
the main airway as a result of recirculation of the
'old' air forced out of the raise. The WL at the
slusher bench is not a good indication of the WL in
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tlie raise.

The konimeter silica dust measurements showed that
the major source of dust exposure to the miner was not
the handling of poorly wetted muck, but the dust
created when a drill hole is started. The water
released from the bit is least effective in trapping
the dust when the bit is on the rock surface, and
ventilation is the only means to control concentra-
tions. When drill air is the only ventilation, the

10.0

1.0

0.1

0.02-

COMP.
AIR DRILL

dusc dilution and removal rates are about 1/lOth of
those produced by the auxiliary ventilation, and the
exposure is correspondingly higher.

COMPUTER MODELLING

The computer program 'TRAISE' calculates the time
dependent concentration variations at the end of a
raise by numerically solving the differential equa-
tions for radon, tlioron, and daughter growth attach-
ment and decay. Using realistic supply and removal
parameters derived from the mining cycle measurements,
TRAISE reproduces all the variations in concentration
measured during the shift under a variety of ventila-
tion conditions. This includes the changes in equili-
brium from face to raise mouth with either auxiliary
ventilation or compressed air ventilation, and also
the radon and thoron daughters concentrations at the
face during the mining cycle. Calculations for a
number of mining cycles showed good agreement with
measurement. It was calculated that compressed air
would clear blasting fumes in about 2 hours, by which
time the WL at the face would be about 0.2 WL. Scaling
and slushing without ventilation gave calculated final
concentrations of 1-2 WL, which were reduced to 0.05
WL after about an hour of drilling.

CONCLUSIONS

When the raise miners of this study were working
under conditions approximately those of the 1950's,
they were exposed to concentrations that were both
higher and lower than those found today with the
auxiliary ventilation system in operation. The
'average' WL in those conditions is critically depen-
dent on the relative fraction of the time spent in
each portion of the mining cycle, but is certainly
several times higher than the exposure of raise miners
today.
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DISCUSSION

Question (Bush): Some of the techniques used in
your study seem applicable to the optimization of
ventilation in working areas. Of particular
interest is the optimization of the distance from
the outlet of the auxiliary ventilation duct to
the working face. Could you comment?

Answer: The present rules of thumb seem adequate
for small tunnels at least, and the performance
can be gauged visually to a large extent. Perhaps
tracer gas measurements might be useful in large
areas.

Question (Sowby): How do your measurments compare
with those made by R. Yourt in the 1950's?

Answer: The range of measurements obtained in the
raise is comparable to the range of measurements
made by Yourt. The exact location of his
measurements is not known at this time, so we
cannot be more specific.
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ABSTRACT

Experiments carried ort at the Miillenbach test
mine indicate that the air quantity prescribed by the
German mining law for machanized uranium mines is more
lti:in adequate to control radon daughters to within
4 WI.M per year. Sealing of rock surfaces, application
u!" positive ventilation pressure, watering down of
blasted rock and variations in blasting techniques
have a limited influence on the radon exhalation rate.
In iirst approximation the radon exhalation of a fu-
ture uranium mine can be estimated from drill cores
recovered during the exploration stage. This assists
the mining engineer in calculating the air require-
ments for a future mine.

INTRODUCTION

The uranium test mine Miillenbach is situated in
the vicinity of Baden-Baden in the Northern part of
the Black Forest where the Saarberg-Interplan Uran
GmbH found the first sedimentary uranium deposit in
West Germany (Figure 1).

FIGURE 1: URANIUM OCCURENCES IN THE RHEINTALGRABEN

The uranium occurs in the sediments of the upper car-
boniferous system as pitch-blende. Secondary minerals
are autunit, meta-torhernit, zeunerit, meta-novazekit
and others. The orebody itself is lenticular in shape
and seamlike in portions dipping at 16° and striking
in a SW/NE direction, frs thickness varies between
I m and 3 m (Figure 2).

FIGURE 2: URANIUM MINERALIZATION IS BLACK SHALES AT
THE MiiLLENBACH TEST MINE

The Saarbcrc-Interplan Bran GmbH in co-operation with
the Institute fi>r Biophysic of the University of the
Saarland as well as the liergbaulu-rufsgenossenschaft
has carried nut the following research programme:

"Investigations into methods for the protection
of underground workers against radon and its
daughter products".

The project was supported by the German Federal Minis-
try of Rfhi>arrh and Development.

THEORETICAL CONSIDERATIONS

In uranium mining one has to cope with the ordinary
mining risks and the additional risk of radiation ex-
posure by means of radon gas (Rn-222) and its short-
lived daughter products.

The radon concentration underground is, inter alia,
a function of the radon exhalation rate, the exhala-
tion surface, the ventilation rate and the residence
time of the ventilating air in the mine. Of lesser
significance is the physical decay of radon, because
of its half-time of 3.8 days and the short residence
time of the mine air. These deliberations can be ex-
pressej in the following equation:

R° _ a • F ., . q , c_ (t)
dt V v ™ x '

where:
a: radon exhalation rate (Bq-m~2-s-1)
q: ventilation rate (m3*s~1)
V: air volume between fresh air entrance and

measuring point (m3)
F: exhalation surface between fresh air entrance

and measuring point (in2)
X: decay constant of Rn-222 (s"1)

Cp(t): radon concentration at time t (Bq-m~3)
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The mathematical solution of the equation under equi-
librium conditions, i.e. for t •» - leads to:

(2)

In equation {2} the factor A-V is negligibly sraal! as
compared to the ventilation rate q, therefore, we can
in first approximation say:

c (t* - ) = a • F
Rn q { 3 }

This can be summarized as follows:

- Under equilibrium conditions the radon concentration
is inversely proportional to the ventilation rate
and directly proportional Co the exhalation rate and
the exhalation surface.

- Changing the ventilation rate from qj to q2 the ra-
don concentration can be expressed as:

"Rn1 = ^2

CRn2 " <>1
{4/

- If the ventilation air q2 is already contaminated
with radon c R n J we get the relationship:

°Rnl
CRn2 " cRn3

{5}

The behaviour of the short-lived radon daughter
products is somewhat different:

The time dependent radon daughter concentration in the
ventilating air can for the first 60 minutes be ex-
pressed by the following approximation (1);

CP " K 9 1 • '°- 7 • cRn • C
0.85

{6}

where:

c : radon daughter concentration in working level
units

c^n : radon concentration (Bq-m~3)

t : time (s)

The above equation does not consider "plate-out"
effects.

EVANS and SCHROEDER (2) have developped a so-called
"tunnel model", which allows the calculation of the
radon daughter increase within a ventilated tunnel ha-
ving a constant radon exhalation rate (Figure 3).

R n - e x h a l a t i o n r a t e I B q n i s )

i n i i i m
circumference
Of runnel- uln]

cross-sectionat area
of tunnel Aim?)

FIGURE 3: EVANS AND SCHROEDER'S TUNNEL MODEL

Using equation {3} and {6} the time dependent increase
of the radon daughter concentration can be calculated:

P

with

1.03 J.85
17}

where
t residence time of the ventilating air in a

tunnel ore mine (s)
ventilation rate (m3-s~')
Rn-exhalation rate (Bq-ro~2-s~1)
cross-sectional area of tunnel (m?)
length of tunnel (m)
circumference of tunnel (m)
radon daughter concentration in WL-units

Using equation {7} one can estimate the required ven-
tilation rate:

1.69 10" ( | 0.54
a • "I {83

This can be summarized us follows:

- In a ventilated tunnel having a constant radon ex-
halt ion rate the radon daughter concentration in-
creases by t'-85.

- In case the ventilation rate is altered fron 51 to
q2 the radon daughter concentration behaves as
follows:

0.54
{9}

EXPERIMENTS CARRIED OUT

The purpose of the experiments carried out at
Mullenbach was to determine whether nor not the radon
exhalation rate can be reduced and if so, by what
measures.

The radon exhalation rate depends on the radium-226
content in the ore and the porosity and permeability
of the rock. Both these properties are specific to
the deposit and cannot be influenced. However, the
amount of radon exhalation from the rock can be redu-
ced by sealing the rock, reducing the surface of the
rock and by applying positive ventilation pressure.
For this reason the following tests were carried out:

- watering down the broken rock
- reduction of exhalation surfaces of broken rock
- variation of the ventilating pressure and
- sealing of rock surfaces.

The experiments watering down the rock surprising-
ly showed that the radon exhalation rate is not being
reduced but increased (Figure 4).

Rfi-entHUtion rate wet sample
Rn-cxhalahon rate dry sample

Q(h)/alOt

10
•A*

-i-

US U noisture contents ft

FIGURE 4: RADON EXHALATION RATE AS A FUNCTION OF
MOISTURE CONTENT
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Figure 4 shows that for a wide range of moisture con-
Cent Che exhalation rate fur wet rock is higher than
that for dry rock (3). Though Che shown graph was de-
rived from a lump of gypsum, the results are transfer-
able tu other materials. For the purpose of reducing
the radon exhalation from broken rock it is, there-
fore, not particularly useful to water down blasted
rock.

In a 1'uiii.L.r experiment it was intended to reduce
the radon exhalation rate by reducing the rock surface
i>l broken rock. This can be achieved by reducing the
number of blast holes drilled and by decreasing the
.mount of explosive used. Measurements of the radon
exhalation rate of broken rock while advancing the
tunnel showed that for broken rock of up to 30 cm dia-
meter no significant change of the radon exhalation
i.ite was observable. Coarse rock and fine rock have a
comparable specific mass related exhalation rate of
(3.5 i 0.9)-10-" Bq-kg-1 per I Bq-g"1 specific Ka-226
i-ontont. This means that by blasting coarse rock one
ianm>t expect a significant reduction of the radon ex-
halation rate.

In order to study the effect of changing the venti-
lation pressure on the radon exhalation rate, the ra-
•ion chamber of the mine was subjected to various pres-
s'lre.-'. Figure 5 shows the result of the test.

Rn 727 enncenfratum (Bq in ' )

TABLE 1: THE EFFECTIVENESS OF DIFFERENT SEALING
MATERIALS

3000-

I measured value
? with limit of error

excesspressure = 0 mbar
ventilation 2.5 n>3 min'1

timelhl

F1CURE 5: RADON CONCENTRATION AS A FUNCTION OF TIME
WITH AND WITHOUT EXCESS VENTILATION PRESSURE

In order to maintain a pressure of 18 mbar the
chamber was ventilated with 2.5 tn'-min"1 of fresh air.
The variable pressure experiment showed that the radon
exhalation rate was reduced by some 8 %. In spite of
this small reduction a system of forcing the air
should be preferred to a system of exhausting the air
from the working places.

A reduction of the radon exhalation rate can also
be achieved by sealing the ore surfaces with materials
having a small diffusion constant. Laboratory tests
using sealed drillcore material achieved a reduction
of che exhalation rate of up to 98 % (Table 1).

Sealing can be very usefully applied to permanent
intake airways where positive ventilating pressure
assists in the reduction of the exhalation rate, es-
pecially, if the sealing material consits of a sand-
cement mixture (torcreting) whirh .ŝ rs as tunnel sup-
port. However, in the stoping areas it cannot be app-
lied effectively because of the daily face advance.
Sealing of rockfaces has therefore a limited applica-
tion.

Sealing
Material

Thickness
Coating mm

%-Reduction in
Exhalation Rate

Bitumen

"lntertol
Poxitor"

1 - 2

- 0.5

"Isokonl" - O.t>

Synthetic colour - 0.5

Paraffin 3 - 4

Alu-foil < 0.1

97

98

75

90

96

93

The ventilation engineer is often faced with the
problem of having to design a ventilation lay-out for
a new mine without knowing the possible radon exhala-
tion of future working places. For this reason it
was investigated whether or not one could use explo-
ration drill cores for the determination of the radon
exhalation rate before the mine is being developed. A
representative sample of drill cores was selected for
laboratory tests which showed that the radon exhala-
tion rate increases with the radium concentration of
the ore as shown in Figure 6. The exhalation rate for
Miillenbach ore is of the order of 2.6* 10~2 Bq-m~2.s~1

per 1 Bq-g"1 specific radium-226 content,resulting in
0.67 Bq-m-'-s"1.

Rn-222 exhalation rate IBq-a* s-l)

0.1

0.6-

0A-

0.2-
i* tiaiK.lt *>~zBo.•»-2V1 per 1 M-tf*B»-2»

» 20
fta-226 contents

FIGURE 6: RN-222 EXHALATION RATE OF DRILL CORE SAMPLES
AS A FUNCTION OF THE SPECIFIC RA-226 CONTENT

Underground measurements carried out in the radon
test chamber resulted in an exhalation rate of 0.48
Bq-nT^s""1 and confirmed the value calculated from
bore-hole cores. The early analysis of drillcore can
therefore be of valuable assistance to the ventilation
engineer in determining the all important radon exha-
lation rate for the design of a suitable ventilation
lay—out before the mine is being developed.
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Summarizing the above experiments, it is indicated
that the radon exhalation rate is not significantly
influenced by watering down or increasing the size of
the broken rock or by increasing the ventilating pres-
sure. We therefore considered the possibility of re-
ducing the overall exhalation surface, of minimizing
the residence time of the ventilating air, of dilu-
ting the radon concentration with clean air, and of
removing the radon daughters from the air inhaled by
means of airstream helmets.

The experiments with the airstream helmet AH 1 were
only partly satisfactory because of certain ergonomic
disadvantages (visibility reduction, headache). How-
ever, the helmet can be effectively used where dust
and radon daughter concentrations are high because
some 90 % of dust particles - 0.5 urn are removed from
the air inhaled.

Since the radon concentration is directly propor-
tional to the exhalation surface a overall reduction
of F is desirable. F can be reduced by reducing the
number of working places and drives to the working
places. Mining techniques have therefore to be desig-
ned in such a way that the exhalation surface is kept
as small as possible by:

- mechanization of mining methods
- concentration of mining operations
- tunneling in footwall rock
- avoiding of shrinkage methods of mining
- quick removal of broken ore
- avoiding the use of backfill material which contains

radium
- keeping working places clean of all spillage etc.

Apart from a change in the mining technique the
best means of keeping the radon problem under control
is the optimization of the ventilation system. In or-
der to keep the radon daughter concentration low we
have to increase the ventilation rate and reduce the
residence time of the air underground. The residence
time is directly proportional to the face length and
inversely proportional to the air velocity. In order
to keep the residence time as short as possible the
face length has to be kept short and air velocities
high. A high air velocity is achieved by keeping the
cross—sectional ".rea between face and worked out area
as small as possible. Ventilation bratice, waste ribs
or backfill have to be kept up to date and free of lea-
kage. A high stoping width decreases the air velocity
and exerts a negative influence on the radon daughter
concentration. Room and pillar mining, where rooms are
ventilated by means of pipes, is not particularly sui-
ted for achieving high air velocities. For the mining
of steep dipping uranium vein ore deposits overhand
faces with backfill or methods of updip mining can be
recommended. A short residence time of the mine air is
also achieved by having a short overall facelength and
rapid face advance.

EFFECT ON VENTILATION PLANNING

According to present knowledge it appears that a
method of room and pillar mining is suitable for the
Mullenbach orebody. A given mining lay-out assumes a
production of 806 t of ore per day employing some 200
men. A system of trackless mining will be employed
utilizing approximately 1100 hp. Additional character-
istic figures for this mine are:
- exhalation rate: a = 0.48 Bq-m~2-s~1

- exhalation surface: F = 85000 m2

- volume of underground
excavations:

According to German mining regulations the air vo-
lume is calculated as follows:

- air required for machinery:
1100 hp • 2.5 m3-hp"1-rain~1

- air required for personnel employed:
200 men • 2.5 m'-man"1-min"1 = 8.3 m'-s"1

- total air requirement:
£ 54.1 m'-s-1

Using this airvolume and the above data, we can
calculate the radon daughter concentration according
to equation {7} and get a concentration of only
0.034 WL. If one calculates the air required to achie-
ve 0.34 WL*, (equation (8}), tlie limit of exposure,
one would only require a air quantity of 15.7 m3-s~ .
That means the air volume required by mining regula-
tions is more than 300 % higher than the air volume
required to maintain the limit value of the radon
daughter concentration. From that one can conclude
that due to the low ore-grade at Mullenbach (* 0.1 %U)
the radon daughter concentration in the return air is
no problem. This will remain so for some time until
radon leakage from worked out areas becomes excessive.

An important question in this connection is: at
what ore-grade does the radon daus>h~3r concentration
at given ventilation rate reach a critical value. To
solve this problem we have to first calculate the
maximum air quantity which can be transported in a
tunnel (12 m2 cross-sectional area) without exceeding
the air velocity of 6 m-s"1 (mining regulations).
Using the above mine data and the maximum air quanti-
ty of 72 m'-s"1, we calculate (equation {7}) a radon
daughter concentration of 0.02 WL. Since the exhala-
tion rate is linear in equation {7}, the limit value
of 0.34 WL is only reached, if the exhalation rate
increases 17 times.

IS
ori gralfl

FIGURE 7: RN-DAUGHTER CONCENTRATION AS A FUNCTION OF
THE URANIUM CONTENT OF THE ORE AT A GIVEN
VENTILATION RATE

* based on 4 WLM per year and 2000 working hours

V = 69000 m3
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From Figure 7 it becomes apparent that for the Mullen-
bach mine the uranium content in the ore could in-
crease to 1.2 % U before the radon daughter concentra-
tion would reach 0.34 WL.

This calculation, however, is inadequate because in
addition to the internal radiation exposure one has to
consider the external exposure. The external exposure
increases at Miillenbach by 0.3 rnR-h"1 per 0.1 2 urani-
um content in the ore. Applying the summation rule for
overall exposure

E (rem per year) F. (WLM per year)
_ j . + J» _ < , {10f

it is indicated that already far below 1.2 % uranium
j'n the ore the annual radiation exposure exceeds 5
i cm.

For the model mine Miillenbach the critical uranium
content U (%) is calculated as follows:

3 • 2000 • U 0.28 • 2000/170 • 0
— I

5000 4

U = 0.5 % U = 5000 ppm U

w i Mi:
0.28: slope of grd.Mi in Figure 7
2000: working hours per year
170: working hours per month
4: WLM per year (limit value)

5000: mrem per year (limit value)

Conclusions for Mullenbach:

- the external radiation exposure cannot be neglected

- if the uranium content exceeds 5000 ppm U careful
ventilation planning and consequent surveillance
is necessary

- working places where the uranium content exceeds
5000 ppm U have to be ventilated with adequate
fresh air and job rotation or reduced working
hours have to be applied.
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ABSTRACT

This paper describes four different methods of
determining the efficiency of a radon daughter detec-
tor. The detector to be calibrated is based on silver
activated zinc sulphide. One calibration method is
the conventional method of using a calibrated Am-241
source. Three methods use calibrated reference in-
struments: a Ge-gammaspectrometer, an alphaspectro-
meter and a liquid scintillation counter. The deter-
mination of the efficiency of a radon daughter detec-
tor which has an aluminium-foil on the zinc sulphide
is also presented.

INTRODUCTION

The calibration of a radon daughter detector in-
volves problems rarely discussed in published papers
on radon daughter measurements. Radon daughter levels
measured in different countries may therefore vary
considerably because of the improper calibration pro-
cedures. For example, one working level meter, which
we have bought, is claimed to have an efficiency of
20 %, and in order to get the same results as meas-
ured using our calibrated radon daughter detector,
the efficiency should be 13 %. Another factory cali-
brated working level detector gives results which are
slightly higher than our results, if the air is
dusty, and slightly lower, if the air is clean (Equi-
librium ratio 0.2 - 0.3).

Kusnetz in his well known paper suggests that the
alpha survey meter is calibrated in terms of dpm of
Po-214 and this again mey be accomplished by using a
Po-214 source and by cross-checking the survey meter
against a laboratory proportional counter. (3) Anyhow
he does not say anything about the determination of
the efficiency of a proportional counter for Po-214.
Rolle presents a thin layer liquid scintillation
method as ideal for radon daughter determination
because of its 100 % alpha detection efficiency and
simple spectra. (5) Beckman uses laboratory counters
for calibration of field counters. (1) The primary
standard counter is not energy dependent and its
counting efficiency is determined with accurate Am-
241 standards. The counting efficiency is related,
among other things, to geometry and energy dependence
which are automatically compensated for when the lab-
oratory counter efficiency is determined. The geome-
try of the counter depends upon the distance from the
sample to the detector, the relative diameter of the
filter sample and detector, and the shapes of the
sample and detector.

When the Am-241 standard active area is smaller
than the detector active area, the total counting
efficiency must be determined by taking measurements
at a sufficient number of positions of the source to
provide a measure of the surface activity response.

Falk et al. uses a Ra-226 source in an acryl to
calibrate gammadetector and measure a filter sample
in the same geometry. (2) It is assumed that the Po—
214 has about the same activity as Bi-214. Both alpha
and gamma measurements are made simultaneously.

This study describes the calibration procedure
used at the Finnish Center for Radiation and Nuclear
Safety to calibrate the radon daughter detectors.
Four independent methods have been used. The first
one was the conventional method using a calibrated
Am-241 source to measure the radial efficiency of the
detector to a point source and then integration to
obtain the detector efficiency. The second one was to
measure the activity of the filter sample with gamma-
spectrometry and to compare the result with the
result obtained with a radon daughter detector. The
third one was like the second one, except that the
reference measurement was made with alphaspectro-
metry. The fourth one used a liquid scintillation
counter as a reference instrument.

The four different calibration methods gave all
about the same efficiency for the detector to be cal-
ibrated. Because these methods were independent of
one another, the detector efficiency was taken to be
the mean of all these determinations.

The calibration of a counter, the response of
which is energy dependent, is also presented. The
energy independent counter has been used as a refer-
ence instrument.

MATERIALS AND METHODS

The detectors to be calibrated

The construction of RDM I (Radon Daughter Monitor
I) is our own. The detector uses silver-activated
zinc sulphide to detect alpha rays. The zinc sulphide
is fixed on the acryl plate using rubber diluted in
n-hexane. The amount of zinc sulphide on the plate is
about 5 mg/cm* . The photomultiplier used is EMI type
9656 B and its photocathode has a diameter of 51 mm.
The diameter of the active area of the zinc sulphide
is 50 mm, which is about the same as that of the col-
lecting area of our portable dust sampler. The pulses
are counted by the sealer-timer. The distance between
the filter and the zinc sulphide is 2.5 mm. RDM I is
mostly used as a laboratory and reference counter.

RDM II is a portable scaler-ratemeter provided
with an alpha probe based on zinc sulphide. On the
zinc sulphide an aluminium foil is placed. The detec-
tor is also provided with a metallic cover to protect
the detector during transportation. The cover serves
as a filter holder during measurements.
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The calibration of RDM I using Am-241 source as a
reference

The basic assumption when calibrating RDM I was
that its response is energy-independent; it measures
the alphas of Am-241, Po-218 and Po-214 with the same
efficiency.* The efficiency of RDM I was then deter-
mined using a calibrated Am-241 source as a refer-
ence. Because the diameter of the active area of the
source was smaller than the filter area, the radial
efficiency of the detector to a point source was
determined, and then this was integrated to get the
efficiency of the detector. This was performed by
moving an Am-source from the center of the active
area of the detector towards the edges in four dif-
ferent directions using a special type of rack. The
middle point of the source was first in the center
(The diameter of the active area of the source was 5
li.m.) and then 5 mm, 10 mm, 15 mm, 20 mm and 25 mm
from the center. The filter holder was not used
during these measurements and thus the diameter of
the active area of the detector was about 65 mm. The
distance between the source and the detector was 2.5
mm. 4-5 measurements were made in every point.

The determination of the efficiency of HDM I using
gammaspectrometer as a reference instrument

When using a gamroaspe.-troroeter as a reference in-
strument the procedure was to measure the alpha-ac-
tivity of the filter sample (Whatman GF/A) using RDM
I and then to measure the activity of the same fil-
ter gammaspectrometrically using 609 keV gammaline of
Bi-214.

To calibrate the Ge-detector, a Ra-226 source was
prepared. The source consisted of two copper plates
glued together with an empty space between for a 50-
mm diameter filter paper, on which a known amount of
radium chloride was pipetted. The split between the
plates was also tinned to prevent the radon leakage.

For a filter sample to be measured with the Ge-
detector, a measurement stand was made. The copper
thickness between the Ge-detector and the filter was
the same as that of the calibration source.

Two kinds of air samples were taken: 1) clean air
samples, meaning that the air of our radon chamber
had been undisturbed several weeks, and 2) smoky air
samples, meaning that the smoke of one cigarette had
been blown into the chamber.

The activity of the filter was measured with RDM I
between 60 and 64 minutes after the end of sampling
and with the Ge-detector between 70 and 80 minutes
after the end of sampling. The radon daughter concen-
tration ratios in the chamber were also analysed from
the same filter by weighted least squares method. (4)
When the concentration ratios in the air and the sam-
pling time are known, the efficiency of RDM I can be
calculated, provided that the efficiency of the Ge-
detector (in cpm/dpm) is known. The exact mathemat-
ical procedure is presented in appendix H I .

* The efficiency of a detector is defined as the
ratio of counts measured (cpm) to disintegrations in
the source within a certain time interval (dpm).

The determination of the efficiency of RDM I using
alphaspectrometer as a reference instrument

When determining the efficiency of RDM I using
alphaspectrometer as a reference instrument, the
procedure was the same as that in the gammaspectro-
metric measurement. The efficiency of the alphaspec-
trometer was determined using calibrated Am-241
source by Amersham. To get the same geometry we cut a
small piece of the filter and measured its alpha-
activity. The activity was then corrected for the
whole of the filter active area.

The determination of the efficiency of RDM I using
liquid scintillation counter as a reference instru-
ment

The efficiency of RDM I was also determined using
a liquid scintillation counter. The procedure was the
same as that in the gammaspectrometric measurements.
A smaller part with a diameter of 15.3 mm of the fil-
ter paper was measured with the liquid scintillation
counter and the activity was then corrected for the
whole of the filter area. Before measurement this
small piece of filter paper was diluted in 1.5 ml 1 N
HCL for 2-3 minutes. Then 15 ml scintillation liquid
was added into the bottle (Lumagel). After these pro-
cedures the sample was measured using a liquid scin-
tillation counter. 1 N HCL was used, because a small
series of measurements using different dilutants
showed it to be most effective.

The determination of the efficiency of RDM II for
Po-218 and Po-214 using RDM I as a reference instru-
ment

The efficiency of RDM II for Po-218 and Po-214 was
determined using calibrated RDM I as a reference in-
strument. The airborne radon daughter concentrations
were first analysed by weighted least squares method.
The activity of the same filter was measured using
RDM II during time intervals of 7-9 and 20-22 minutes
after the end of sampling. When the activities ?-io.
Ago and A30 o f Po-218, Pb-214 and Bi-214 (Po-214),
respectively, on the filter after the end of sampling
and the number of counts in two different time inter-
vals are known, the efficiencies can be determined.
The exact mathematical procedure is presented in ap-
pendix IV.

RESULTS

The method to calibrate RDM I using a calibrated
alpha source to determine the radial efficiency of
the detector to a point source gave the relative
point source efficiencies 1.00, 0.99, 0.97, 0.93,
0.82 and 0.67, their distance from the center of the
active area of the detector being 0 mm, 5 mm, 10 mm,
15 mm, 20 mm and 25 mm, respectively. The relative
point source efficiency here is defined as the ratio
of the mean of the counts measured at the same dis-
tance from the center of the active area to the mean
of the counts measured at the center. The efficiency
of RDM I can be calculated by integrating these rela-
tive point source efficiencies and by multiplying the
result with the point source efficiency of the detec-
tor center area. The efficiency thus obtained was
0.311 + 0.012 cpm/dpm. A small error in the efficien-
cy was due to the fact that the filter holder nor-
mally shadows the edges of the detector active area
and thus reduces the efficiency. The maximum error
due to this can be estimated to be about A %.
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The efficiency of RDM I determined using gamma-
spectrometer as a reference instrument was 0.331 +
0.003 cpm/dpm* (clean air samples) and 0.315 + 0.002
cpm/dpm (smoky air samples). The efficiency of the
gammaspecrometer for Bi-214 within this special geo-
metry was e = 0.0164 cpm/dpm.

The efficiency of RDM I determined using alpha-
spectrometer as a reference instrument was 0.307 +
0.007 cpm/dpm (smoky air samples). The efficiency of
the alphaspectrometer for Po-214 was e a s p = 0.233
cpm/dpm.

The efficiency of RDM I determined using a liquid
scintillation counter as a reference instrument was
0.304 + 0.017 cpm/dpm (clean air samples) and 0.304 +
0.006 cpm/dpm (smoky air samples). The efficiency of
the liquid scintillation counter for the two alphas
and two betas of radon daughters was e±sc = 0.97
cpm/dpm, and it was assumed to be the same for all of
them. (6)
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APPENDIX I

DISCUSSION

The four different methods of determining the ef-
ficiency of RDM I for the alphas of Po-214 gave all
about the same efficiency. One method was based on a
calibrated Am-241 source and three of them were based
on other calibrated detectors. This shows that if the
radon daughter detector is energy-independent, it can
be calibrated using an Am-241 source. On the other
hand, if the response of the detector is energy-de-
pendent, instrumental methods must be used. The gam-
maspectrometric method we used was almost the same as
that presented by Falk et al.. Instead of enclosing a
Ra-226 calibration source into an acryl, we used cop-
per, because we think that part of radon can escape
from the acryl container, which slightly reduces the
efficiency.

We have also presented a method to determine the
efficiency of an energy-dependent detector for the
alphas of Po-218 and Po-214 by comparing it with an
energy-independent detector. The efficiency for the
alphas of Po-218, however, is not very accurate in
this kind of method.

• The error presented is 1 S.D. The number of the
efficiency determinations using instrumental
references was 5-10.

The accumulation of radon daughters in the filter

When radon laden air is passed through an appropriate
filter, the radon daughters are accumulated in the
filter. The equations governing the growth of activi-
ties in the filter are

Al =

VC - X T

^ ( 1 e » (1)

3 " X

VC X -XT X - X T VC

- X T VC - X T
e )+-—(1-e )
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where

A^ = the activity of nuclide i accumulated in the

filter; i = 1,2,3 denotes Po-218, Pb-?]4 and

Bi-214 respectively

Cj - the concentration of nuclide i in the air

*j = the decay constant of nuclide i

V = flow rate of the air sampler

T = sampling time

A ( t . ) - A ( t . )

[f I•1 / * 3 ( t ) "*

' • 1

.., - I A3(1J clt

riumbf?r of d i s i n t e g r a t i o n s
between t arid t ( t =
(>U min iind t - 54 min).

number of di .'•;i nf.fgra t i ons
between I: iind t ( t =
7 0 min a r m t - 8 0 n u r i j .

APPENDIX I I

The decay of radon daughter activities in the filter
after the end of sampling

The equations describing the decay of radon daughters
in the filter are

lp = number of counts between t., and t.

e = the efficiency of RDM I

e = the efficiency of gammaspectrometer

Ai - Aio

A2 = A20

A, = A
-A3t

30

-At - A t
(e -e )

(4)

(5)

-A?t - A t
(e d - e J ) (6)

Then r
t

A3(t) dt

A3(t) dt

A10

-At
3(e

-At
e )

By dividing and solving the equation for e f we
get

4

IsA3(t) dt

where

A^ = the activity of nuclide i in the filter at time
t after the end of sampling

A~iO = the activity of nuclide i in the filter after
the end of sampling at time t = 0

APPENDIX III

The determination of the efficiency of RDM I when the
efficiency of reference instrument (Bainmaspectro-
meter/alphaspectrometer/1iquid scintillation counter)
is known

When the ratios of airborne radon daughter concentra-
tions are known, only one measurement with the refer-
ence instrument is needed to be able to calculate the
efficiency of RDM I.

a) If the 609 keV gammaline of Bi-214 is used to
measure the filter activity gammaspectrometrical-
ly, equation (6) describes the activity in the
filter. Then

A3(t) dt

It can be seen that the flow rate and exact radon
daughter concentrations have no effect on the
determination of the efficiency of RDM I. (If To

is sampling time, then k\(,T!o) = «io, A2(TO) = A20
and A3(TO) = A30.)

b) When determining the efficiency of RDM I using
alphaspectrometer as a reference instrument, the
procedure is the same as in a). Instead of e^, we
only use the efficiency of alphaspectrometer.

c) When determining the efficiency of RDM I using
liquid scintillation counter as a reference in-
strument, the procedure is almost the same as in
a). Instead of eY, we use the efficiency of liquid
scintillation counter for the betas of Pb-214 and
Bi-214 and for the alpha of Po-214 and then the
second integration must be taken over the activity
Alt) = A2(t) + 2 A3(t).
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APPENDIX IV
DISCUSSION

The determination of the efficiency of RDM II for
Po-218 and Po-214 using RDM I as a reference instru-
ment

If the activities of Po-218, Pb-214 and Bi-214 (Po-
214) in the filter after the end of sampling are
known and the number of counts in two different time
intervals are measured with the instrument to be
calibrated, the calculation of the efficiencies for
Po-218 and Po-214 is straightforward.

If we denote

Question (Borak): In your determination of
efficiency as a function of radius, you have
assumed azimuthal symmetry. Have you verified
this with the point alpha source?

Answer: The source was moved In four different
directions from the centre towards the edges. The
mean of the counts measured at the same distance
from the centre represents that specific detector
area.

L n = / Sl(t)dt Question (Borak): What is the thickness of the
ZnS screen in the RDM?

A.(t)dt Answer: The thickness of the ZnS is about 5
mg/cm'-

r S3(t)dt

f

e 1 = detector efficiency for Po-218

e 2 = detector efficiency for Po-214

11 = number of counts measured during time interval

1„ = number of counts measured during time interval
t_, t . (In our measurements we used t^ = 7 min
tp = 9 min, t., = 20 min and t^ = 22 min. )

Then

elL21 + e2L22

e and e can then be calculated and we get

V 2 2 -
 12L12

L U L 2 2 " L12L21

- X1L21
- L,OLO

If t , t » 3 min, the L = 0 and we get the simpler
equations

"' ' L11L22

22
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ABSTRACT

A continuous radiation monitoring system developed
by the U.S. Bureau of Mines was installed in a Western
underground uranium mine. Tests were run to compare
data from current radiation sampling procedures with
that from the continuous system. Results from the
tests show that the continuous data mirrors trends in
the Kusnetz data. Overall, the two systems seem to be
fairly compatible, but more experimentation is
recommended.

INTRODUCTION

Current practice in the mining industry for the
monitoring of radon daughter concentrations is the use
of the Kusnetz method in a weekly spot-sampling survey
of the different areas of the mine. (8) The U.S.
Department of the Interior, Bureau of Mines has
developed a system that utilizes continuous radon and
radon daughter monitoring. The system involved in
this study is an upgraded microcomputer based version
of the system that has been reported in other
publications. (1, 4, 5, 6, 13)

Information provided by this system could be quite
valuable for estimating ventilation needs of the
future, evaluating the current ventilation system,
and, possibly, saving money through the more efficient
use of automatic, remote-controlled ventilation
fans. The variability of the data produced by the
system is similar to that of the Kusnetz method, but
the shear volume of information would tend to generate
a larger degree of confidence. (9) Since it is a
prototype, the continuous system has reliability
problems and requires significant maintenance time,
but if maintained it has considerable advantages over
spot-sampling.

This paper will examine a set of experiments in
which a series of Kusnetz samples were taken in the
same area that a continuous working-level monitor was
installed. Comparisons were run to determine
similarity of the reported working levels.

DESCRIPTION OF CONTINUOUS MONITORING SYSTEM

The continuous monitoring system is controlled by a
modified Senturion-200® microcomputer which was

manufactured and modified by Conspec Controls, Ltd.
according to the specifications of the U.S. Bureau of
Mines. The Senturion-200* is described as a
"microcomputer-based real-time data acquisition,
monitoring, and control system". Interfaced with the
computer are <i data/events printer, and a paper tape
punch. The data/events printer records trend logs,
shift reports, alarms, and other information that can
be requested from the keyboard. A paper-tape punch is
used to continuously record data from 10 of the
monitors for future use (currently, the system is
being further modified to accoraodate continuous
recording of 30 channels). (13)

A trunk line from the computer goes underground and
is hooked into each monitor through an accessor. The
purpose of the accessor is to give each monitor a
different address and, thereby, enable them to
individually communicate with the computer.
Individual addresses also allow for the establish.
of a different alarm setting for each monitor. An
alarm is activated if the reading for a particular
monitor falls outside of a specified range.

The different types of monitors that were used are
radon, working level (WL), air velocity, air pressure,
relative humidity, temperature, fan on/off status,
commendable fan, and air-door closed/open status
monitors.

Working Level Monitor

The Continuous Working-Level Monitor (Figure 1)
contains a Geiger-Mueller Tube, which serves as a ber-3
detector. A beta detector was selected over an alpha
detector for use in the monitor, because beta
detectors have less problems with plateout and filter
self-absorption. One problem with the beta detector
that must be dealt with, though, is the fact that it
also responds to gamma rays. The monitor was designed
not to shield from gamma rays, but, rather, to have
the background radiation recorded and subtracted fron
the total radiation count. (2)

A microcomputer has been interfaced with the G-M
tube to accumulate detector pulses, subtract out

* Use of brand names are for identification purposes
only and do not imply endorsement by the U.S. Bureau
of Mines or the Colorado School of Mines.
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Figure 1• Working-Level Monitor

tests, a correction factor is determined to transform
the monitor output into working levels. It was also
determined from these calibration tests that when the
monitor is first installed at a particular location,
at least 3 hours of collection time must pass before
the monitor's output is related to the actual
concentration. This lag accounts for the time
necessary for the radon daughters to establish
equilibrium on the filter paper. The continuous
monitor will, though, show significant trend changes
almost immediately. (2)

The monitors used in this study were installed
approximately 2 months prior to the experimentation.
At the time of Installation, flow rate was checked and
background set. Over the period of operation, the
filters were changed at least once each week.

background and calculate working-level concentrations,
display UL's on an LED and send the same to the
outside computer, and sound alarms when necessary.
This microcomputer is a SYM-1 single board computer
made by Synertek Systems Corporation . In addition to
calculating working level concentrations and sounding
alarms, the computer can be set up to take background
readings, which must be done anytime the monitor is
moved to a new area.

The sampling portion of the monitor also has an air
pump, filter, and flowmeter. Mine air is drawn
through a .8 micrometer filter, by an air pump, at 1-2
liters/minute. The pump serves to pull air through
the system and to keep negative pressure on the
filter. Finally, the air is pulled through a flow
meter and exhausted back to the mine atmosphere. The
filter holder is mounted over the G-M tube. As
emissions occur on the filter, the G-M tube senses
them and sends the appropriate electrical signal
through a preamplifier, amplifier, and
discriminator. Next, the signals are converted to
counts and accumulated over the sampling period. At
the end of the sampling period, the accumulated counts
are converted into working levels and recorded. (4)

The error associated with the continuous WL monitor
include the following:

- statistical error of filter and background
counting

- plate out error
- calibration error
- filter self-absorption error
- error in airflow rate.

As can be seen from the above list, a number of the
error terms associated with continuous monitoring are
similar to those involved in the Kusnetz method. (2,
9)

Monitors should be calibrated before installation
and every 6-8 months thereafter. Prior to this test,
monitors were calibrated at the USBM Spokane Research
Center. Laboratory calibration of the monitors takes
place in a radon test chamber using the modified
Tsivoglou method to determine the individual daughter
and working level concentrations. The atmosphere in
the chamber generally has a high relative humidity and
a large number of condensation nuclei. From these

* Use of brand names are for identification purposes
only and do not imply endorsement by the U.S. Bureau
of Mines or the Colorado School of Mines.

TEST SITE DESCRIPTIONS

The continuous monitoring system was installed in a
Western U.S. uranium mine and operated for a period of
6 months. Production during this time was the result
of mine development. Mining activities encountered
during the study included drilling, blasting, mucking
and tramming with dlesel equipment. At the time of
the study, there were 4 operating headings and the
mine was run two, 10 hour shifts/day, 4 days/week.

Ventilation at the mine is an exhaust system
utilizing fans mounted on top of 5 boreholes. The
200,000 cfra of intake air comes through 9 x 12 foot
twin portals and down the main access drifts.

The continuous monitoring system that was installed
in the mine (Figure 2) included 8 radon and 7 working-
level monitors. Placement of the monitors was based
on trying to cover most of the working areas and,
also, obtaining a mine-wide look at radon and radon
daughter concentrations. In the headings, monitors
were placed as close to the working face as possible,
attempting to avoid blast damage and inconvenience to
the miners.

The Kusnetz sampling that is discussed in this
paper was carried out at three locations that had both
working-level and radon monitors. This allowed the
simultaneous comparison with working-level and radon
data. Radon grab sampling was also conducted, but
after the experimentation was completed, it was
discovered that there were some continuity problems
with the sampling flasks. These problems involved a
lack of consistency between flask and continous
readings. Consequently, no comparison between the
grab samples and continuous radon data was attempted.

DATA DESCRIPTION

The Kusnetz data was obtained by taking Kusnetz
samples at 10 minute intervals over a time span of 200
minutes. The procedure used in taking the Kusnetz
samples is as follows:

1. Place air pump, which is calibrated at 2
liters/minute, near the intake of the
continuous working-level monitor.

2• Run the pump for 5 minutes.
3. Shut off the pump and replace the filter.
4. Repeat this procedure every 10 minutes for at

least 20 samples.
5. After 40-90 minutes have elapsed since the

oldest filter was run, place the filter in the
counter and count for 5 minutes. (8)
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The continuous monitoring data was obtained from
the monitor located In the test area. A ten-minute
sampling period was programmed into the SYM-1
computer, which means that counts were accumulated
over the ten-minute period and Chen sent to the
Senturlon computer• Then the raw count was converted
into a representative working-level concentration for
that period of time. The concentration and the time
were recorded and a compilation of these points were
used in the analysis.

Five tests sets were run. One set of data was
discarded because the continuous working-level data
was incomplete and, therefore, insufficient for a
proper analysis. The four other data sets were
analysed.

METHODS OF ANALYSIS

Inspection

In order to determine the best approach to the
analysis of this data, Kusnetz and continuous sampling
were graphed in Figures 3, 4, 5, and 6. On first
inspection it can be seen that data from both groups
taken at the same time, while close, are aot equal.
If, as suggested by previous papers (1, 2), the
continuous monitoring data is lagged, the relationship
between the two types of monitoring becomes even
closer. This behavior would suggest an analysis
method that can take time lags into account and still
facilitate comparisons.

Moving Averages

One analysis approach is that of moving averages.
Since mine personnel would be most interested in an
average working-level concentration over a period of
time, comparing averages over similar blocks of time

is appropriate. Also, moving averages can help to
eliminate randomness in the time series data and,
thereby, facilitate comparison between data sets.
Finally, this nethod allows consideration of the tine
lag problem by systematically lagging the continuous
monitoring data In 10 minute increments.

Moving averages was applied to this data in the
following way:

1. Average the Kusnetz data over the 200 Minute
time period.

2. Average the continuous monitoring data over
the same time period.

3. Lag the continuous monitoring data 10 minutes
and average this 200 minute set. In other
words, add one data point on the end and drop
the earliest point in the 200 minute set.

A. Repeat step 3 until the continuous monitoring
data average is closest to the Kusnetz data
average is found and note the corresponding
lag time. (9)

Coefficients of Correlation

Another approach to looking at the data is to
examine it from a point interrelationship view. This
can be accomplished using the sample correlation
coefficient (r). The sample correlation coefficient
is defined as follows:

-X) -Y)

fiSi Cxi ~x)2 ±h

X i » ith value of the variable X,
X^ = ith value of the variable,
JC = average value of X,
Y = average value of Y,
n = total number of samples.
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Here r is a measure of how well the two random
variables are linearly related. The values for r
range from -1 to 1. The closer the number is to 1,
the better the association between the two variables,
be It direct or Inverse. (11)

The coefficients of correlation were utilized
the following way:

in

1. Using the Minitab Statistical Package, the
correlation coefficient was calculated. (12)

2. The continuous monitoring data was lagged by
10 minutes and the correlation coefficient
calculated.

3. Step 3 was repeated until the total lag was
greater than 90 minutes*

RESULTS

Preliminary inspection of the Kusnetz and
continuous sampling shows that while the continuous
data shows smooth transitions, the Kusnetz samples are
quite erratic. This dissimilarity would initially
causfc doubt as to whether the two sampling methods are
giving the same reading, no natter what time lag is
used.

The results O-? tne mo-.ing average and correlation
coefficient analysis seen to bear this out. While
some of the percentage errors between the continuous
and Kusnetz data (Table I) seems reasonable, none of
It is significant. The same is true of the
correlation coefficients (Table II). Data sets 3 and
4 show good correlation, but the correlation
coefficient is not significantly large enough at any
specific time lag to justify choosing one timelag over
another.

Table I

PERCENT ERROR BETWEEN KUSNETZ AND
CONTINUOUS MONITORING 200 MINUTE SAMPLE

SETS AT DIFFERENT TIME LAGS

Data Sets

Time Lags
(min)
30
40
50
60
70
80
90

.182

.172

.163
• 151
.142
.130
.122

.190

.179

.170

.158

.147

.137

.129

.086

.078

.071

.064

.058

.052

.046

.101

.093

.084

.074

.063

.053

.044

Examination of Figures 3, 4, 5 and 6 show that the
continuous arid Kusnetz data show the same general
trend. The readings aren't exactly the same, but
changes are mirrored In both pLots. Also, data from
the continuous radon monitor located in the sane
testing area Is plotted on the Figures and follows the
same basic trend.

CONCLUSIONS AND RECOMMENDATIONS

While the results of these analyses are not as
conclusive as the authors would have liked, sone
interesting points were made. Firstly, continuous
radon, continuous radon daughter, and Kusnetz sampling
followed the same general trends. Time lag analysis
did not lead to a definite conclusion, but, rather,
suggests further study. Other authors have reported
errors of ± 8%, in continuous and Kusnetz sanpling,
however the differences in this study were greater
than that error. (2,7)

Some of this difference might be explained by the
fact that this study was done in the constantly
changing environment of a working mine, but how much
effect this had is not understood at this time.
Further work In more controlled conditions is
planned.

The Kusnetz data is very erratic when compared to
continuous monitoring. This suggests significant
fluccuations in radon levels. However, working mines
take one sample in each area once or twice a week and
use these results to calculate miner exposure.
Depending on the concentration at the instant the
sample is taken, the results could vary positively or
negatively from the average exposure.

The major shortcoming of this study was the small
size of the data set. Another study done over a
longer period of time is proposed in the near
future. This would allow the use of bivariate tine
series analysis, which could give a clearer picture of
the relationship and allow the removal of the diurnal
trend.

Finally, in future experiments, closer checks
should be kept on the calibration and flow rate of the
monitors. During the experimentation described in
this paper, numerous powerbumps occurred that could
have caused the continous monitors to go out of
calibration and altered the flow rate. Also, it is
important to check calibration and airflow rate on the
Kusnetz counting and sampling equipment. Having
either off by just a small amount could bias the
results.

Table II

CORRELATION COEFFICIENTS AT SPECIFIED TIME LAGS

Time Lags
(mln)
30
40
50
60
70
80
90

.185

.229

.255

.172

.319

.411

.400

Data Sets

-.016
.050

-.187
-.172
-.215
-.169
-.219

.731

.751

.760

.730

.747

.773

.728

.823

.867

.892

.858

.847

.851

.8i5
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DISCUSSION

Question (Borak):
system?

What is the cost of this

usually suppress peaks and valleys and will not
provide information on time shifts. I suggest
that you first unfold this data using a method of
successive subtraction or polynomial filters.

Answer: We will look into this data handling
procedure.

Question (Bernstein): The levels which you
observed by continuous monitoring and Kusnetz
sampling were both between 0.7 and 0.9 WL (about
10 WLM per year if these levels were typical of
routine working conditions in this active
underground uranium mine in the Western USA).
How representative of active uranium mines was the
mine you selected for field testing?

Answer: The mine is representative of a US
uranium nine, but the data you refer to were taken
in a return airway, not at a working face.

Question (Bernstein): What interferences might
occur in the operating characteristics and limits
of detection, reliability, and validity of your
instrument as a result of high temperature,
humidity, and air exchange (ventilation) rates?

Answer: No interferences from temperature,
humidity, or air exchange were observed.

Question (Bernstein): What are the lower limits
of continuous detection/quantitation?

Answer: The lower level of sensitivity is
affected by the background. If you have a low
background and have low radon daughter
concentrations, then sensitivity can be increased
by sampling larger volumes of air over longer
periods of time.

Answer: Cost depends on the complexity of the
system desired. A working-level monitor costs
about $2500 and the processor with software costs
about $25,000, again, depending on complexity.

Question (George): Did you calibrate both the
grab sampling method (Kusnetz) and the continuous
method for different plateout conditions?

Question (Borak): A beta continuous monitor
utilizes a G.M. detector which is sensitive to
gamma ray background. How often do you measure
background since a change in this value can affect
your calibration?

Answer: Background is checked monthly or whenever
the monitor is moved.

Question (Borak): A moving average method will

Answer: Plateout was considered in that both the
grab sampling and continuous sampling use open-
faced filters.

Question (George): What was the contribution of
thoron daughters to the working level measured
with the continuous monitor?

Answer: U.S. raines have little or no thoron, so
thoron daughters are not considered in our
measurements
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ABSTRACT

Significant progress has been made recently in
developing a completely passive, integrating radon
daughter dosimeter suitable for personnel monitoring
in uranium and other mines. This dosimeter concept is
based on the Track Etch* method for alpha particle
detection. Tests in radon test chambers and uranium
mines with these types of dosimeters have shown that
rliey can produce results comparable with the currently
used grab-sample radon daughter detection methods.
In most instances the Track Etch dosimeters provide
radon daughter exposures that are accurate to within
+20%. The encouraging results from these tests suggest
tluic this dosimeter design offers significant advan-
tages over the cura... methods for determining per-
sonnel radon daughter exposures of uranium and other
mine and mill workers.

INTRODUCTION

The technique normally used to determine the radon
daughte.r (Working Level) exposure of individuals
working in uranium and other mines is to measure the
radon daughters obtained with short-term filtered air
samples taken at various locations in the mine and to
apply the results to the average time spent for each
individual working at these locations. This method
results in a fairly large uncertainty in the indivi-
dual exposure record because of the large radon
daughter concentration changes with time caused by
variations in operating conditions and the uncer-
tainties in estimating the individual time record of
the miners at the different working locations.

The currently used grab-sampling method for deter-
mining individual radon daughter exposure has several
sources of inherent errors. An analysis of the
possible errors has been published by both Canadian
and U.S. investigators. Makepeace and Stocker(l)
have presented extensive tabulations and statistical
analyses of Working Level (WL) data from Canadian
uranium mines. They show that the percent standard
deviations of daily averages determined from 2427
observations in 33 mine locations range as high as 95X
and average about 30%.

Also, Borak et al.(2) have performed a complete
analysis of all the sources of uncertainty in Working
Level Month (WLM) determinations. This study con-
cluded that the overwhelming factor affecting the
uncertainty is the error due to temporal and spatial
fluctuation in Working Level. Borak also concludes
that the uncertainty in Working Level Month exposures
for the year due to all sources of error is usually
about 33%. Many people knowledgeable about the errors

with the grab-sampling method have stated that because
of these and other inherent problems with this method,
there is an obvious need for individual personnel
dosimeters.

Several alternate ways of measuring individual
radon daughter exposures have been proposed and some
have also been tested. Most of these methods have
utilized one or more different radiation detection
methods and they have employed various types of
battery powered air sampling pumps. Many of the
devices tested have failed because of their complex
electronic and pumping systems which are not reliable
in the underground mining environments. Other fail-
ures have, been due to the dusty or wet conditions
experienced in many mines. These dosimeters have also
interfered with the miners' normal activities and they
have been expensive; thus, they have not been received
with enthusiasm by either the miners or the mining
companies.

It has long been recognized that a small, simple,
passive and inexpensive personnel dosimeter would be
more acceptable to the miners and the mining com-
panies. The primary design criterion for such a
device is that it should provide time-integrated
exposure data with accuracy equal to or better than
the widely used grab-sampling methods. A passive
dosimeter based on Track Etch radon measuring tech-
niques shows promise of meeting all of these require-
ments. Since the primary Track Etch concept proposed
is based on radon detection (not radon daughters), the
main question that was investigated in an evaluation
of the concept is whether this type of dosimeter can
provide acceptable results in the varying radon
daughter concentrations and operating conditions that
would be encountered in typical mines and mills.

Recognizing that the stability of the Working
Level Ratios (WLR = 100 x radon daughters/radon)
normally encountered in underground mines is impor-
tant in the proposed dosimeter concept, the variations
that might occur under normal operating conditions
were investigated further. The need for this is the
following: if the average WLR has wider variations
than the WL itself, then the proposed dosimeter
concept would probably have larger inaccuracies than
the current method. On the other hand, if the WLR in
an operating mine were more constant than the WL,
then the dosimeter concept might have a smaller error
than the current method. The stability of WL and WLR
in mines has been reported by Breslin, et al.(3) and
Lovett.(4) The compiled data show that in a single
mine the WL and radon concentrations can sometimes be
quite stable and at other times be rather variable
over time periods of several hours. Breslin concluded
that a "high degree of stability of half hourly values
of WLR may be inferred" for well over half of the
sampling locations. Further, he goes on to point out
that "stability tends to be carried over into the
daily average values of WLR." Data to support this
conclusion are shown in Table 1. This table shows
that the weighted mean is 9.5% for this measure of
variability of the WLR with time and location. This
suggests that indeed the WLR variations are smaller
than the WL variations and that there is technical
validity to the proposed dosimeter concept.
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TABLE 1
described in this paper only the regular hydrophobic
filters were used with the Type SF detectors.

VARIATION OF WLR WITH LOCATION AND TIME
IN UNDERGROUND URANIUM MINES

Mine

D
E
F
G
H
I

Number of
Values

7
6
10
9
12
9

Percent Standard Deviation
of the Mean

12
8
15
3
8
11

Weighted Mean 9.5

TECHNICAL APPROACH

In the test program for determining if the Track
Etch dosimeters would be acceptable, there were
several questions to be answered:

1. How accurate are the detectors in measuring
radon?

2. Are there characteristics of the detectors which
might make them unreliable for applications in
the mines and are there operational procedures
which would be desirable in utilizing them?

3. How accurate are the detectors in determining
average radon daughter concentrations in typical
uranium mine and mill environments under actual
working conditions?

All of these questions (and others as well) were
addressed in the test programs undertaken to assess
the Track Etch dosimeters. Large numbers of the
dosimeters were exposed in standard radon test
chambers to determine both calibration and repro-
ducibility data. These tests were followed by
extensive field tests in both underground uranium mine
test facilities and in an operating uranium mill.

Track Etch Dosimeters

The basic Track Etch alpha-sensitive detectors have
been previously described in detail.(5,6) In the
Track Etch personnel dosimeter (Type SF) the alpha
sensitive detector is placed in a small plastic con-
tainer (3.5 cm O.D. x 2.2 cm high) behind a filter and
a protective cover. (See Figure 1) The dosimeter
weighs only 9 grams. The filter is a hydrophobic,
microporous material that permits rapid and complete
infiltration of the gaseous radon isotopes but it
discriminates against non-gaseous radon daughters.
The dosimeter gives a reading that is indicative of
the average radon concentration where the dosimeter
was exposed. Alternately, the filter material can be
a semi-permeable plastic membrane. This membrane,
sometimes called a Thoron Filter®, slows the normal
diffusion of noble gases into the detector container
and thus discriminates against radon-220 (thoron) that
has a 55 second half-life while permitting 60 to 70%
of radon-222 (which has a 3.8 day half-life) to enter
the detector container.(7) These Thoron Filters may
be desirable to use in mines where there is a high
proportion of thoron to radon. In the test programs

FIGURE 1. A TYPE SF TRACK ETCH PERSONNEL DOSIMETER

Since the Track Etch dosimeters are completely
passive, they do not require battery or other power
supplies and they do not have any electronic circuitry
or moving mechanical components. They are normally
supplied with simple metal clips for attaching to the
miner's clothing or hard hat but they could be easily
re-configured to be attached to most any other parL of
the miner's equipment since they are so small in total
volume and weight. Their light weight and small size
make them much more acceptable to the miners than the
more complex and larger personnel dosimeters currently
being proposed. In addition, their minimal capital
and operating costs may make them more acceptable to
the mining companies, particularly when there is
consideration of providing individual dosimeters to
all of the miners. It has been estimated that large-
scale use would result in costs of only $15 - $20 per
miner per month.

Laboratory Dosimeter Calibration Tests

Laboratory calibration tests of the basic Track
Etch detectors have been in progress at various inter-
nationally recognized radon exposure test chambers for
a number of years.(8,9) Several different detector
configurations comprising a total of over 2500
detectors have been used in these tests but discussion
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here will concentrate on the Type SF dosimeters which
were subsequently used in the field testing program.
Generally the laboratory tests resulted in radon
exposures ranging from 17 to 13,000 (pCi/l)-days.

The purpose of the laboratory calibration tests was
to obtain accurate detector calibration data and to
determine the reproducibility and sources of error for
the detector measurements. The results uf the cali-
bration tests are shown in Figure 2. These results
show that the Type SF dosimeters give predictable,
linear results over the full range of exposures that
are expected to occur in a mine when the dosimeters
are exchanged on a weekly, monthly or bi-monthly
basis. There is no basic reason to believe that the
results would not be linear to much higher radon
exposures also. The detector calibration is known
within +5% in the exposure range of greatest interest.
This calibration precision is excellent compared to
that of other radon measuring devices.

10 100 1000 10000
RADON EXPOSURE KPCI/L1-DAY S)

FIGURE 2. CALIBRATION DATA OF TYPE SF RADON DOSIMETERS

Reproducibility tests of the Type SP dosimeters
were also conducted to determine if the readings would
be Poisson distributed as expected from nuclear count-
ing statistics. These tests were conducted using two
sets of 100 of the dosimeters and exposing each set in
the U.S. Bureau of Mines' Denver radon test chamber.
Each group of 100 was exposed simultaneously to a
spatially uniform radon atmosphere, and the exposure
times were adjusted to produce two different total
exposure levels. The total exposures were 220 and 790
pCi/1-days respectively.

The data resulting from the 200 detectors were
statistically analyzed and the conclusion was that the
detector readings followed the expected Poisson dis-
tribution. Only one significant outlyer occurred in
the whole group of 200 detectors and it was believed
that this outlyer could have resulted from mishandling
of the detector during the tests. These positive test
results demonstrate that these detectors can be fabri-
cated in large numbers having uniform sensitivity and
it indicates that other factors that might contribute
to errors in detector readings are not at work. Such
factors include electrostatic charge effects and non-
repeatable characteristics of the plastic detector

material itself. If these or other variables were
operating, the spread in the readings would be greater
than that predicted from normal counting statistics.

The question of electrostatic charge effects was
further investigated in other Track Etch detector
tests at the U.S. Bureau of Mines' testing facilities.
These tests were conducted since there was some con-
cern that the all-plastic dosimeters and their
detectors could have significant electrical charges on
them and that non-uniform charges could produce
inaccurate readings. Fifty Type SF dosimeters were
used in these tests and the electrostatic potential
was measured on the outside of the dosimeter body, on
the filter material over the detectors and on the
detectors themselves. The measurements were made
both before and after the radon test chamber exposures.
Typical results are shown in Figure 3. As can be
seen from this figure, the electrostatic potential at
the center of the detector varied from about -50 to
+200 volts and there was essentially no effect of the
electrostatic charge on the readings. The other
electrostatic tests showed the same results with the
conclusion that there are no significant effects on
the Track Etch dosimeter readings from electrostatic
charges. The tests also showed that there was often
a leakage of these charges with time thus reducing
even further their possible effects. This series of
tests re-confirmed that there were no other charge
effect factors giving readings outside the normal
statistical bounds.

LEAST SQUARES LINE

FIGURE 3. ELECTROSTATIC CHARGE EFFECTS ON THE TYPE SF
TRACK ETCH DOSIMETERS

Twilight Mine Tests

Two series of Track Etch dosimeter tests were
conducted in the U.S. Bureau of Mines research
facilities in the Twilight Mine which is located near
Grand Junction, Colorado. These test facilities
provide an underground environment typical of con-
ditions that would be experienced in many uranium and
other mines where there are sources of excess radon
and radon daughters. Instrumentation is provided in
the Twilight Mine to make continuous measurements of
radon and radon daughter concentrations at different
locations. Three different locations were selected
for the tests and groups of fifteen to eighteen Track
Etch dosimeters were placed at the test locations.
The dosimeters were deployed in groups of five or six
at three different time periods at each location.
The exposure times ranged from slightly less than
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four to over eight days. During the exposure period,
the radon and radon daughter concentrations were
varied at each location by one or two orders of
magnitude as illustrated in Figure 4. From these two
measurements the Working Level Ratios (WLRs) were also
determined and plotted as shown on this same figure.

RADON CONCENTRATION

LOCATION: AC

0.5
RADON DAUGHTER EXPOSURE CWLMI

IAS REPORTED BY TIC BUREAU OF M£S>

FIGURE 5. TYPICAL TRACK ETCH RESULTS VERSUS EIIPOSURE
REPORTED BY USBM IN THE TWILIGHT MINE

These data support the conclusion that the radon
daughter exposures for individual miners can be
obtained with acceptable accuracy using the Track
Etch dosimeters and appropriately determined WLRs.
Where these dosimeters are used in the mines, WLRs
could be averaged for the total working area or they
could be determined for specific working areas or
classes of miners. The latter may give more accurate
results for each individual monitored depending on
the variations in WLRs in the working areas.

FIGURE 4. TYPICAL EXPOSURE CONDITIONS DURING THE
TWILIGHT MINE TESTS

Upon completion of the test exposures, the Track
Etch dosimeters were returned to Terradex and the
integrated radon exposure for each dosimeter was
determined using the standard laboratory calibration
data previously discussed. The radon daughter ex-
posures measured by the Bureau of Mines at each test
location were then used with the dosimeter radon data
to determine the WLR for each measurement. From this
data, the average WLRs were determined for each test
area in the mine and for the mine as a whole. Using
the average WLR data and the integrated radon measure-
ments obtained with the Track Etch dosimeters, the
radon daughter exposures were calculated for each
dosimeter and the results were compared with the
individual radon daughter measurements made inde-
pendently by the Bureau of Mines. The typical results
that were obtained from these tests are shown in
Figure 5. This graph plots the ratio of the Track
Etch measured radon daughter exposure to the Bureau
of Mines measured radon daughter exposure as a function
of the radon daughter exposure. As can be seen, the
results are distributed about 1.00 showing that there
is good agreement of the Track Etch dosimeter lesults
with the Bureau of Mines measured data. In the test
conditions reported for the data in Figure 5, the
mean WLR was calculated to be 0.224 with a 20%
standard deviation. A second set of test conditions
produced a mean WLR of 0.326 with a 29% standard
deviation. These WLRs are typical of the range
expected to be encountered in many underground mines.

Operational Field Tests

A long-term series of field tests of the Track
Etch dosimeters was conducted in an operating uranium
mill in Canada. These tests were designed to identify
possible field problems in handling and using the
dosimeters for wide-scale application with individual
workers in typical mine and mill environments. As
the tests proceeded, several minor problems were
identified and solved with the assistance of the
operations personnel. As a check on th«* reliability
of the individual personnel measurements, additional
area measurements were made with the dosimeters.
This was done in order to help determine the average
area radon concentrations. The area measurements
were also used to determine the Working Level Ratio
value appropriate for the operating test area. The
tests were extended over a period of 16 months to
determine if there were any seasonal factors that
might influence the results.

A group of 10 mill workers used the dosimeters on
a monthly exchange basis. In addition to these
dosimeters, four others were used for monthly area
measurements and four were used as controls. Radon
daughter measurements were made daily with instant
working level meters at the area sampling locations
and monthly average concentrations were determined
from these values. The individual worker exposures
were determined monthly from the daily area measure-
ments and the time that each worker spent at that
location. Each worker was assigned an identification
number and cumulative exposure records were prepared
as the test progressed. The dosimeters were worn
during the normal work shifts and they were attached
to the workers' outer clothing garment or on the
bill of their hard hats.
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The results from the instantaneous radon daughter
measurements indicated that the average exposure
during the tests was 0.03 WLM with values generally
ranging from 0.00 to 0.1 WLM. Using the Track Etch
dosimeter data and the data from the instant working
level measurements it was determined that the WLR in
the working areas was 0.11. Utilizing this infor-
mation the radon daughter exposures were calculated
for each of the Track Etch dosimeter measurements
and the results were compared with the individual
workers exposure and the area monitor data. Typical
results are shown in Table 2.

TABLE 2

COMPARISON OF THE TRACK ETCH® DOSIMETER
RESULTS WITH COMPANY REPORTED EXPOSURES

(Feb. 1983)

Employee
I.D.

Number

1001
1002
1003
1004
1005
1006
1007
1008
1009
1010

AREA I
AREA II
AREA III
AREA IV

Radon Daughter Exposures (WLM)
Company Track Etch
Reported Dosimeter

U.00
0.03
0.07
0.02
0.04
0.02
0.00
0.00
0.00
0.08

Avg. 0.03

0.28
0.28
0.08
0.08

Avg. 0.18

Avg.

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

0.

0.
0.
0.
0.

00
02
08
01
02
01
01
00
00
01

02

23
13
08
07

Avg. 0.13

It can be seen from this comparison that there is
generally good agreement between the Track Etch
dosimeter results and those using the regular method.
Where significant discrepancies In the two readings
were noted, an attempt was made to determine the
cause of the differences. In some instances there
was evidence of tampering with the Track Etch
dosimeters by the workers since dust and dirt were
detected inside the dosimeters behind the intact
filter cover. This could only have occurred if the
protective covers of dosimeters were deliberately
opened. In all of these instances the dosimeters
read higher than the standard measured values and
this was probably due to the uranium or radium in
the dust found inside the dosimeters.

It was also noted that there was less difference
between the Track Etch dosimeters used for the area
monitors and the standard readings obtained at those
locations as compared to the personnel dosimeter
readings and the results reported for the individuals.
This suggests that there may be some larger errors
in determining the individual measurements because
of errors in the normal record keeping activities or
there may have been other minor tampering with the
Track Etch dosimeters that was not observed in

normal inspection. Possible tampering can be easily
avoided in the future with a minor change in the
dosimeter housing.

Since the Track Etch dosimeters continually
integrated radon exposure (even during off hours), a
special set of dosimeters was included in each group
to determine the background exposure values obtained
when the workers were not wearing them. These
background values were subtracted from the field
measured values on the dosimeters to obtain the
specific individual dosimeter exposures.

In the course of these tests, other aspects of
handling and shipping the dosimeters from the labora-
tory to the field site were examined and specific
solutions to the problems were found. This has
resulted in a set of recommended procedures to be
used when conducting a large-scale mine and mill
personnel monitoring program.

CONCLUSIONS

The results from these extensive laboratory and
field tests of the Track Etch personnel dosimeters
have shown that they can be used with confidence to
measure individual radon daughter (Working Level)
exposures. The dosimeters have been shown to effec-
tively withstand the difficult environments encountered
in normal field operations and that they can produce
results comparable with the standard grab-sampling
and time keeping methods currently used by the
mining companies.

These positive results indicate that the Track
Etch personnel dosimeters can replace or supplement
the methods used for determining individual radon
daughter exposures in uranium and other mines and
mills. Such individual monitoring may result in
better personnel exposure information and contribute
to greater health and safety of all mine and mill
workers who use the dosimeters to determine their
individual radon daughter exposures.
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Ventilation rates (air exchange) markedly
affect the radon levels (and progeny levels).
That is why we feel a time-integrating detector on
the miner is important. Note that, although both
radon and radon daughters have large temporal
variability, the working level ratio generally
tends to have a smaller temporal variability.
That is why it may be possible to get a good
progeny value from radon alone.

Question (Schmitz): Based on our own experience
one might expect difficulties with personal
dosimetric equipment in underground mining from
dust, water or even mechanical stability. You
report on experimental exposures in the Twilight
test mine and in a Canadian mill. Have you
performed tests with your personal dosimeter under
actual mining conditions, for instance, with
miners drilling overhead or loading wet ore?

Answer: Yes. The eighteen-month test program in
the operating mill consisted of workers using
detectors during their actual work activities.
This subjected the detectors to those conditions
that existed in an operating mill. In other work
environments, the wearing and use of the detector
can be customized to fit Che needs of that
particular environment. Since the detector is
protected by a filter and measures radon only, it
is not subject to dust contamination problems.
The filter is also hydrophobic and prevents water
entry.

DISCUSSION

Question (Bernstein): Please comment on the
reliability and validity of the Track Etch
personal dosimeters for alpha radiation due to
radon (and/or thoron) decay products in the
underground mine environment. In particular! what
interferences occur as a result of such
environmental factors as high temperature,
humidity, dust, and air exchange (ventilation)
rates.

Answer: Our personal dosimeters measure 222Rn
(and 220gn), The radon exposure may then be
converted to a radon progeny exposure by the
application of the appropriate average working
level ratio or equilibrium factor.

Temperature, humidity and dust do not affect
the radon level or the dosimeter. The latter is
protected by a filter.
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ABSTRACT

An active thermoluminescent persona] ilpha

dosimeter for measuring exposure to radc.n and

thoron daughters has been developed. The TL-

chips mounted in the dosimeter are ultra-thin

CaS04«Tm chips which are more sensitive to

alpha radiation than those used in the other

radon daughter dosimeters. The response of

the chip to gamma radiation is decreased to

such a level as 0.8 counts/mR, so the low-

er detection limit is reduced to 1.04 -uJm'̂ h

(0.05 WLH) (i background 1 mR/h; sampling

period 6 hrs). Exposures to radon daughters

and to thoron daughters can be determined

separately by mounting three of those chips

in the sampling probe of the dosimeter. The

compact sampling pump, without flow regulator,

features a satisfactory flow-resistance

characteristics. The prototype units have

been subjected to a series of tests in

laboratory and fields since 1981. Testing

results are summarized in the paper.

INTRODUCTION

The main occupational radiation hazard in

Uranium (or thorium) mines is inhalation of

radon (or thoron) daughters. The exposure

to short-lived progeny products is expressed

by the product of radon (or thoron) daughter

concentration in WL and time in hours.

Epidemological studies show that there is a

link between miner's integrated exposure to

radon daughters in Working Level Month (WLM)

and lung cancer, (1) and hence it is necessa-

ry to determine WLM of exposures of miners.

Present method of radon daughters exposure

estimation of mining personnel in China

consists of collecting grab samples and

applying time weighting. Because of infrequent

spot measurements and timing error, the

estimated values of WLM are always inaccurate.

Since 19B1, UMRI has been undertaking the

development of a personal alpha dosimeter,

adopting some of the technologies pioneered

by earlier researchers. (2) Special emphasis

are placed on these respects which are as

follows: high alpha sensitivity and low

lower detection limit? ability to detect radon

and thoron daughters' exposure separately;

simple structure and reliability to withstand

mine conditions. Three types of active alpha-

dosimeter exist currently. (2) (3) (4) They

are thermoluminescent alpha dosimeter, solid

state electronic alphadoaimeter and track-etch

alphadosimeter. Considering the convenience

in use and ripe experience, we prefered to use

TL detector rather than others. About four

years have been spent to develope such a

practical, convenient and sensitive device and,

that will let us use personal dosimetry in

determing uranium miners' occupational expo-

sure. We believe that it may take a long time

to put the personal dosimeter in use on a

routine basis, but personal dosimetry is realty

a reliable method in estimating correctly

individual exposure values.
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DESCRIPTION OF THE PERSONAL alphaDOSIMETKR

The dosimeter consists of a pump and a
detector head. The former, weighting 400 gms,
is worn by each miner throughout the shift,
and the latter, enclosing three ultra-thin
CaS0.«Tm TL-chips and a synthetic fiber filt-
er, is mounted on the underside of the hard
hat brim. These two parts are connected by
a rubber hose extending from the back of the
hat to the belt. The pump, powered by a self
contained 3-75v, 800 mAh rechargable Mi-Ca
battery, features a compact aluminum case
with a small size of 94x30x100 mm which is
very durable and strongly resistant to
mechnical shock.

PRINCIPLE OP DETECTION OP SHORT-LIVED RADON
AND THORON DAOGHTERS

Figure 1 shows the structure of the
detector head, which was patterned on the
basic arrangement of MOD working level dosi-
meter but incorporated features by UMRI
to separate the exposures to radon daughters
and thoron daughters. Air sample is drawn
continuously through the filter, in front of
which two identical ultra-thin CaSO.-Tm chips
(diameter 10 mm; quality thickness of
CaSO.'Tm layer 2mg/cm ; thickness of Al-basis
10.5«m) are positioned. Between them there
is a polycarbouate absorber of 23 -urn thick
which is used to prevent all the alpha
particles emitted by RaA and RaC deposited
on the synthetic fiber filter from emerging.
Alpha particles emitted by The' possess a
higher initial energy than those from RaA
and RaC', thus they can penetrate through
TLD-I and P.C. absorber and into TLD-II with
a maximum residual energy of 3«O3MeV. (Table
1) Thus the difference of the TL-response
between TLD-1 and TLD-II can be used as a
reference information for determing exposures
to radon and thoron daughters separately.
An identical third chip, TLD-III, is used for
correcting external gamma radiation to which
each of the chips are subjected.

B»ta Shield Ti.D-IlI

P.C.

Abnorber

no-1 J

TI.D-I

Figure 1. Cross Section
of the Detector Head

It is well-known that the density attenua-
tion of a thin plane alpha source is expressed
as follows:

where,

n is the density of thin plane alpla
source (27rsolid angle),
n x is the density of thin plan afcfea source

covered with a medium of x thickness
(2 Tf solid angle), and

R is range of the alpha particle in the
medium.

Using this formula for T h C , the ratio of
the number of alpha particles which penetrate
through the P.C. absorber to the number of
alpha particles entering the TLD-I could be
assessed. A group of experimental data and
the theoretical assessment value are given in
Table 2.

In the case of monitoring radon daughters
only, cumulative exposure equals tos

N,-
(WLH)

where,

is the TL counts of TLD-I chip.
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TABLE 1: Maximum rot;iilu".U onorfjy oi' ruphu p a r t i c l e s emitter]
by RaA, RaC' , ThC and ThC ' -ifter h-ivir.g travesed
CaSO.-Tm l a y e r , A l -bas i s and P.O. abaortcr-

Medium

TLD-I
CaSOa'Tm l a y e r

TLD-I
Al-biisis

P.C. absorber

6.00 Mev
part icle

RaA

4.64

2.78

0

Maximum residual energy in Mev

alpha
from

7.6B Mev alpha
particle- frnra

RaC

6.S1

5.C?

0

6.G9 Kov
particle

ThC

4.74

3.91

0

•ilpba
from

8.78 Mev alphii
particle from

ThC

7.70

6.41

3.03

TABLE 2: The ratio of TLD-II counts tc TLD-I counts

Smple

Thoron
daughters

Radon
daughters

Experimental data

TLli-T
counts

514
585
92?

1219
634
693

1661
786

4897
15500
9183

TLD-I I
counts

55
66
97

146
76
87

67
28

196
502
404

TLD-JI counts
TLK-I counts

0.107
0.113
0.106
Q Avg. 0.115+0.003

0.120
0.126

0.040
0.036

°"0 4 0 Avg. 0.038+0.002
0.032
0.044

Theoritical
value of

the ratio

0.128

0
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N, is the TL counts of TLD-III chip, and
^Rn is *he o a li b r a' ti o n coefficient for

radon daughter (counts/WLH)

In the case of monitoring radon and thoron
daughters together, the expression is turned
into a somewhat complex form. Applying the
experimental values, following equations can
be written:

VN3=N1Rn-l)p+NiTn-Dp

W0.038 < »1Tn-Dp'

where,

is the TL counts of TLD-II chip.
NiRn-Dp

NiTn-l)p

is the TL counts of TLD-I caused
by radon daughters only, and
is the TL counts of TLD-1 caused
by thoron daughters only.

0.115 is an experimental value which
represents the response ratio of TLD-TI to
TLD-I for thoron daughters and 0.036 is also
an experimental value which represents the
response ratio of TLD-II to TLD-I for radon
daughters. Thus, we arrived at the following
equations:

0.115 N.-N, + 0.885 M,
N1Rn-Dp

N1Tn-Dp

0.077

N- - 0.038 N1 - 0.962 N,

0.077

The integrated exposure to radon and
thoron daughters are expressed separately as
follows:

radon daughters1 exposure (WLH)

0.115 N, - N, + 0.685 N,

0.077 K R n

thoron daughters' exposure (WLH)

Mg - 0.038 H, - 0.962 K3

0.077KTn

where,

KTn is calibraticn coefficient for thoron
daughters (counts/WLH)

In the case of measuring 1 WLH of thoron
daughters!1 exposure and 0.5 WLH of radon
daughters' ;xposure, the error in the WLH
calculation of thoron daughters' exposure will
bo less than 48#.

DOSIKETRY PROPERTIES

The ultra-thin CaSO^.Tm chip selected as
the detector of the dosimeter is more sensi-
tive to alpha particle than LiP chip (5x5x0.8
mm) and CaSO^.fm chip (UD-100M8 from Matsu-
shita Electric Industry Ltd. Japan). The
sensitivity to alpha particles emitted by
Pu••' source is 50.4 TL counts per 10^
particles of exposure which is 29 times high-
er than LiF chip and 13 times higher than
UD-100M8 chip. (The diameter of active area
of the source is 10 mm! the distance from the
source to TL-chip is 2.5 mm) Another impor-
tant property is «/] response ratio, j'
sensitivity of ultra-thin CaSO^.Tm chip is

linear and,the Average is 0.80
(TL counts / mR) in the exposure range of
98-666 mR. A high «/y response ratio of 83,
which is almost the same value as UD-100M8
chip, enable the lower detection limit to be
reduced. The lower detection limit of
potential alpha energy concentration measure-
ment in different sampling periods and gamma
background are listed in Table 3. As a
comparison, the referance data of UD-100M8
chip are also listed in it.

At can be seen thrit a lower detection
liait of 1.20 juJ-m~'.h (0.058 WLH), which
corresponds to TLD net counts (TLD-I counts—
TLD-III counts) of 7 and & /J responsp ratio
of 1.2, could be achieved in the conditions
of 6 hours sampling period and 1.00 mR/h
gamna eyposure rate. TL-response of dosimeter
is linear over five decades of cumulative
working level exposure and the upper detec-
tion limit is larger than 180 mj.m~'>h
(50 WLM).
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PHYSICAL PROPERTY

A reliable sampling pump ia ono of tho most

important consiilcrLticiiu in trio development of

the alpha dosimeter. A design of diaphragm

pump driven by u magnei Oilectric D.C. motor

was choson because of '. ZE inherent simpl ici t.y,

long life expectancy and ••xcoliont flowrrstij-

resistan'Q characteristic!!!. Wo fLow repul'i-

tion technology is used in the pump so as to

simplify the structure and ruduce the cost.

The pumping speed, deronding on the require-

ment of monitoring sensitivity, is adjusted

to the value of ?60 ml.'min. Because of po«rr

consuming of the battery, the maximum varia-

tion in flowrate after 8-hour using is less

than 8$>. Figure 2 shows the relative insensi-

tivity of flowrate to resistance and, it can

be seen that even a large increase in the

filter resistance from the initial value

causes only a modest reduction in flowrate.

Maximum variation in flowrate is 6 % when tho

filter resistance increases from the initial

value to 200 niniĤ O. In actual practice, only

20 ramHpO increase in filter resistance was

observed after 180 hours' operating in a mine

stope,so the dust loading of the filter does

not seem to pose a problem.

for cumulative exposure sampling. Both

detector- hurjd and pump outer case are made of

aluminium ;illoy to prcvide strength and

durability. The smfil.. size and lightness of

the pump has made itself easy to accept by

miners.

OPERATION

The dosimeter i s e:isy to use and no opera-

tion procedure i s necdo! during the working

shift except putting the switch on and off a t

the begining and the end of the sh i f t . Bat-

t e r i e s are charged after the working shi f t by

inser t ing the pumps in a multiplex automotic

charger that accommodates twelve un i t s . TL-

chips are measured af ter an exposure period

of ono week or several raonthes with a FJ-377

TLD reader. The TL readout procedure, beinp

used current ly, i s a ?0-seeond preheat cycle

a t 1OO°C and a 20-second readout cycle a t

300°C with fast ramp function of 4C°C/seo.

Annealing condition i s heating at 4OO°C for

1 hour. TL-chips can be used for 3-5 timee

without any reduction in s ens i t i v i ty .

FIELD TESTING

400

S.2CK

ii
10 50 60 TO

cm

2b3° 40

Resistance,

Figure 2. Flowrate-Resistance chara-

cteristics of sampling pump

The filter used is synthetic fiber type

with active diameter of 1R mm and collection

efficiency of 99-3 % for radon daughters.

It is more suitable than membrane type filter

The prototype units have been subjected to

a set ies of tests in laboratory and mines.

The first underground test was carried out in

uranium mino A in 1983. A calibration of TLD

net response versus radon daughters' exposure

was obtained in this mine test. The calibra-

tion was performed in several abanboned work-

ing places where potential alpha-energy

concentrations were extremely stable and radon

danghter equilibrium ratio were different

from each other. The values of working level

hours were determined by time-weighti-ig

Kusnetz method readings. The results are

shown in Figure 3. The slope of the least-

square line indicats that response versus

exposure correlation is 104.8 ± 3«6 net

reader counts/WLH with 95 $> confidence limit.

A set of five dosimeters were tested to

determine the precision of the instrument in

measuring working level hours of exposure.

The results obtained show a standard devia-
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tion of 20 percent in measuring 0.5 to 138

WLH of exposure.
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Exposure, WLH

Figure 3. Field calibration of alpha

Dosimeter

A comparative experiment between alpha

dosimeters and time-weighting grab-sampling

method was run in a working stope in this

testing period. Five alpha dosimeters were

worn by one worker and two technicians, each of

thm technicians wore two, for six hours during

which time many spot samples were taken by the

technicians using Kusnetz method and Instant

Working Level Meter method (Model 811, M.D.A.).

The dosimeter results were then compared to

the time-weighting average of the spot samples.

The result shown in Figure 4 ind.icats a good

agreement between two methods and a close

proximity of the dosimeter readouts.

Another comparative test was run in the

second field test in uranium mine B in the

same year. Four dosimeters were worn under-

ground by two technicians who were simu-

ltaneously measuring the concentrations of

radon daughters by Kusneta method and Markov

method every 15 minuts. The results given in

Table 4 shows that a good correlation,

relative deviation better than 14 #, exists

between tfce dosimeter readings and Markov

method results. Markov method is now being

used as a routine method for measuring radon

daughters in mines of China. The standard

deviation of the results of four dosiir.elers

are better than + 10 %>.

Six dosimeters were worn by six workers on

a routine basis for different periods in

above two field tests. The longest periods,

in whioh time the worker wearing the dosimeter

were operating at the stope, is 180.5 hours.

The ambient temperature at one stope was 32°C

and the humidity is more than 96 #. The test-

ing result proved that the alpha dosimeter is

suitable for use in mines even at a harsh

condition of high temperature and humidity.

An important indication of pump performance

obtained is that the variation in flowrate

after 8 hours operating in stope is less than

CONCLUSION

We believe that our current dosimeter is

reasonably reliable and pratical to use in

mine. It is simple in structure, easy to use

and cheap in cost. Its high sensitivity to

alpha radiation and Insensitivity to gamma

radiation makes it possible to be used not

only in underground monitoring but aleo in

other radon and thoron daughters monitoring

applications such as area or enviromental

monitoring and possibly family dwelling

measurement.
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TABLK 5. Lower detection l imits in measuring potential alpha-energy
concentration

Sampling

period

(hour)

6

36

170

Detector

Ultra-thin

CaS04-Tm

UD-100M8

Ultra-thin

CaSOd'Tm

UD-100M8

Ultra-thin

CaS04-Tm

UD-100M8

Lower detection limits unde

*, •« , *•* , -uJ-nT5

0.0imR/h

0.202(9.7)

1.48 (71)

0.0555 (1.6)

0.250 (12)

0.0183 (0.88)

0.0520 (2.5)

0.10mR/h

0.202(9.7)

1.48 (71)

0.0555 (1.6)

0.250 (12)

0.0229 (1.1)

0.0520 (2.5)

r different ] background

1 0 ~ \ L )

1 .00mR/h

0.202(9-7)

1.48 (71 5

0.185 (8.8)

0.250 (12)

0.131 (6.3)

0.104 (5.0)

lO.OOmR/h

1.71 (8?)

1.48 (71)

1.10 (53)

1.02 (49)

1.10 (53)

1.02 (49)

• I t i s assumedthat the alpha-counts of u l t ra - th in CaSO4-Tm chip i s not less than 7 and
the alpha-counts of UD-100M8 i s not less than 4.

**The<*/y> response ra t io (TLD-I counts-TED-TII counts/TLD-III counts) equals 1.2.
***The sens i t i v i t i e s of integrated exposure measuring are 120 counts/tflfl for

u l t r - th in CaS04-Tm chip and 9.4 counts/WLH for UD-100M8 chip.

TABLE 4. Comparative t e s t data of integrated exposure determination
in mine B

Serial number

Exposure time (hour)

Exposure by

alpha dosimeter

(W1H)

Exposure by

Markov Samples

(WLH)

Exposure by

Kusnetz samples

(WLH)

1

4.5

22.19

19.68 A v g > 20.11 + 1.4

19-48

19.10

number of

WL measurment

Mean + •=—

Number of

WL measurement

Mean + 7=-JW

27

18.52+0.52

18

17.28 + 043

2

1

3.52

4' 3 2 Avg. 5.95 + 0.34
3.85

4.10

Number of
WL measurement

Mean + -§-

6

4.92 + 0.17
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Figure 4. Comparative experiment between alpha dosimeters and time-weighting
grab-sampling method in the working stope in Mine A.
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LOCAL STATIC METHOD FOR MEASURING

RADON EMANATION RATE PROM POROUS MATERIAL

ZHANG ZHE
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ABSTRACT PROPOSING THIS QUESTION

This paper mainly discusses a new idea

about calculation formula of local static

method as which is used to measure radon ema-

nation rate from porous material, so as to be

in keeping with practice.

New formula given in this paper has consi-

dered four factors affecting radon building up

in collecting space during measurement: ema-

nation, reverse diffusion into porous mate-

rial, leakage and radioactive decay. Equi-

interval sampling method has been found out

to make new formula easier to use. Experiment

results indicate that the new formula tallies

with practice much better than primary for-

mula dees.

INTRODUCTION

Local static method is also called accu-

mulation method. It is widely used to measure

low emanation rate of radon' ^ " ' 'because

of its high sensitivity,sometimes it is used

to measure the rate from surface of uranium

ore-body due to its simplicity.

This method has been used for a long time,

but radon leakage problem has not been solved

yet. Therfore I;.am not so sure of the correct-

ness of available results.

As I was investigating radon emanation

process in 1977, I gave valuable time to the

leakage problem and I found out a new calcula-

tion inethodO), Since then, this method has

been gradually developed to its present per-

fection.

Primary formula used to calculate radon

emanation rate in local static method is'2^

/=W(C-Coexp-At)/S(1-exp-At) (D

where Co= Initial radon concentration,

C = Final radon concentration,

V = Volume of collecting space,

S = Radon emanating area,

% = Radioactive decay constant of radon,

t = Collecting time,

S = Radon emanation rate.

If the collecting time is short enough for

\t« 1, formula (1) can be simplified to''-"

<T=V(C-C0)/St (2)

-,-6 Sec"1, tBecause of the } is 2.1x10"

satisfing *3>t« 1 usually does not be more than

14 hours.

Formula (1) comes from following relation

between radon concentration in collecting

space and collecting time

0=SS(1-exp-A t)/AV+Coexp-J t (3)

But when the local static method is used

to measure radon emanation rate from porous

material such as soil and tailings of uranium

mill, it is found out tint formula (3) did not

tally with practice. The longer the collecting

time is, the lower radon emanation rate ob-

tained is. And radon concentration inside col-

lecting hood can reach stability much more

quicker th<m what vim-, previously believed.
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Experiment results given in Table 1 show the

affect of collecting time on radon emanation

race li'om soil.

TABLE t: RADON EMANATION RATE OF SOIL

233

Note;C =0 supposed.

The curve in Figure 1 shows experiment

results of radon concentration raising in

collecting space and dash lines show results

according to formula (3).

1 2 3 4 5 6

COLLECTING TIME hr

FIGURE 1: RAISINS OF RADON CONCEN-

TRATION

H—t

c
t

S

vs

pCiL~f

tain.

pCi.s-!lT10.

. VARIED

20
60
44

35
120

0.39

COLLECTING TIME

46
180

0.33

51
240

0.28

55
300

0.24

1
2
3

FIG

POROUS MATERIAL

Radon emanation

Reverse diffusion

Radon leakage

FIGURE 2: FACTORS AFFECTING RADON CON-

CENTRATION RAISING

1 Radon emanation

Radon going out from porous material into

collecting space makes its concentration in

air in collecting volume raise up. The radon

quantity cominc from porous material is

directly proportional to radon emanation rate.

2 Radon reverse diffusion

Radon in collecting space can diffuse into

porous material since it can diffuse out from

the material. According to reference (4)|

radon emanation rate from semi-Infinite ema-

nation tody, as Figure 3 shows, can be exp-

ressed by

(4)

where CU» Saturation radon concentration in

the body,

Co= Radon concentration in air at sur-

face of the body,

K « Constant depending on charaoteres-

tica of emanating body.

THEORITICAL ANALYSIS

Facts above show that foiiuul'i (3) does not

completely discribe the physical proceas of

radon building up in collecting space. In

fact, when a collecting hood is put on sur-

face of a porous material,UJ Figure 2 shows,

raising of radon conountration in collecting

space will be affected by (our fncfcora.

POROUS

MATERIAL

Rn CONCBN.

r

FIGURE 3: SEMI-INFINITE EMANATING BODY
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Usually, radpn concentration in atmosphere is
very low, so that it can be considered as a
zero, and the ture radon emanation rate of
semi-infinite emanating body is 5"=KC».. If
C#.=O» formula (4) becomes S=-KC0. This is
radon emanation rate of reverse diffusion,
it is negative and directly proportional to
radon concentration at surface of porous mate-
rial. Obviously, when local static method is
used to measure radon emanation rate, reverse
diffusion will reduce radon quantity in hood.

3 ftadon leakage

If radon concentration inside collecting
hood on porous material surface ia higher than
that outside, radon can leak out through
porous material and sealing medium at edges
of hood, as Figure 2 shows. According to re-
ference (5)» if Cj is radon concentration at
a site of a layer of porous material and Cg is
at other site, aa Figure 4 shows, radon quan^
tity migrating from one site to other can be
calculated with following formula

Q=E1C1-K2C2 (5)

K̂ . and Kg are constant depending on character
restics of emanating material.

Rn CONOBN.

FOROHS MATERIAL g
LAYER rt

Y///Jyy//iJ/// /^/"J"- F

C 2

FIPURE 4: RADON MIGRATES THROUGH LAYER

For local static method, the porous mate-
rial and sealing medium at adgen of hood are
with limited thickness, radon leakage through
them is similar to through a layer and it is
depending upon C and ohnracterestics of
porous material and sealing medium. Usually,
C2, radon concentration oubsito the hood, is

very low, therfore radon quantity leaking out
is directly proportional to radon concentra-
tion inside the hood. Oficourse, the leakage
will reduce radon quantity in collecting
space and the quantity is

Q = K ^ (6)

4 Radioactive decay of radon

Decay loss of radon is directly propor-
tional to radon concentration in hood.

Thus, the physical process of radon con-
centration raising in collecting space can be
discribed by following equation

V- dC—AVC- dt-itVC- dt-(HTC-dt+JS.dt (7)

where, W= Reverse diffusion constant,
f= Leakage constant.

Let Ae=^+«<+f» equation (7) changes into

dC/dt = -AeC+^S/V

its solution is

C=?S(1-exp-Ait)/W+Coexp-A«t (8')

Because «*>O and (»>0, At?A. Then,for poroua
material, radon concentration in collecting
space can reach stability more quickly and
the maximum radon concentration must be much
lower than that obtained from formula (3)*

EXPERIMENT DESIGN .. EQUIIWIERVA1 SAMPLING

Following formula can be obtained from
formula (8)

£«>*Y(C-Coexp-Jtt)/s(1-exp-Jkt) (9)

But >e is unknown prior to measurement, this
formula is difficult to use. In order to
overcome this difficulty, the equiinterval
sampling method has been found out.
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If the period of time between both neighbouring
sampling is kept unchanged during one measure-
ment, the relation between nth and n-ith
samples can be obtained as follows

235
Before sampling, the air inside the chamber

was exhausted carefully and vaccun pressure
was noted. Sampling speed should not be too
fftst. Three hour3 later the chamber will be
measured.

-exp-AeT0 (10)

To is sampling period and it is kept constant
Local static method has been used to mea-

sure radon emanation rate from soil, uranium
during one measurement, so first term on right tailings and uranium ore-body surfaces. Soil

hand of equation (10) and factor exp-^Po are

constant. Let A=*8(1-exp-J|»ro)/uV and B=exp-W0

then, formula (10) can be changed into

+ BCn_, (11)

Clearly, it is not difficult to get A and B

if n 3.

If n«3, then

A=(c|-C1C3)/(O2-C1)

and B=(C3-C2)/(C2-C1)

(12)

(13)

If n 3, the least square method can be used

to get A and B with good accuracy. Radon ema-

nation rate can be obtained from following

formula

= AVlnB/T S(B-1) (14)

Measurement error of the rate can be calcula-

ted with following formula

(15)

surface measured is mildclay ground uncoated

by any plants. Experiment results obtained

are given in Table 2.

TABLE 2: RADON EMANATION RATE FROM SOIL

No.

To min.

A pCil"1

B

t from (14)
io~13 cis~1ir2

S from (1)
lO-1 ' C i s -V 2

SO) /S(14)

A.10-4s-1

1

30

15.4

0.85

7.4
+0.8

6.7

±0.6:

0.91

o.9

; 2

30

17.7

0.92

8.2

±0.8

8,0

±0.9

0.98

0.48

' 3 "

30

18,6

0.84

9.0

±0.8

8.0

±0.9

0.89

0.96

4

30

21.7

0.80

10.7
±0.9

9.4
±0.9

0.88

1 . »

TEST AND RESULTS

The collecting hood used in my experiment

is made of tinplate. It is 8 cm tall and 0.25

M 2 ( 0.5 MX0.5M ) bottom area. There are

four gas-inlet and one sampling pipe on it.

Radon concentration is measured with

PD-105K Electrostatic meter with one litle

ionization chamber or FD-125 Radon/Thoron

Analyser with 0.5 litle scintillation chamber.

Experiment results of radon emanation rate

from uranium tailings are given in Table 3«

The uranium-bearing rock measured is black

mleroquartzite, its porosity is about (0,3-

2.7) f<>. Experiment results Of radon emanation

rate from uranium-bearing rock surface are

given in Table 4.
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TABIE 3: RADON EMANATION RATE FROM
URANIUM TAILINGS

No.

To mln.

A pClIT1

B

Xt io-V1

S from ( 1 4 )

io-15cis-1ir2

t from (1)

fOWKU,

1

'5

874.

0.83

2.09

852

747

0.88

2

15

944

0.73

3.53

979

750

0.77

3

15

193

0.72

3.72

202

191

0.95

4

15

761

0.84

1.91

737

493

0.67

TAB1E 4 : RADON EMANATION RATE FROM
URANIUM-BEARING ROCK

No.

To rain.

A pCiL"1

B

* IOTV'

5 from (14)
1O-1 5Cis-1M~2

J from (1)

1

20

84

1.08

-

54

55

1.02

2

20

220

0.98

1.4

148

167

1.13

3

20

958

1.00

-

638

538

0.84

4

20

1098

0.91

7.8

765

605

0.79

Figure 5 and 6 show radon concentration
raising in collecting space upon soil and

uranium t a i l i n g s . Da3h l i n e s In the f igures
show r e s u l t s according to formula ( 3 ) . Figure
5 and 6 indicate that the formula (11) i s
we l l in keeping with p r a c t i c e .

A=38.3
B=0.665

«o.998
To«60 rain.

o 20 40 56" so 100

FIGURE 5: Cn_i- Cn CORRELATION FOR SOIL

A-0.87
B-0.828

-0 .975
To«15 min.

FIGURE 6: Cn_i - C n CORRELATION FOR
URANIUM TAILINGS

Figure 7 showa the results on uranium-
bearing rock surface. There ia not dash line
in it, because two lines are forming a single
line. That means the influence of reverse
diffusion and leakage is rather snail

In order to check the affeot of radon
leakage on radon building up in collecting
hood, two kinds of sealing medium we're used.
They are dry soil and moist mud. Experiment
results of for two kinds of sealant are
listed in Table 5.
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TABLE 6 : MAXIMUM OF COLLCTlNa TIME

237

Cn_., nCiL

FIGURE 7 : C n - i - C n CORRELATION FOR
URANIUM ORE-BODY

TABLE 5 : AFFECT OF SEALING MEDIUM ON

Sealing medium

Range of X» 10~^a~

Average of 1»1O" s~

Dry soil

O.91~2.34

1.52

0

Mud

.49-1 .88

1.09

Material

Ave rage 3c 10 s~
1

Maximum t min.

Soil

8.9

18

Tailings

28

6

Rock

0.4

420

CONCLUSIONS

3. Experiment results i'̂ ve proved that the
equiinterval sampling successfully overcomes
mathematical difficulty of formula (9) and
is convenient for calculation.

4. If the poroaity of material is very low
and sealing is good, the influence of reverse
diffusion and leakage of radon may lie negli-
gible, only at this time, formula (8) may
retrogrede to formula (5). The formula (a) is
more typical than formula (3) is.
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1 • If the local statio method Is used to
measure radon emanation rate from porous
material such as soil and uranium tailings,
influences of reverse diffusion and leakage
of radon should not be ignored, unless the
collecting time la short enough t o M ' 0 « 1 .

2, When the collecting tine is short enough
to V T 0 « 1, formula (14) can be simplified to
be

S - v{ c-co )/st (2)

Table 6 hus given some maxiraums of collecting
time which satisfies formula (2) for diffe-
rent material measured. IT good sealing is
absent, t satisfying (2) must be much shorter
than that is in Table 6.
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ABSTRACT

The results of measurements of short-lived
airborne activity, gamma radiation dose rates and
activity concentrations of rock staple* In eight UK
non-coal mines are presented. The data are used to
estimate annual doses from thoron daughters, gamaa
radiation and Inhalation and lngestion of dust. The
highest estimated doses occur In mines In Igneous
regions and could amount to about 5 mSv from all
sources. It Is suggested that within the 50 mSv
annual dose equivalent limit an allowance of 10 «6v
would be generous for sources other than radon
daughters which could then be controlled In relation
to an annual exposure of 4 WLM.

INTRODUCTION

There are over six hundred mines In the UK of
which about five hundred are coal mines.
Measurements of radon gas were carried out In some
coal mines In the I960* and concentrations were
typically less than 100 Bq m~3. (1) Non-coal mines
In the UK produce various minerals under a range of
mining conditions, and in nearly all these mines
concentrations of the short-lived decay products of
radon-222 (radon daughters) have been measured at
some time in the last decade or so. Some mines were
identified where radon daughter concentrations could
be a cause for concern and fairly frequent monitoring
has been undertaken ever since.

O'Rlordan et al. estimated (2) that the average
annual dose equivalent from radon daughters was
26 mSv and concluded that miners are the most exposed
group of workers in the UK. This estimate was based
on the results of measurements In 1981 and showed
that marked reductions In exposures had occurred
•Ince assessments In 1973 and 1976. (4) The
reduction was a result of the closure of uneconomic
mines, some of which had high radon concentrations,
and the Increasing emphasis in the Industry on
reducing exposures. Awareness of the need to control
radon has continued and has been heightened somewhat
by the knowledge that impending UK legislation will
make radiation protection obligatory In mines.

Attention Is usually focusaed on radon daughters
because they arc the major cause of occupational
exposure, and because significant reductions in
exposures to them can often be achieved. However,
the radiation environment in mines is quite complex
with additional exposure to the short-lived decay
products of radon-220 (thoron daughters), external
gamma radiation and airborne mineral dust with
long-lived activity. In the UK It is normally
assumed that these additional sources are of
secondary Importance compared to radon daughters and
that the control of radon daughters alone provides
sufficient safeguards for miners. With the advent of
statutory regulations which will require all sources
of radiation exposure to be considered together, It
Is necessary to see to what extent exposures from
secondary sources need to be taken into account.

The effective dose equivalent from secondary
sources have been provisionally estimated (S) and a
recent survey in eight non-coal mines provided a
further opportunity to assess the relative Importance
of the various sources of exposure.

RADIOLOGICAL PROTECTION STANDARDS

The annual limit on effective dose equivalent
recommended by ICRP and adopted in the UK is SO mSv,
(6) effective dose equivalent being the weighted sum
of the dose equivalents to various organs of the
body. In practical radiation protection, It Is often
necessary to place limits on quantities other than
effective dose equivalent. Annual Limits on Intake
(ALI) have therefore been calculated for Inhalation
and lngcstlon (7) from metabolic models that take
account of the uptake and elimination of
radlonuclldes from the body.

When aaaesslng exposures from radon daughters, it
is necessary to consider the Intake of the Individual
radlonudides that contribute to the potential alpha
energy, namely polonlum-218, lead-214 and
blsmuth-214. In mine atmospheres, the relative
proportions of these radlonudidee vary and airborne
concentrations of potential alpha energy are normally
measured in Working Level units (WL), which quantity
Is related to the total alpha energy. Exposures from
radon daughters are normally expressed In units of
Working Level Month (WLM), which quantity is merely
the time Integral of the alpha energy concentration.
The quantity exposure to potential alpha energy can
be related to dose and this is Independent of the
degree of radon daughter equilibrium.

The National Radiological Protection Board has
routinely assessed the exposure of miners to radon
daughters In relation to the Informal annual limit of
4 WLM (3). Thia corresponds to continuous
occupetional exposure to radon and its daughters at
an equilibrium concentration of 30 pCi I-1, the limit
recommended by ICRP in 1959. (8) More recently ICRP
has reviewed the evidence on risk factors from
epidemiology and doslmetry (9) and has concluded that
an annual limit on Intake of 0.02 J for the potential
alpha energy of radon daughters Involves the same
risk as the dose equivalent limit of 50 mSv. An
annual intake of 0.02 J corresponds to an annual
exposure of 4.8 WLM so that a rounded conversion
coefficient of 10 mSv per WLM has been adopted.

Annual Limits on Intake have also been determined
(9) for the short-lived decay products of radon-220,
thoron daughters, and the recommended value Is 0.06 J
which corresponds to an exposure limit of 14 WLM; a
dose conversion coefficient of 3.5 mSv per WLM has
therefore been adopted.

The committed dose arising from the Intake of a
radlonucllde depends on the rate at which It decays
and is metabolised and the dose may be delivered over
a protracted period. For intake by inhalation the
committed dose is determined primarily by the rate of
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clearance from Che lung where the intake Is Initially
deposited. The clearance rate Is classified as D, W
or Y depending on the chemical form of the Intake*
The categories refer to the ranges of retention half-
times; D for less than 10 days, U for 10 to 100 days
and Y for greater than 100 days. For Intake by
ingestion the committed dose is determined primarily
by the gut uptake factor. For some radlonuclides the
factor varies with chemical form. Ore dust Is highly
insoluble and Y is the appropriate lung class for the
element thorium (10), which causes most of the dose
arising from the Intake of dust; the gut uptake
factor for all the radioactive species considered
here (7) is 2 x 10-1*.

ICRP recommends that the dose equivalent limit
should apply to the sun of the dose equivalents
received from external exposure during one year and
the committed dose equivalent from that year's intake
of radionuclides. Forthcoming Regulations in the Wi,
which are being prepared under the Health and Safety
at Work etc. Act 1974, will be accompanied by an
Approved Code of Practice explaining how the
Regulations should be applied to mining. The draft
Code proposes, In line with ICRP, that the sum of the
dose from all radiation sources in mining should not
exceed the annual limit of SO nSv.

METHODOLOGY OP MEASUREMENT

The eight mines studied were of various sizes
and configurations and variously produced ballclay,
fluorspar, gypsum, potash, slate and tin. Measure-
ments were made at a total of 170 underground loca-
tions and the number of locations at each mine varied
with the complexity of the mine from fewer than ten
to more than seventy. Mines were chosen to provide a
cross-section of mining conditions and radon daughter
concentrations, but they are not necessarily
representative of the national situation. Neither
are the measurement results quoted necessarily
representative of the individual mines.

Three methods were available for the measurement
of radon daughters. The most routinely-used
Instrument was the radon decay product monitor
designed and built at NRPB. This uses a
semiconductor detector to count the gross alpha
activity collected on a filter paper by an air pump
running at 10 1 mln-1: activity is counted during
sampling and at two further Intervals thereafter
which facilitates calculation of the individual
concentrations of polonium-218, lead-214 and
biaauth-214. Counting times are controlled
electronically, and the readout, in counts, is
available within 20-60 nin depending on the
sensitivity required.

Where quicker sampling was necessary radon
daughter concentrations were measured by a modified
Kusnttz method. Since it was necessary to count the
filter papers after returning to the surface, this
method was not always ideal: the size and complexity
of some mines meant that long delays between sampling
and counting were unavoidable. Alpha activity
remaining on the filter papers was routinely measured
ths next day so as to estimate concentrations of
ltad-212 and allow the radon daughter estimate to bt
corrected for the presence of thoron daughters (11).
Where a less sensitive measurement was sufficient,
potential alpha energy concentration was measured
with an Instant Working Level Meter which gives a
result in a few minutes.

RESULTS

Radon daughters

The distributions of radon daughter concentrations
at six of the mines are shown in Fig 1, there being

20
Radon daughter concentration,jjjrrf

FIGURE 1: DISTRIBUTIONS OF POTENTIAL ALPHA ENERGY
CONCENTRATIONS IN uJsT3 FROM RADON
DAUGHTERS
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too few observations ac the other two alnes to
construct sensible figures. The histograms do not
appear to reflect any simple distribution, and the
results for each sine are characterised In Table I

TABLE 1: RADON DAUGHTER POTENTIAL ALPHA ENERGY
CONCENTRATIONS IN EIGHT MINES

0.1

Mine
Code

No of Radon daughter concentration,
observations pJar3 s -

1

2

3

4

5

6

7

8

9

10

22

15

22

65

IS

49

mean

0.06

0.1S

0.94

29.5

1.9

9.4

0.69

29

median

0.05

0.13

0.62

1.8

1.5

5.9

0.84

28

both by the means and the aedlane. All except sines
4 , 6 and 8 extract sedimentary mineral. The results
Include measurements at some locations which were not
continuously occupied. The radon daughter
concentrations Matured in 74 locations (44Z)
exceeded 6.3 pJ a-3 (0.3 WL).

Thoron daughters

A* with radon and lta daughters the dost from the
short-lived daughters of thoron dominates that from
the gaa. In particular, lead-212 (thorlua B) la
responsible for moat of the potential alpha energy,
and alnca i t haa a half-life of 10.65 h, lta
concentration Is normally much laaa than the
equilibrium concentration, even when the ventilation
rate la vary low. The potential alpha energy
concentration of thoron daughters la therefore
generally expected to be low. The different
conversion coefficient must be taken Into account
whan asaesslng exposures froa thia source.

Figure 2 shows the distribution of thoron daughter
concentrations at five of tha eight mines. The
histograms are again rather varied in shape, but the
range of results is quite aaall - in contrast to tha
large range for radon daughters. Table 2 haa tha
results froa al l the mines in teras of tha aaana and
aedlans: there are too few results for three mines to
construct hlstograaa. Tha concentrations of thoron
daughters tend to be higher in the mines in Igneous
regions than in sedimentary regions. The mean and
aedlan concentrations in Igneous regions were 0.70
uJa-3 (0.034 WL) and 0.56 (Jar3 (0.027 WL). In
sedimentary regions the mean and median concentra
tlons are 0.54 nJa-3 (0.026 WL) and 0.42 i±Jm-3 (0.020
WL). for coaparlaon with the other sources of
exposure which will be considered the aaan thoron
concantratlona are adopted aa representative,

MINE 5

0.2 0.6

1.0 2.0
Thoron daughter conctntration.jjJm

FIGURE 2> DISTRIBUTIONS OF POTENTIAL ALPHA ENERGY
COHCUJTRATIOW IN uJ a-3 FROM THOROK
DAUGHTER*

implying an annual exposure of 0.40 WLM and 0.30 WLM,
which corraapond to annual doae equivalents of
1.4 mSv and 1.1 atv. Tha aedlan annual exposure at
individual ainea varied froa 0.02 to 0.5 WLM
corresponding to 0.07 ajv and 1.8 aSv per yaar. Tha
maximum concentration of thoron daughtera at any
location waa 2.4 uJar3 (0.12 WL).
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TABLE 2: THORON DAUGHTER POTENTIAL ALPHA ENERGY
CONCENTRATIONS IN EIGHT MINES

TABLE 3: ABSORBED DOSE RATES IN AIR FOR GAMMA RAYS

Mine
Code

1

2

3

4

5

6

7

8

Number of
observations

9

1

9

15

21

65

18

49

Thoron daughter
concentration, iiJnr3

mean

0.04

0.11

0.96

0.10

0.51

0.64

0.41

1.4

,.
median

0.04

-

0.41

0.06

0.54

0.49

0.33

0.90

Mine
area

Igneous
region

Sedimentary
region

Mine
code

6

5

Measurement

Country rock

lode A

lode B

lode C

lode D

lode E

in mineral
stratum

aean

0.65

1.0

0.8

0.65

3.5

0.75

0.06

in

0.

0.

0.

2.

0.

air

range

55 -

75 -

4 -

—

0 -

—

05 -

0.75

3.5

15

5.0

0.09

Thoron daughter concentrations are sometimes
compared to radon daughter concentrations In
potential alpha energy terms. Because concentrations
of thoron daughters do not vary greatly, the highest
ratios occur in mines with the lowest radon daughter
concentrations: for mines in sedimentary areas the
ratio is over 1:2. At mines in igneous regions, the
ratio is typically less than 1:10. Using the
appropriate conversion coefficients, one finds that
the median annual dose from thoron daughters varies
between 1 and 30% of the median dose from radon
daughters.

Gamma radiation

The exposure to gamma radiation of miners is
elevated as they are surrounded by rock which
contains mildly radioactive material. The degree of
elevation depends on the activity content of the
rock. Uranium and thorium tend to be associated
preferentially with some minerals, particularly those
found in igneous regions. Minerals in igneous
regions are often unevenly distributed as veins of
variable thickness or In ore lenses; gamma-ray dose
rates may therefore be markedly elevated over short
distances, but they are generally less so throughout
the mine as a whole.

During this study measurements of absorbed dose
rates in air from gamma rays were made in mines 5 and
6 to represent sedimentary and igneous regions. The
results in Table 3 show that, with one exception, the
dose rates in mine 6 do not vary ouch between lode
drives and cross-cuts in country rock: the mean for
the mine 6 was 0.60 uGy tr1 in air. The uneven
distribution of uranium and thorium in the mineral is
shown by the variation in dose rates between lodes.

The dose rate in a mine tunnel for gamma rays can
also be calculated from the activity per unit mass of
the rock with a simple expression derived by
Krisuik (12): the expression is for the dose rate in
an infinite medium In which the activity is uniformly
dispersed. The activity per unit mass of some rock
samples from mines 5 and 6 were measured and the dose

rates were estimated from the results. The
expression predicts a dose rate in mine 6 of
0.5 nGy hr1 and 0.05 |J.Gy hr1 in mine 5 both in good
agreement with observation. These results were
sufficiently encouraging to calculate the dose rates
in the other mines from activity measurements in
representative samples of country rock. The measured
activities per unit mass are shown in Table 4 and the

TABLE 4: ACTIVITY PER UNIT MASS IN ROCK SAMPLES

Mine code

1

2

3

4

5

6

7

8

Activity per

uranium-238

66

65

less than 10

60

18

180

35

270

unit mass Bq kg"1

thorium-232

53

56

less than 10

2

6

90

44

65

calculated dose rates are shown in Table 5. The aean
dose rates in Igneous and sedimentary regions are
therefore about 0.5 uGy h"1 and 0.2 uGy h"1

corresponding to annual effective dose equivalents of
1.0 mSv and 0.4 mSv for continuous occupational
exposure. Although in sone of the Bines dose rates
considerably higher than the mean occur, they are
very localised and unlikely to affect these
estimates significantly.
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TABLE 5: ESTIMATES OF THE MEAN ABSORBED DOSE RATES
IN AIR FROM GAMMA RAYS

Mine

1

2

3

4

5

6

7

8

Dose rate,
nGy h"1 in air

0.32

0.32

ND

0.18

0.06

0.60

0.24

0.75

air concentration for each radionuclide in the two
decay series and summing the quotients. For the
mines In this study, the average activities per unit
mass of the country rock are deemed not to be
elevated appreciably by the uranium or thorium
content of the ore. The committed effective dose
equivalent for a year's exposure to dust in mines in
igneous regions and sedimentary regions are 0.8 mSv
and 0.3 mSv respectively.

Ingestion of ore dust

Intake of activity froa underground surfaces can
occur as a result of transfer of dust to hands and
thence to the nouth. For the transfer from surfaces
coated with thick deposits of material with a low
activity per unit mass it has been assumed in a study
of ore processing factories that 10 mg of dust is
ingested daily (17). If this amount were ingested by
miners their committed effective dose equivalents
from a year's intake would be 0.002 mSv for igneous
areas and 0.001 mSv for sedimentary areas.

ND - Not determined

Inhalation of ore dust

Operations such as drilling and blasting are
potential sources of airborne dust although the
levels are very dependent on underground conditions.
Many mines are constantly wet, which helps matters,
»ao in others, local dust suppression is often used
in particularly dusty c^-rst'ons. Ventilation can
increase airborne dust by drying out wet surfaces and
making resuspension more likely.

The variability of dust levels, particularly near
dust-producing equipment, is demonstrated by some
oeasurements across a coal face where levels varied
from 1 to 10 mg or3 over a distance of 200 m (13).
The average dust exposure of miners can therefore be
estimated only by long term studies. In a
retrospective study of the lifetime exposure of 260
British coal miners (14), a few were estimated to
have been exposed continuously to an airborne
concentration of 10 mg or3, but the average
concentration was deemed to be nearer 5 mg nr3.
Airborne dust levels are measured less systematically
in non-coal mines and firm estimates for this type of
mine in the UK are not available.

Regulations (15) which govern airborne dust
concentrations in coal mines set a limit of 3.8 mg
nr3 on dust concentrations arising from stonework if
the free silica content is less than 0.45% by weight.
Although dust concentrations in non-coal mines are
not coatrelied by Regulations one would expect the
miners to be provided with a similar degree of
protection. An airborne dust concentration of
3.8 mg nr3 is therefore assumed to be the maximum
that would arise, but if the dust contained silica,
con»;v2cj:rs.ritaii '. .»• '•' !v r ^ y v i i to V« "sower•

The activity concentrations of the long-lived
radionuclides in the uranium and thorium series which
are associated with the airborne dust are calculated
from the average activity per unit mass of the
country rock samples that were measured. The
committed effective dose equivalent arising from
inhalation of the dust for a year is then derived by
comparing the airborne concentration with the derived

CONCLUSIONS

Table 6 summarises the estimated exposures to
miners from the secondary sources considered. The

TABLE 6: SUMMARY OF SECONDARY SOURCES OF EXPOSURE

Source

thoron
daughters

gamma
radiation

inhalation
of dust

ingestion
of dust

All

Estimated annual

igneous

1.4

1.0

0.8

0.002

3.2

dose cq-j*""1**"*" l*<:"

sedimentary

1.1

0.4

0.3

0.001

1.8

dose equivalents from thoron daughters at individual
mines vary somewhat about the estimated mean values
of 1.4 mSv and 1.1 aSv for mines in igneous and
sedimentary regions. The overall range of
concentrations is however quite small and in the
worst case exposures are likely to be within a factor
of two of these estimates.

The uranium content of minerals In UK mines is
generally low and the variations in Kau*"*-
rates at individual mines are primarily a reflection
of the activity per unit mass of the country rock.
Estimated doses are therefore higher in mines in
igneous regions than in sedimentary regions. The
gamma-ray dose rates in mines within each region vary
only slightly and the estimated dose equivalents of
0.8 tnSv and 0.4 mSv are considered to represent UK
mines adequately.
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Inhalation of dust at a concentration of 3.8 mg (9)
m~3 leads to a lower dose equivalent than from thoron
daughters or gamma radiation exposure. Dose
equivalents from ingestion of activity are negligible
compared with the other sources considered.

The estimated mean dose equivalent from sources of
exposure other than radon daughters is 3.2 mSv for
mines in igneous regions and 1.8 mSv for those In
sedimentary regions. Even with the variations in the
sources at individual mines it is most unlikely that
doses from secondary sources In any UK mine would
exceed 5 mSv a year. It is therefore adequate to
allow a dose equivalent of 10 mSv from secondary
sources and thus allow radon daughters to be
controlled in relation to the exposure limit of 4 WLM
a year which is presently in use in the UK.
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DISCUSSION

Question (Steinhausler): Which factors did you
use to convert exposure to dose?

Answer: We used the factors of lOmSv per WLM for
222Rn daughters and 3.5mSv per WLM for
""Rn in accordance with the recommendations
in ICRP-32.

Question (Johnson): If I understood you
correctly, you allowed 50 mSv a"1 (i.e., the
occupational limit). However, the ALI's for ore
dust appeared to be too low by a factor of about
10 if based on a committed dose of 50 mSv. Would
you comment on this?

Answer: The effective annual limits on intake
used in this study are calculated from the
individual ALI's for each of the daughters present
in the decay series. The values are taken from
ICRP 30.

The
activity

calculated figure refers
of the parent 238'U and

to the
therefore

corresponds to a total alpha activity similar to
the figure you mention.
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Question (Bouville): The radon daughter
concentrations In fluorspar and tin mines seem to
be relatively high. Have you estimated the
percentage of those workers who could exceed the
limit of 0.02 J.a"1 for intake by Inhalation
of radon daughters?

Answer: No, we particularly avoided estimating
radon daughter exposures because the sampling
locations and mines chosen were not necessarily
statistically representative.

Question (Borak): What is the level of tolerance
between your estimate of the exposure to an
individual miner compared to the actual value,
with a 952 level of confidence?

Answer: It's rather difficult to know what the
actual exposures are, but if we assume that the
CEA personal dosineter gives correct estimates, I
think our results show that we can get within a
factor of two most of the time, although I don't
have an accurately quantified answer for you.

Question (Borak): Has the NRPB established an
official tolerance criterion for personal
dosimetry?

Answer: There is no generalized criterion
although clearly there are established performance
standards for the personal dosimetry service for
external radiation which NRPB offers. There are
no standards at NRPB for a personal radon daughter
dosimeter for miners, but I'm sure that In any
service which we ultimately develop we would have
to estimate doses to within a factor of two or
better.

Question (Wheeler): What are the dust standards
and what are the levels of dust in the mines In
the U.K.?

Answer: Dust levels in UK coal mines are
controlled by regulations but they do not apply to
non-coal nines. Levels in coal mines are
routinely measured and maintained at less than the
maximum permissible limit which, for stonework, is
3.8 mg m~3. There are no published data on
dust levels in UK non-coal mines.

Conment (Burnett): On the dust exposure, the
authors have quoted the relevant statutory limit
for stonework in coal mines legislation in the
U.K. There is at present no equivalent standard
in non-coal mines but I can state that normal dust
contents in the mines studied are much lower and
in the range 1-2 mg/m3.
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BIOLOGICALLY SIGNIFICANT PROPERTIES OF REF1MEO URANIUM ORE

A. F. EIDSON and E. G. DAMON

Lovelace Inhalation Toxicology Research Institute
P. 0. Box 5890, Albuquerque, New Mexico 87185, U.S.A.

ABSTRACT

Aerosols produced during normal uranium milling
operations were sampled. Assuming a worker inhaled
these yellowcake aerosols while not wearing
respiratory protection, deposition was predicted to
occur in the nasopharyngeal, tracheobronchial and
pulmonary compartments of the respiratory tract; but
predominantly in the nasopharyngeal compartment.
Yellowcake samples were obtained from two mills
(Hills A and D) and analyzed. Infrared analysis of
Hill A powder showed 82% ammonium diuranate (AOU)
and 18% U 30 8. Mill D powder contained 25% AOU
and 75* U 30 8. In vitro dissolution studies
showed that -85% of Hill A powder had a
dissolution half-time (T-|/2) of < 1 day; the
remainder dissolved with Tj/g = 500 days. For
Mill D powder, 25% dissolved with T ^ <1 day,
and 75* with Tj/2 * 300 days. Clearance of
uranium from lungs of rats that Inhaled either Mill
A or D aerosols agreed with the above data. For
Mill A. 78% cleared with 7j/ 2 = 0.5 days, 22% with
Ti/2 = 240 days- *or Mil1 ". 25% cleared with
T 1 / 2 of 3.5 days, 7S» . i ^ J^/2 °f H O days.

INTRODUCTION

Dose estimates and hazard evaluations for worker
protection in uranium mills must include a
description of uranium milling products and of their
behavior in laboratory animals. This paper
represents a summary of physical, chemical, and
biological studies designed to help provide the
needed Information and to be used in the
Interpretation of data from a two-year study in
Beagle dogs that are the topic of "Comparison of
Uranium Retention in Dogs Exposed by Inhalation to
Two Yellowcake Forms," the companion paper given at
this conference.

Packaging Activities Sampled

Because Inhalation Is the most common mode of
occupational exposure at uranium mills, atmospheres
were sampled during normal operations at four mills
to characterize aerosols that might be Inhaled by
workers (1).

The following packaging steps were studied:

1. No activity - no activity during the previous
2 h.

2. Drum loading - occurs while the drum Is in
place, with yellowcake falling into the drum
and safety ventIllation operating.

3. Drum uncovering - occurs when the filled drum
1s removed from the protective covering and
rolled a few feet away.

4. Powder sampling - occurs when the operator
takes a sample of yellowcake to analyze for
moisture content.

5. Lid sealing - occurs when the operator places a
lid on the drum and seals it with a metal band
and bolt.

6. Average of sampling and sealing steps -
represents data from samplers operated during
all of steps 3-5.

Lovelace multijet cascade Impactors, point-to-plane
electrostatic precipitators, and membrane filters
were located in the packaging area to simulate the
position of a worker (Figure 1). Aerosols collected
on membrane filters and cascade Impactor stages were
analyzed by reflectance fluorometry of a fused
L1F-NaF pellet containing an aliquot of the specimen
dissolved in 2H HNO3 (2). Data from cascade
Impactor measurements were analyzed by plotting mass
as cumulative probability vs. stage effective
cut-off diameter (Dar) (Figure 2). Generally, these
data did not follow a lognormal particle-size
distribution and often indicated more than half of
the airborne uranium in particles > 12 nm Dar.

Although respiratory protection is required for
workers while packaging yellowcake, we assumed (as a
worst case approximation) that no respirator was
worn. Results were interpreted by classification of
the percentages of airborne uranium associated with
sizes of particles that are expected to deposit
predominantly 1n the pulmonary (P), tracheobronchial
(TB), and nasopharyngeal (NP) compartments of the
respiratory tract (Figure 2; Table 1). The expected
deposition . rato in each compartment of the
respiratory tract was estimated by the equation

Rs,c * Fa,s x Ca x V x f (1)

where: R s c Is the expected deposition rate of
particles of size range s in compartment c
of the respiratory tract, 1n wg U/m1n;

FS(C 1s the deposition fraction of aerosol
particles of size s In compartment c (3);

Fa>s 1s the fraction of airborne uranium
1n size range s (Table 1);

Ca 1s the airborne uranium concentration
1n >ig U/L;

V Is the tidal volume 1n liters per breath
(1.45 L for normal breathing)

f 1s the breathing frequency in breaths/m1n
(15/m1n for normal breathing (4)).

Deposition fractions were calculated for particles
of 0.5 pm, 2 11m, 4|4I, and 16 pm Dar, the
midpoints of the five size ranges 1n Figure 2. The
total expected deposition rate for the respiratory
tract 1s then:
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Ventilation

Access Port

Cover

Conveyor
Rollers

Floor
CUMULATIVE PERCENT GREATER

THAN STATED SIZE

FIGURE 1: SAMPLERS MERE LOCATED IN THE PACKAGING
AREA TO SIMULATE THE LOCATION OF THE WORKER.
THE FIGURE SHOWS TYPICAL PACKAGING EQUIPMENT,
ALTHOUGH MORE THAN ONE DRUM CAN BE LOADED

SIMULTANEOUSLY AT SOME MILLS.

FIGURE 2: CUMULATIVE MASS PROBABILITY PLOT OF
YELLOWCAKE AEROSOLS SAMPLED BY A CASCADE

IMPACTOR DURING YELLOWCAKE PACKAGING
OPERATIONS AT ONE MILL.

TABLE 1: CHARACTERISTICS OF AEROSOLS REQUIRED FOR ESTIMATING RESPIRATORY TRACT DEPOSITION
OF URANIUM PRODUCED IN URANIUM YELLOWCAKE PACKAGING OPERATIONS

Packaging Step
Airborne Uranium

Concentration fug/1)
it Airborne Uranium < 20 >*» D a r

a

< 0-1 urn 1 -3 urn 3-6 urn 6-12 urn 12-20

No Activity

Drum Loading

Powder
Sampling

Lid Sealing

Average of
Sampling and
Sealing Steps

Median
Maximum
Minimum

Median
Maximum
Minimum

Median
Maximum
Minimum

Median
Maximum
Minimum

Median
Maximum
Minimum

0.040
0.0S1
0.027

0.17
1.4
0.021

0.081
0.10
0.018

0.34
0.639
0.11

0.051
1.4
0.021

14
19
10

7
22
0.2

7
16
4

3
14
0

7
42
0.1

23
35
14

12
42
8

10
17
5

8
17
2

12
37
2

17
28
12

12
20
5

9
20
5

11
20
6

9
21
5

23
28
16

17
31
6

10
22
7

15
26
11

15
21
5

21
32
14

46
73
26

64
76
32

61
72
28

49
73
19

'Aerodynamic resistance diameter.
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16

" t o t a l
s -

Percent retained in lung (t) -

. -0.6931/1, . -
A,e 1 *• A~e (3)

The expected deposition rates are summarized in
Table 2 and Figure 3. The results show some
deposition 1n all respiratory compartments.
Although normal breathing was assumed, deposition
rates during exertion might be used in Eqs. (1) and
(2), if desired. Deposition rates in the
nasopharyngeal region contributed the greatest
fraction of the total expected deposition rate for
all steps considered, within the range of
concentrations observed. This was caused by the
predominance of larger particles in airborne
yellowcake dusts that masked the differences in
deposition efficiency among the respiratory trev,
compartments.

Comparison of Results from In .Vitro. jand_ In Vivo
Studies

A series of experiments was conducted to estimate
the variability in chemical composition and
dissolution behavior of yellowcake that might be
inhaled (5). Infrared analysis showed that
yellowcake Includes two major forms of uranium:
ammonium diuranate (mixed adducts of UO3, NH3,
and HgO) and U 30 8 formed by heating ammonium
diuranate.

Dissolution experiments in vitro using biological
fluid simulants (6) showed that these techniques can
be used to estimate the more soluble percentage of
yellowcake (ammonium diuranate) within + 6X (±
2 S.E.) of the mean. It was shown that knowledge of
the more soluble fraction could reduce the
uncertainty in body burden estimates based on
urinary bioassay data by a factor of 10; and
Indicate whether prior excretion of a soluble
uranium compound, and possible kidney damage, could
have occurred before detection of an exposure.

Such results from yellowcake analysis 1n the
laboratory are promising, but they require
verification by in vivo testing of Inhaled aerosols.
An Inhalation experiment 1n rats, using yellowcake
samples of known composition and dissolution
properties, was done for comparison with the above
In v1|ro_ dissolution studies (7). Yellowcake
samples were obtained from Mill A and Mill D. The
composition and dissolution properties of the two
samples were known from Infrared and in vitro
dissolution analysis (S) (see Part 1 of Table 3).

Groups of 50 Fischer-344 rats were exposed to
aerosols of either Hill A or Mill D yellowcake. The
mass median aerodynamic diameter of the exposure
aerosols was 1.4-1.6 mo, and the geometric
standard deviation was 2.7. Rats were sacrificed at
2 h. 1, 2, 3, 4, 8, 16, 32, 64, and 180 days after
exposure. Excreta samples were collected from
animals in the 32- and 180-day sacrifice groups.
The uranium content of tissue and excreta samples
was measured by reflectance fluorometry (7).

The mean amount of uranium 1n the lungs of five
rats sacrificed at 2 h after exposure was used to
=i,.»ent the initial lung burdens of all rats

exposed to the same aerosol. The lung burdens at
later sacrifice times were expressed as a percentage
of this initial lung burden. Two component negative
exponential retention curves (Eq. 3) were fitted to
the lung burden data by a least squares technique.

where: A] and A2 are the percentages of the
initial lung burden cleared in early and
late retention components with half-times of
li and Tj days.

The initial lung burdens for rats exposed to the
Mill A yellowcake were 0.014 i 0.002 mg U/kg body
weight; for the Hill D yellowcake, the value was
0.12 i 0.04 mg U/kg body weight.

Lung retention data are summarized in Figure 4 and
Part 1 of Table 3. The two curves were
significantly different by the F test (P <
0.005). It seemed likely that the difference
between the curves resulted from the difference
between the percentages of the more soluble
component rather than any differences between the
slopes of the lines. Therefore, equations having
common slopes were fitted; that Is, T-| and Tp
for the Hill A material were constrained to equal
T] and 1 2

 (rom the Mfl1 0 material. The
resulting curves are shown as the solid line in
Figure 4; the fitted parameters are shown 1n Part II
of Table 3. The Increase in the deviations of the
data points from the curves fitted in this way was
not significant (P > 0.25).

The curves were compared to those that might be
expected based on the known ammonium diuranate and
lhO8 percentages of the yellowcake and the in
vitro dissolution data (6). Retention curves having
more rapid and more slowly cleared compon»"*'
equivalent to the ammonium diuranate «... .o u
percentages, respectively, were fitted to the lung
burden data. The resulting curves are shown as
dashed lines in Figure 4, and the fitted parameters
are shown in Part III of Table 3. The regressions
represented by the dashed lines were not
significantly different from those represented by
the solid lines (P > 0.10). Therefore, the
retention parameters shown 1n Figure 4 adequately
represent the in vivo retention of yellowcake 1n
lung and agree with the results of in vitro
dissolution and Infrared analysis studies (S).

Excretion of uranium 1n urine and retention of
uranium in kidney could not be quantitatively
related to the ammonium diuranate percentage or In
vitro dissolution rate although they were generally
greater for rats exposed to the more soluble (Mill
A) yellowcake. Thus, although the studies have
confirmed that lung clearance of uranium from
inhaled yellowcake depends on the composition of
Inhaled material, additional studies are required to
provide a basis for bioassay data Interpretation.
Such studies In Beagle dogs are the subject of the
companion paper.
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Packaging Steo

No Activity

Drum Loading

Powder Sampling

L1d Sealing

Average of
Sampling and
Sealing Steps

Median
Maximum
Minimum

Median
Maximum
Minimum

Median
Maximum
Minimum

Median
Maximum
Minimum

Median
Maximum
Minimum

Estimated Deposition Rates In
Respiratory Tract Compartments (yg

NP

0.56
1.0
0.26

2.6
40
0.17

1.4
2.5
0.017

6.0
16
0.97

0.80
38
0.12

TB

0.061
0.11
0.028

0.21
3.7
0.012

0.098
0.20
0.012

0.41
1.3
0.065

0.061
3.9
0.0080

P

0.11
0.20
0.049

0.29
6.2
0.016

0.13
0.30
0.016

0.44
1.8
0.055

0.0B4
e.o
0.0075

U/min)
Total

0.73
1.3
0.33

3.1
50
0.20

1.63
3.0
0.20

6.9
19
1.1

0.95
50
0.14

NP * nasopharyngeal
T8 • traeheobronchial
P • pulmonary

E
3

a 6

a
35
oa.

2

X

u

Lid
Sealing

Drum
Loading

No
Activity

Powdar
Sampling

FIGURE 3: MEDIAN ESTIMATED DEPOSITION RATES IN THE
NASOPHARVNGEAL (NP), TRACHEOBRONCHIAL (T8) AND
PULMONARY (P) COMPARTMENTS OF THE RESPIRATORY
TRACT FOR A WORKER WITHOUT RESPIRATORY PRO-

TECTION HYPOTHETICALLY EXPOSED DURING PERIODS
OF NO ACTIVITY, DRUM LOAOING, POWDER SAMPLING

AND LID SEALING STEPS.

PACKAGING ACTIVITY
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TABLE 3: LUNG RETENTION PARAMETERS* FOR RATS THAT INHALED AEROSOLS
OF YELLOWCAKE COMPARED TO IN VITRO DISSOLUTION RATE PARAMETERS

AND INFRARED ANALYSIS OF YELLOWCAKE COMPOSITION0

Part I.

Yellowcafce
Aerosol

Lung Retention Parameters From Individual Curve Fits Compared To
In Vitro Dissolution Rate Parameters:

Retention8 or Dissolution Parameters

•a
78 ± 6C

86 1 14
82X ADU

25 ± 18C

26
25X ADU

0.
0.

3.
0.

(days)

5 ± 0.2c

08 to 0.83

5 i 2.3C

13

A
(

22 ±
15 ±
18X

75 i
75
75X 1

i>

10
U 30 B

18C

liiOn

240
500

110
300

(days)

± 130c

1 300

+ 30c

Mill A
Lung Retention
In Vitro"
Infrared"

Mill D
Lung Retention
In Vitro"
Infrared"

Part II. Lung Retention Parameters From Curve Fits With Common Slopes:

Mill A
Mill 0

76
22

0.5«
0.5e

24
78

130e

130f

Part III. Lung Retention Parameters From Curve Fits With Common Slopes
and Percentages Selected to Agree With Infrared Data:f

Mill A
Mill D

82
25

1.0
1.0*

18
75

180e

180e

-0.693t/T e-0.693t/T2" X IL8 (t) - n^ . r nf

Dln vitro dissolution rate parameters (5).

cMean and standard deviation.
dCompos1tlon measured by Infrared analysis (5). ADU * ammonium diurenate.
'The retention half-times for the two materials were constrained to be equal by
the computer program used.

^Percentages for early and late retention components constrained to agree with
Infrared analysis of yellowcake composition.

400

FIGURE 4: URANIUM LUN6 RETENTION CURVES (SOLID
LINES) WITH COMMON NEGATIVE EXPONENTIALS FITTED

TO THE LUNG BURDEN DATA FOR RATS EXPOSED TO
YELLOWCAKE AEROSOLS. THE DASHED LINES REPRESENT

THE RECESSIONS HAVING EARLY COMPONENTS EQUIVALENT
TO THE ADU PERCENTAGE COMPOSITION OF THE TWO

YELLOWCAKE MATERIALS (25X FOR THE MILL 0 AND BZX
FOR THE MILL A YELLOWCAKE). THE REGRESSION
PARAMETERS LISTEO ON THE FIGURE ARE FOR THE

DASHEO LINES. THE LUNG RETENTION PARAMETERS FOR
THE S0L10 LINES ARE LISTEO IN PART II OF TABLE 3.

90 JxS 100 1BQ
O A Y 8 AFTER INHALATION EXPOSURE
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agreement between the Nuclear Regulatory Commission
and the Office of Health and Environmental Research
of the U. S. Department of Energy in facilities
fully accredited by the American Association for
Accreditation of Laboratory Animal Care.
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DISCUSSION

Question (Scrlpiick): Do you hmve Information on
the variability within a given mill of the AOU
(ammonium diuranate) content of "yellowcake"?

Answer: Yes. the information we are compiling
•hows high variability in ammonium diuranate
content for ycllowcake from a given Mill, except
for those «ills that heat the precipitate at
350-400'C or less. These Hills produce,
consistently, pur« ammonium diuranate.

Answer: The range of dissolution half-tlner given
Is from a study of different solvents and
techniques that have been used in several
laboratories. The range Is the 95% confidence
interval; see Eidson and Griffith, Health Physics,
46, 151-163 (1984).

Question (Campbell): what Is the relationship
between the levels of uranium in tissue and the
concentrations measured in urine?

Answer: The action limit proposed for uranium
concentrations In urine of 30 micrograms/1 was
derived from a value of 3 micrograms U/g of kidney
tissue assuming 1.4 1 of urine excreted per day;
see R. Alexander in WASH-1251, 1975.

.uestlon (Campbell): You Indicated that the
animals were exposed to "300 micrograns U/kg body
weight-". How lx this related to concentrations of
Che material in air?

Answer: We chose 300 micrograms U/kg body weight
as the desired amount to be deposited in lung in
order to cause somewhat later, sub-acute kidney
toxiclty. This was sufficient to cause some
kidney damage which was soon repaired for dogs
that inhaled ammonium diuranate only. The prior
paper entitled "Biologically Significant
Properties of Refined Uranium Ore" describes how
deposition might be related to the concentration
of particles in air and the particle size
distribution.

Question (Wrenn): Here you able to establish a
half-time for elimination from kidney, for your
data?

Answer: We were not able to, from this data,
taken through the first 64 days of a two-year
study. Note that there are only two data points
available, the Maximum at 4-8 days and one at 64
days.

Question (Johnson): I found your talk
particularly interesting because we have been
developing a bioassay standard for both chemical
and radiological toxiclty. With this in mind,
could you comment on how you estimated the initial
lung burden. I would anticipate a sharp decrease
in lung burden, accompanied by an initial high
urinary concentration. Your data does not show
this.

Question (Johnson): With reference to the range
of values you gave for the dissolution time in
simulated lung fluids, are they based on
replicated samples, or the uncertainty in one
sample?

Answer: The initial lung burdens were estimated
according to Eq. 1 of the paper in the published
proceedings. We saw a decrease of approximately
20Z of the ammonium diuranate burden in lung
during the first 10 days with a corresponding
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translocatlon to kidney and elevated excretion in
urine. We hope to use this urinary excretion data
in the future to establish a relationship between
it and the kidney and lung burdens.

Question (Duport): To what extent can animal data
be applicable (transposable) to human beings?

Answer: Studies of yellowcake Inhalation by
animals are done in the absence of adequate
information froa occupational exposures.
Occupational records generally include the
airborne uranium concentration, but not the
relative ammonium diuranate or U3O3 content.
We hope to use results froa occupational exposure
to other uranium compounds such as UFga
UO2F2, UO3 and U3Og to make the needed
connection to potential yellowcake Inhalation by
workers.

Question (Duport): What kind of damage to lung
tlsfcue do you anticipate In the c««e of exposure
Co l>3<>g?

Aniwer: We don't expect damage to lung froa
1)303; but keep In mind that accumulation In
lung of natural uranium above 25 aicrograms U/g of
lung could deliver a 15 rem/year radiation dose
(fee Durbin and Wrenn, in "Occupational Health
Experience with Uranium", ERDA-93, pp. 68-129,
1975).

Question (Mildon): When damage, such as heavy
metal toxlclty, reaches 25X of tissue In the
kidney, one usually sees a decrease of urine
gravity and traces of protein in urine. Was
correlation made between Individual animals, the
amount of damage In the kidney at sacrifice and
the urinary findings at that time?

Answer: The tilde I showed was of a focus of
damage and used to Illustrate heavy aetal
toxlclty, but not to qusntltate daaage. At the
maximum damage (4 to 8 days -after Inhalation) the
lesions were neither severe nor widespread.
Correlations were made of the uranium
concentration In kidney, lung, bone and other
tissues and the amount In urine during this period
of kidney damage.
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ABSTRACT

The dissolution behavior of settled and airborne
uranium material produced by firing of depleted
uranium munitions was studied using an in vitro
dissolution technique. Differences Tn tfie
composition of bulk and respirabie fraction samples
of these materials were observed. Dissolution
analysis results suggest that under some conditions
a rapidly dissolving uranium fraction may be
formed. This fraction may play an important role
in determining hazard potential associated with
inhalation exposure to uranium materials. The fact
that a larger rapidly dissolving fraction was
observed in the airborne material than in the
settled material indicates that dissolution
analysis should be performed on appropriate size
fraction samoles.

INTRODUCTION

The importance of in vivo dissolution behavior
of uranium materials fount! at uranium mines and
mills has been described.1.?.3 These studies
describe the large variability associated with the
dissolution properties of "yeliowcake" materials
from various uranium mills and demonstrate the
usefulness of jn_ vitro dissolution analysis
techniques in assessTmg*~cRssolution behavior. In
general, in vivo dissolution behavior has been
found to G e " " dependent upon a material's
physicochemical form.4 In vitro dissolution
studies have also been carried out on uranium
materials derived from test firing of depleted
uranium (DU) penetrator munitions. The complete
results of this study are reported elsewhere.5
The object of this report 1s to focus on certain
results of the study which indicate that
dissolution properties of the uranium materials can
be dependent upon the size fraction studied. This
result may be of importance In conducting in vitro
dissolution analysis of uranium materials found at
uranium mines and mills.

MATERIALS AND METHODS

Study Materials

Two DU study materials collected from an
enclosed test bunker were provided by the United
States Air Force (USAF). Table 1 gives a
description of each of these study materials. The
test bunker at which the study materials were
collected is used for test firings of various DU
penetrator munitions. One of the samples (S682-2)
was collected as a core sample of the bunker
material Into which the penetrator Is fired. The
other (S682-1) was collected by the bunker air
cleaning system. The core and air sample materials
contained -10 per cent and ~20 per cent uranium by
weight respectively.

TABLE 1: OEPLETED URANIUM STUDY MATERIALS

Sample No. Treatment

S682-2 Core Sample (settled)
S682-1 Air Sample (airborne)

Sample Generation

Each bulk study material was sieved and the
portion passing a 400 mesh (38 urn mesh size) screen
was collected. An aliquot of the sieved material
was pressed into a specially made thimble which was
mounted on a Wright dust feed*' aerosol
generator. The dust feed operates by rotating a
sample plug against a radially positioned blade
that is continually swept by a jet of clean air
which suspends the material scraped from the plug.
The output of this generator was conducted to a
horizontal elutriator (see F1g. 1) operated to pass
an aerosol that meets the British Medical Research
Council criteria' as being the respirable
fraction of the challenge aerosol. Sets of
respirable fraction samples representing each study
material were collected on 5 um pore size, 25 mm
diameter M H H p o r e membrane filters. These samples
were used in the dissolution experiments.

'TJorY'performed at the Los Alamos National
Laboratory operated under the auspices of the US
Department of Energy, Contract No. W-7405-ENG-36.
Current address: Conoco Inc., Ponca City,
Oklahoma, USA

Dissolution Analysis

Prior to subjecting the respirable fraction
samples to dissolution analysis, the mass of
uranium (Mo) on each filter was determined using
a gross gamma radiometric technique. The technique
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uses a Nal scinti l lat ion detector to measure the
qamma activity associated with the sample.
Standards to relate activity to Mo were prepared
using appropriate laboratory study materials.

FIGURE 1: RESPIRABLE AEROSOL GENERATION SYSTEM

Once Mo was determined, the f i l t e r containing
the respirable fraction uranium sample was
sandwiched between two 0.1 um pore size, 25 im
diameter Nucieopore membrane f i l t e r s and placed in
a dissolution chamber. The chamber (see Figure 2)
that was used is a one sided flow system described
by Allen8 and designed by Moss.9

FIGURE 2: THE FLOW DISSOLUTION CHAMBER
USED IN THE STUDY

The solvent used in the study was a lung f luid
simulant solution described by Moss.10 The pH of
the simulant was maintained at 7.4 + 0.1 by slowly
nubbl1nq 95 per cent 0? and 5 "per cent CQz
through the simulant as suggested by Moss.10 The
temperature of the simulant was maintained at 37 C
+ 0.5'C In a water bath . The pH and temperature
o~f the simulant were monitored during the
experiment. The simulant was delivered to the
dissolution chamber by a peristalt ic pump at a flow
rate of -1 ni/min. The experiments were operated
for at least 30 days.

Simulant passing out of the dissolution chamber
was collected at selected times. The samples were
collected In polyethylene bags which were heat
sealed and placed in pneumatic "rabbits" for
automated delayed neutron activation (DNA) analysis.

X-ray Diffraction Analysis

The composition of bulk and respirable fraction
samples was determined using x-ray diffract ion.
The method, which followed the procedure outlined
by Klug,H uses a standard vertical
diffractometer with a graphite monochrometer and <i
proportional detector. This technique permits the
determination of species and quantity uf
crystalline materials and can detect the presence
of amorphous materials at levels greater than 10-20
per cent by weight. To ascertain the percentage of
uranium oxide present as the dioxide, standards
were prepared from well characterized, selected
UO? and U3O3 powders. A calibration curve
was then drawn from which the results were obtained.

DATA AHALYSIS AND RESULTS

From the DNA data and values of Mo, estimates
of the fraction of remaining uranium dissolved p r̂
day (fd) were calculated as follows for each
sample:

f d . j • -

where, mj and nv « the mass of uranium in
the jth and kth samples respectively, d • duration
of sample collection in days, and t̂  > elapsed
time, in days, to the midpoint of the sample
collection period. The results of these
calculations were plotted against time for each of
the study materials. Curves were fit to these dau>
using a nonlinear least squares fitting routine!?

with the estimated variance of each f<j value
weighting the fit. The plots with the fitu><i
curves are shown in Figure 3. These data were fit
with a model of the form:

f M(t - d/2) - M(t * d/2) ,,>

where, M(t) • the mass of uranium remaining ai.
time t which equals

n
M0 I f 1 exp (**1^» f " tne 1tn dissolution

1-1
component included In the fit, n • the total number
of dissolution components, f< • the mass fraction
of the sample associated with the ith dissolution
component and Xj • the dissolution rate constant
of the fth dissolution component."

The fitting routine would not converge for n >'i
even though a three component (n > 3) fit seemed
appropriate from inspection of the plots.
Consequently, data corresponding to the latter two
of the three observed dissolution components was
fit with n • 2. The results of the curve fitting
were used to derive f) and x1 values found In
Table 2. Characterization of the earliest observed
dissolution component was limited to estimates of
fl (see Table 2) and a lower limit on x\. The
value of *2 was used as the lower limit of \\.
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TABLE 3:

. . * . . . I

32 M 40

FIGURE 3: PLOT OF DISSOLUTION EXPERIMENT DATA
AND FITTED CURVES FOR THE RESPIRABLE
FRACTION OF STUOY MATERIALS S682-2 ( • )

AND S682-1 (A)

Dissolution ha l f - t imes,

T ,' i (3)

were calculated for each value of * , . These
values are shown in Table 2.

For sufficiently large t , f j becomes time
Independent and takes on the value of X3. The
average value of f<j corresponding to long tines
was computed as a separate estimate of 13. This
value of X3 was considered to be free of
Influence from earlier fd values that affect the
estimation of 13 by the least squares method
mentioned above. Table 3 gives the values of 13
obtained by this analytical method. The 13
estimates obtained by the two methods agree well.
Multiple comparisons analysis performed using the
values in Table 3 indicated that there was a
significant difference (at the 95 per cent
confidence Interval) between the A3 values
associated with the study materials. Table 3 also
gives values of T3 calculated using the values of
13 listed in Table 3.

Study
Mater ial

No. Na

LONG-TERM PHASE DISSOLUTION
PARAMETERS CALCULATED USING
AVERAGING TECHNIQUE

T3-OaysC

S682-1 25 3.8x10-3 ± 4xlO"4 180 * 20

'Nuaibcfr "oFUatapoints associated with the analysis.
DValue ± standard deviation
CT3 « dissolution half-time of long-term
dissolution component.

Study
Material

No.

TABLE 4: RESULTS OF X-RAY DIFFRACTION ANALYSIS

Weight Per cent of Uranium Oxide
as UP? a _

Respifable fraction FiITE""

S682-2 (settled) 54>> 97

S682-1 (airborne) 16 60

^Remainders "are U3O8.
bThe error in the estimates is <+ 10 per cent of
the respective values. ~

The results of x-ray diffraction analysis of the
bulk and respirable fraction samples indicated that
the crystalline uranium in the samples consisted of
U3OS and UO2. Table 4 shows the percentage
of the uranium oxide found in the samples as UO2;
the balance of the crystal 11 r.s uranium material was
determined to be UJOg. Amorphous material
detected in the respirable fraction of the air
sample material (S682-1). The fraction of
sample associated with amorphous material
estimated to be "20 per cent by weight.

was

the
was

DISCUSSION AND CONCLUSIONS

1n Dissolution Behavior

Only -4 per cent of the respirable fraction of
the core sample material (S682-2) was associated

TABLE 2: DISSOLUTION MRNKTERS KRIVEO FROM TWO COMPONENT
EKWWENTIAL LEAST SQUARES FITS

I n i t i a l Dissolut ion Phise

Swond Cony own t

'1 f2

«7 o.'o? * o.ooo* o.oTVoToo? i7f*"672

Long-Tern Dissolution Phase

Third Conponent > _ _

Tj-Oays

490 * 70Stt?-? « l 0.0? * 0.000* 0.02 * 0.00? 1.7 * 0.2 0.41* * 0.06 67% * 0.O02

5MJ-1 56 0.12 * 0.04 0.13 * 0.01 4.7 * 0.5 0.14 * 0.02 0.75 * 0.03 4.0x10-3 * 4.7x10-4 170 » 20

*N • mmotr or data point"? associated with the analysts.
"Value * standard deviation.
CT) . dissolution half-tine of Ith dissolution component.
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with initial phase dissolution (see Table 2). In
contrast, the respirable fraction of the air sample
material studied here (S682-1) and similar samples
studied by Glissmeyer14 had from 11 to 49 per
cent of the material associatd with initial phase
dissolution (see Table 2). This suggests that a
larger fraction of material suspended in the air
during DU penetrator test firings may be readily
available for systemic contamination than would be
indicated by the clearance classifications of
U3O8 and UO2 15,16,17 or the results of _H)
vitro studies of laboratory prepared U3O8 and
Wl material.17.18 This also indicates that
important dissolution behavior differences can
exist between size segregated samples from a common
source such as the settled and airborne materials
studied here.

Eidsonl attributed the initial phase seen in
the dissolution of "yellowcake" samples to the
presence of ammonium diuranate, a rapidly
dissolving uranium material. The material produced
during test firing of penetrators was also observed
to contain a rapidly dissolving fraction. This
fraction was evident to a greater extent in the air
sample material (S682-1) than in the core sample
material (S682-2). The air sample material
(S682-1) is thought to be made up of particles with
low settling velocities relative to those in the
core sample material (S682-2). For a given
specific gravity, the lower settling velocity
naterial would have a relatively high specific
surface area which could explain the large
concentration of rapidly dissolving material in the
respirable fraction of the air sample material
(S682-1). In addition, the fact that -20 per cent
by weight of the respirable fraction sample of
study material S682-1 was found to be amorphous and
that this amorphous material may contain uranium
suggests the possibility that at least a portion of
the rapidly dissolving fraction may be rapidly
dissolving amorphous uranium compounds. Therefore,
rather than' chemical character of the material
alone accounting for initial phase dissolution as
Eidson found for "yellowcake", initial phase
dissolution for these materials may be a
consequence of the physical character of the
material as well as the chemical composition of the
material. This study does not resolve which is the
more important.

The long-term dissolution half-times (T3)
observed here fall in the ranqe of long-term
half-times found by Eidson1 for similar materials
(from 140 days to 500 days). These half-times also
agree with the "Y" clearance classifications
assigned to U3O8 and U02.15»16>17

The long-term dissolution half-time associated
with the resptrable fraction of the airborne study
material (S682-1) was found to be significantly
higher (at the 95 per cent confidence level) than
the long-term dissolution half-time associated with
the respirable fraction of the settled study
material (S682-2). As discussed above, this
difference may be a consequence of the physical
character of the material such as the specific
surface area as well as its chemical composition.

The fact that significant differences were
observed in the dissolution behavior of the study
materials highlights the necessity of performing

dissolution analysis on appropriate size fraction
samples. Results from dissolution analysis of core
sample material (S682-2) may be most useful in
assessing exposure to material resuspended during
such activities as bunker dismantling. Whereas,
results from analysis of air sample material may be
most useful in assessing exposure to material
suspended during penetrator firings.

Results of in vitro dissolution analysis
reported by Eidson1*"on bulk "yellowcake" samples
agree with laboratory animal lung clearance data
obtained from inhalation studies using samples of
the same "yellowcake" materials.19 This
indicates that, for the "yellowcake" materials
studied, dissolution analysis results for bulk
materials are useful in assessing exposures to
suspended materials. Our results demonstrate that
this is not always the case and, in general, in
vitro dissolution analysis should be performed witfiT
appropriate size fraction samples. This is
especially important when no in vivo data is
available to support in vitro results.

Composition Differences Between Bulk and Respirable
Fraction Sampfes

A significant difference in the UO2 content
between bulk and respirable fraction samples was
observed in both study materials (see Table 4 ) .
Glissmeyer14 noticed a similar size segregation.
The direction of this segregation; namely, that
U3O8 is associated with the smaller particle
sizes, agrees with data presented by Steckle18

and Elder.20

This finding again points out the importance of
performing dissolution analysis, as well as other
analyses, on appropriate size selected samples.
Analysis of bulk material or even total suspended
particulate samples may result in inaccuracies in
prediction of lung clearance rates and/or incorrect
associations of dissolution half-times with the
physicochemical character of the study material.
These inaccuracies and incorrect associations, in
addition to bei-ig related to differences in the
physical character of deposited and study
materials, may also be related to chemical
differences in these materials.

SUMMARY

Differences in the in vitro dissolution behavior
between settled and airborne uranium materials were
observed. In addition, differences in the
composition of bulk and respirable fraction samples
of each of these materials were found. These
discoveries indicate the importance of selecting
appropriate size fraction samples on which to
perform dissolution analysis as well as other
analyses used to characterize samples.

ACKNOWLEDGEMENTS

This report is the culmination of the efforts of
many individuals whom we thank and acknowledge
here. These people include: Jim Cornette of the
United States Air Force; Owen Moss of Pacific
Northwest Laboratory; George Kanapilly (deceased)



5c DOSIMETRV 259

of Lovelace Inhalation Toxicology Research
Institute; and from Los Alamos, Marvin Tinkle and
other staff of the Nuclear Materials Process
Technology group, John O'Rourke of the Physical
Metallurgy group, Ernie Gladney, Oan Perrin, Hal
Ids, and Bill Moss of the Health and Environmental
Chemistry group, Mike Minor of the Research Reactor
group, and Dave White and Dick Beckman of the
Statistics group. Lloyd Wheat of the Industrial
Hygiene group provided technical assistance during
aerosol generation, dissolution apparatus design,
dissolution analysis, and data reduction. Kevin
Burgett, formerly of the Industrial Hygiene group,
assisted during the dissolution analysis.

REFERENCES

1. EIDSON, A.F., MEWHINNEY, O.A., "In vitro
Solubility of Yellowcake Samples from"Pour
Uranium Mills and the Implications for
Bioassay Interpretation," Health Physics 39,
pp. 893-902, 1980.

2. KALKWARF, D.R., "Solubility Classification of
Airborne Products from Uranium Ores and
Tailings Piles," Pacific Northwest Laboratory
report PNL-2870, Hanford, Washington, 1979.

3. DENNIS, N.A., BLAUER, H.M., KENT, J.E.,
"Dissolution Fractions and Half Times of
Single Source Yellowcake in Simulated Lung
Fluids," Health Physics 42, op. 469-477, 1982.

4. KANAPILLY, G.M., "Alveolar Microenvironment
and Its Relationship to the Retention and
Transport into Blood of Aerosols Deposited in
the Alveoli," Health Physics, 32, pp. 89-100,
1977.

5. SCRIPSICK, R.C., CRIST, K.C., TILLERY, M.I.,
and SOOERHOLM, S.C., "Preliminary Study of
Uranium Oxide Dissolution in Simulated Lung
Fluid," in preparation, 1984.

6. WRIGHT, B.M., "A New-Feed Mechanism," J. Sci.
Instr. 27, p. 12, 1975.

7. AEROSOL TECHNOLOGY COMMITTEE, "Guide for
Respirable Mass Sampling," Amer. Ind. Hyq.
Assoc. J. 33, p. 133, 1970.

8. ALLEN, M.D., 8RIANT, J.K., MOSS, O.R.,
ROSSIGNOL, E.J., MAHBUM, D.D., MORGAN, L.G.,
RVAN, J.L., AND TURCOTTE, R.P., "Dissolution
Characteristics of LMFBR Fuel-Sodium
Aerosols," Health Physics, 40, p. 183, 1981.

9. MOSS, O.R., and KANAPILLY, G.M., "Dissolution
of Inhaled Aerosols," in: Generation of
Aerosols, ed. Klaus Wileke, AnnTrBor" Science
Publication, 1980.

10. MOSS, O.R., "Simulants of Lung Interstitial
Fluid," Health Physics, 36, p. 447, 1979.

11. KLUG, H.P. and ALEXANDER, L.E., "X-Ray
Diffraction Procedures," Wiley, New York, New
York, 1974.

12. TRUSSELL, J.H., "Generalized Least Square
Packaqe," Los Alamos Program Library Write-up,
GFAA, Los Alamos, New Mexico, October 1979.

13. MERCER, T.T., "On The Role of Particle Size in
the Dissolution of Lung Burdens," Health
Physics 13, pp. 1211-1221, 1967.

14. GLISSMEYER, J.A., MISHIMA, J.,
"Characterization of Airborne Uranium from
Test Firings of XMFF4 Ammunition," Pacific
Northwest Laboratory report PNL-2944, Hanford,
Washington, 1979.

15. TASK GROUP ON LUNG DYNAMICS, "Deposition and
Retention Models for Internal Dosimetry of the
Human Respiratory Tract," Health Physics, 1?,
pp. 173-207, 1966.

16. COOKE, N., HOLD, F.B., "The Solubility of Some
Uranium Compounds in Simulated Lung Fluid,"
Health Physics 27, pp. 69-77, 1974.

17. KALKWARF, D.R., "Solubility Classification of
Airborne Uranium Products from LWR-Fuel
Plants," Pacific Northwest Laboratory report
PNL-3411, Hanford, Washington, 1980.

18. STECKEL, L.M., WEST, CM., "Characterization
of Y-12 Uranium Process Material Correlated
with In Vivo Experience," US Atomic Energy
Commission report Y-1544-A, 1966.

19. DAMON, E.G., EIDSON, A.F., HAHN, F.F.,
GRIFFITH, Jr., W.C., and GUILMETTE, R.A.,
"Comparison of Early Lung Clearance of
Yellowcake Aerosols in Rats with In Vitro
Dissolution and IR Analysis," Health Physics
46, pp. 859-866, 1984.

20. ELDER, J.C., TINKLE, M.C., "Oxidation of
Depleted Uranium Penetrators and Aerosol
Dispersal at High Temperatures," Los Alamos
National Laboratory report LA-8610-MS, Los
Alamos, NM, 1980.

DISCUSSION

Question (Ho): What is the minimum mass per
sample required for the dissolution tests and what
is the average mass for all (airborne) samples
collected? Was the dissolution rate observed?

Answer: The required mass of uranium per sample
depends on what dissolution rate you wish to
measure. For dissolution half-times less than 500
days a uranium mass equal to or greater than 10
mgU is sufficient. The samples we studied
contained this much uranium. The dissolution
half-times we observed ranged from less than 0.1
day up to less than 500 days.

Question (Ho): What is the rate of the SLF pumped
into the (dissolution) test chamber?

Answer: The simulant flow was about 1 ml/mln. It
was monitored' and not allowed to decrease below
0.9 ml/min.
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Question (Ho): Is the SLF fresh or recycled?

Answer: Only fresh simulant was used. The
simulant was pumped through the system from a
reservoir and collected for analysis* No
reclrculatlon of simulant took place.
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ABSTRACT

Forty-four male or female beagle dogs were exposed
by inhalation to aerosols generated from yellowcake
samples obtained from two uranium mills. The two
materials represented two extremes in yellowcake
composition that occur in Industry: one was 100%
ammonium diuranate (ADU); the other was > 99%
U3O8. Preliminary results from 10 dogs (5
exposed to each aerosol) showed clear differences
between the responses to the two forms of
yellowcake. Histopathologic examination of kidney
tissues showed classic heavy metal toxkity caused
by the rapid clearance of Inhaled soluble uranium
from lung (T1/2 = 1.4 days) and translocation of
~ 25% of the Initial lung burden to kidney.
Maximum kidney concentrations of 8-17 jigU/kg
kidney occurred at 4-8 days after inhalation.
Proximal tubular necrosis reached Its peak between 4
and 64 days after inhalation of soluble yellowcake
and was subsequently repaired. There was no kidney
damage found in dogs exposed to the less soluble
U 30 8.

INTRODUCTION

One important route of exposure of uranium mill
workers is by inhalation of refined uranium ore,
which usually consists of a variable mixture of
ammonium diuranate (ADU) and U 30 8. Information
on the behavior of these substances in laboratory
animals 1s required as a basis for Interpretation of
data from bioassay procedures, and for dose
estimates and hazard evaluations for uranium milling
effluents. The purpose of this study 1s to relate
the temporal and spatial pattern of inhaled uranium
in beagle dogs to the physical and chemical
properties of yellowcake (described in the companion
paper entitled "Biologically Significant Properties
of Refined Uranium Ore").

The short-term clearance of Inhaled uranium from
lungs of rats exposed to yellowcake aerosols
depends, in part, on yellowcake solubility in body
fluids (1). Experiments were designed to study the
long-term pattern of clearance of uranium in beagle
dogs exposed by Inhalation of two types of
yellowcake, a more soluble form and a less soluble
form. Aerosols of the two yellowcake forms,
obtained from operating mills, were generated from
powders for nose-only Inhalation exposures. Data
are available for a preliminary description of the
retention of uranium in lung and Its translocation
to kidney of dogs sacrificed through the first 64
days of a two-year study.

MATERIALS AND METHODS

Two samples of yellowcake were chosen, following
Infrared analysis, to represent two extremes of
composition observed at uranium mills: one material
was 100% ammonium diuranate (a form more soluble in

vitro); the other was > 99% U3O8, a less
soluble form.

Forty-four beagle dogs, 27 males and 27 females, 2
to 6 years of age were selected from the Institute
colony. Twenty dogs, 10 males and 10 females, were
exposed to each material and four were retained as
unexposed controls. Exposure aerosols were
generated from the dry yellowcake powders using a
DeVilbiss Model 125 powder generator (2). Aerosol
concentration was monitored during exposure (3) by a
Model RAM-S nepheiometer (GCA Corp., Bedford, MA)
calibrated with aerosols generated from the same
yellowcake powders. The aerosol particle size
distribution was determined by analysis of
yellowcake deposited on each stage of cascade
impactors (4) and fitting a lognormal distribution
function to the data.

Urine, feces, and cage wash water were collected
dally from 2 days before exposure until 16 days
after exposure; then three collections, once dally
per week, were made for two weeks. Subsequently,
three collections, once daily per month, were made
every other month until sacrifice.

Dogs were sacrificed at 2, 4. 8, and 64 days after
exposure. Other dogs are being maintained for
sacrifice at 180 days, 1, 1.5 and 2 years after
exposure. One unexposed dog 1n each group was
sacrificed at the beginning of the study to provide
quality control data on fluorometrk analysis of
tissues and excreta samples for uranium content
(5). Selected tissues taken at necropsy for uranium
analysis included: blood, skull, turbinates,
trachea, lung, kidney, gastrointestinal tract
(including esophagus), liver, spleen,
tracheobronchial lymph nodes, femur, and lumbar
vertebrae. Tissues taken for histopathological
examination include samples of kidney, femur, liver,
spleen, lymph nodes, lung, and any lesions observed.

The initial lung burden of uranium Inhaled by each
dog was estimated by equation 1,

ILB (tigU) - SBB +

SD SD

/ Fex dt + / Ue

40 40

Uex dt
(Eq. 1)

where: ILB is the Initial lung burden, SBB 1s the
sacrifice body burden expressed as the total ng U
in tissues, Fex and Uex are functions for fecal and
urinary excretion rates derived from non-linear
least squares fitting of the uranium content of
feces and urine collected. The excretion functions
were Integrated from 4 days (4D) after exposure to
the sacrifice date (SD) for each dog.

Retention of uranium In lung was expressed as a
percentage of the inital lung burden; and the
percentages were plotted versus time after
inhalation. A negative exponential equation,
equation 2, was fitted to the data using a
non-linear least squares procedure,
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ILB

where A-j are the percentages of the Initial lung
burden that clear In each component and If are the
corresponding clearance half-times In days.

Histopathologic examination of lung and kidney
tissues of dogs sacrificed through 64 days after
exposure was done using standard 5 m» sections
stained with hematoxylin and eosin.

RESULTS AND DISCUSSION

Results describing the exposure aerosol
characterisitics and Initial lung burden for the
animals that Inhaled one of the two yellowcake forms
and were sacrificed within 64 days are shown in
Table 1.

Retention of Inhaled uranium In lung and In kidney
(Figure 1) was strongly dependent on yellowcake
chemical form. Uranium Inhaled as the more soluble
ammonium diuranate was cleared more rapidly from
lung to kidney than was uranium Inhaled as less
soluble U3O9. The retention half-time of
ammonium diuranatt 1n lung during the first 10 days
was 1.4 days and 22 days thereafter. The retention
of U3O8 In lung' was best described by a single
component equation with a half-time of 750 days.

These results partially agree with previous jn
vitro dissolution studies and short-term experiments'
iQ vivo (1). The ammonium diuranate clearance
half-time from dog lung during the first 10 days
after Inhalation agrees with that from rats, and
with the in vitro dissolution rate; but the
half-time of the second component does not agree
with either the In vitro result (Ti/2 < 1 day)
or that In rats. Thus, clearance of Inhaled
ammonium diuranate aerosols from dog lung 1s more
rapid than U3O8. and Is related to its greater
solubility; but the relationship is not clear from
these preliminary data.

The clearance half-time for U3O8 from dogs was
greater than that estimated for rats (130 days).
This difference probably reflects species
differences between rats and dogs. Dogs, like man,
generally have a prolonged lung clearance time for
insoluble particles. Hore refined comparisons
between clearance rates of soluble and Insoluble
uranium compounds will be made when data from dogs
sacrificed through two years after exposure become
available.

Histopathologic examination of kidney tissues Is
summarized In Table 2. Dogs that Inhaled yellowcake
aerosols that were >99X U3O8 showed no
significant abnormalities observed 1n tissue
sections. In contrast, dogs that Inhaled yellowcake
composed of 100% ammonium diuranate showed proximal

TABLE 1: RESULTS OF EXPOSURES OF TEN BEAGLE DOGS

EXPOSED TO YELLOWCAKE AEROSOLS

Dog
Number

1143U

1213B

1242W

1176V

11B2A

Days After
ExDosur*

2

4

4

B

64

Initial Luna Burden
uoU uaU/ka body wt.

Ammonium Diuranate

2100 230

3300 370

1800 180

1200 140

1600 ISfi

Hean t SE 210 t 40

Mass Hedian
Aerodynamic

Olametcr t SE (urn)

Aerosol

3.4 t 0.2

3.3 t 0.3

4.0 t 0.4

2.4 1 0.1

3.2 t 0.6

3.3 t 0.6

Geometric
Standard

Deviation t $E

1.6 i 0.1

1.4 ± 0.1

1.9 t 0.2

1.7 t 0.1

1.6 t 0.1

1.6 ± 0.2

Aerosol

11786

1242T

12228

1181A

1220C

2

4

4

8

64

2600

1600

8200

3800

5100

Hean ± SE

310

150

770

340

5iS
430 1 110

3.1 1 0.1

2.3 1 0.1

3.3 t 0.2

1.9 1 0.1

1.5 ± 0.1

2.4 t 0.8

1.5 t 0.1

1.6 t 0.1

1.5 ± 0.1

1.5 t 0.1

1.5 t 0.1

1.5 ± 0.1
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FI6URE 1: RETtNT ION OF URANIUM IN LUNG AND KIDNEY
OF 006S AFTER INHALATION OF YELLOWCAKE AEROSOLS
COMPOSEO OF AMMONIUM DIURANATE (ADU) OR U30fl.

EACH OATA P0IM7 REPRESENTS ONE DOG.
CIRCLES REPRESENT ADU EXPOSED DOGS

TRIANGLES REPRESENT U 30 8 EXPOSED DOGS
OPEN SYMBOLS REPRESENT LUNG BURDEN

SOLID SYMBOLS REPRESENT KIONEY BURDEN

TABLE 2: COMPARISON OF H1ST0PATH0L0GIC EVIDENCE OF

KIONEY DAMAGE TO URANIUM CONCENTRATION IN KIDNEY

Days Kidney
Dog After Concentration

Number Inhalation tuoU/ol Histopathoiogic Observations

Ammonium D1uranat« Exposed Poos

U43U

T213B

T242W

1176V

2

4

4

8

0.25

17

9.1

7.7

1182A 64 0.21

A few degenerative cells 1n tubules, equivocal significance.

Degeneration of Individual cells of proximal tubules.

Same as above.

Necrosis, sloughing of proximal tubule epithelium. Abundant
regeneration.

Atrophy of proximal tubule epithelium and peritubular fibrosis.

U30fl Exposed Dogs

11786

1242T

1222B

1181A

1220C

2

4

4

8

64

0.0036

0.059

0.22

0.085

0.027

NSA»

NSA

NSA

NSA

NSA

*Ho Significant Abnormalities
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tubular necrosis, a sign of heavy metal toxicity. A
few renal changes were seen at two days after
exposure; but their significance, by themselves. Is
equivocal. There were a few foci with degenerate
epithelial cells found in the distal tubules; and
granular cast debris was present in the medulla,
representing neerot1c tissue.

At four days after exposure, lesions were readily
observed; but they were neither severe nor
widespread. Degeneration and necrosis of individual
epithelial cells were evident in the cortical
proximal tubules near the cortico-medullary
junction. A few foci of regenerative flattened
cells were present adjacent to the degenerative
foci.

At eight days after exposure, there was focal
necrosis and sloughing of proximal tubular cells and
obvious regeneration. Numerous granular casts were
present. At 64 days after exposure, the tubules in
the atrophic foci were shrunken and surrounded by
fibrous tissue. No inflammatory response was
present and no granular casts were found. These
observations arc consistent with a proximal tubular
necrosis that reached its peak between 8 and 64 days
after exposure and was subsequently repaired.

Kidney damage was related to the concentration of
uranium 1n kidney (Table 2). At iwo days after
exposure, there was no clear evidence of kidney
damage at 0.25 vgU/g kidney. Between four and
eight days, kidney damage was evident at 7.7 - 17
vgU/g, although regeneration of damaged tissue was
underway. By 64 days after exposure, kidney
concentration was reduced to <0.5 i»gU/g; but
histologic evidence showed that the concentration
had been great enough to cause kidney damage that
was subsequently repaired. These observations were
Interpreted as heavy metal toxicIty to the kidney as
reported previously (6).

These results show clearly that only the dogs
exposed to the more soluble yellowcake form showed
evidence of kidney toxicity. Thus, knowledge of the
ammonium diuranatc content of yellowcake aerosols 1s
Important for assessing the consequences of
Inhalation exposures and for setting health
protection guidelines.
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URANIUM MEASUREMENTS IN URINE
A SUMMARY OF THE OPERATING EXPERIENCE AT CANADIAN URANIUM MILLS

W.A. NAPIER AND B.C. SMART

Atomic Energy Control Board
Ottawa, Ontario, Canada

ABSTRACT

This paper describes the purpose of the uranium
In urine programs presently Instituted at Canadian
uranlua sills. The role and responsibility of the
Atonic Energy Control Board, the regulatory
authority. Is explained.

A description of the current sampling strategy
at each of the five operating uranlua mills Is
provided. The saapling strategy description
Includes the job-related sampling of «ill workers,
the frequency of sampling, the tlae of voiding and
the administrative controls used to Investigate
high result*.

At each uranlua mill the annual urine results
for Mill operators and mine Maintenance personnel
during the years 1962 and 1983 are reviewed. It
Is shown that the Majority of the urine results
are below the 15 ug/L value. The statistical
test, Udlt Analysis Is pcrforaed to deteralne
whether a significant difference between the 1982
and 1983 workers' urine results at each alne. The
Kldit scatistic provides a Measure of odds of
receiving a higher result in 1983 when coapared to
1982. Linear and convllinear regression
techniques are used to show the relationship
between frequency of the year's urine results for
the two job oceupetlone exaalned. Both Rldit
Analysis and the regression techniques are
suitable means of coaparlng urine data for trend
analytic.

INTRODUCTION

When a uranlua Mining coapany develops a
blosssay program, the following should be
considered: i) to deteralne whether a worker has
received a significant Intake of uranlua-bearlng
dust at his workplace and to taet the adequacy of
controls, for exaaple the urlnanalysls prograa aay
indicate if the workplace conditions have altered
or other Monitoring procedures have failed to warn
Management and the worker of unfavourable
conditions; 11) to coaply to regulatory
requlreaents and to Internal administrative
controle; and ill) to document individual or
worker classification urine results for future
reference or study.

The regulation of Canadian uranluM Mines and
Mills falls within the jurisdiction of the
Canadian Federal Government. The Atonic Energy
Control Board is the govetnaent agency responsible
for the regulation of the uranlua mines and
mills.

The regulatory philosophy of the Atoalc Energy
Control Board (AECB) is one of setting only the
baste regulatory objectives in the regulations and
requiring the uranlua alnes and mills to operate
under site-specific conditions which sre spelled
out in individual licences.

The regulations are supported by a set of
regulatory guides. Regulatory guides present to
perspective licensees the preferable means of
complying to the objectives of the regulations.
With respect to uranium in urine bloassay results,
present AEC Regulations do not stipulate maximuM
urine concentrations for bloassay results,
analytical techniques for measuring urine results
or the sampling frequency for uranium mine-mill
workers. However, each licensee has developed an
"action level program"; each action level triggers
a specific corrective action. Appendix A shows
the Code of Practice for one of the mills.

On January 1, 1981 the AECB Issued regulatory
document R-S "Guide to the Bioassay and Uranlua at
Uranium Mine-Mill Facilities". The regulatory
guide provides one approach, acceptable to the
Atoalc Energy Control Board, of developing a
bloassay prograa for uranium mine-mill facilities.
Since the'approach in the regulatory guide arc not
mandatory, the recommendations ststed in R-S have
been adapted to varying degrees by the uranium mill
operators.

Uranium mil1 workers are exposed to the
chemical and radiological hazards of uranium
bearing dust particularly those workers assigned
to processing yellowcake in the drying and packing
area of the mill.

The purpose of this paper Is to review the
current bloassay programs and practices
Implemented at each Canadian uranium Bill. The
1982 and 1983 urine reeults et five Canadian
uranlua facilities have been exaalned to evaluate
the sampling strategy employed at the mills. The
mills are referred to as A, B, C, D, and E. Hill
A and B ship their product to a common filtering,
drying and packaging facility referred to as AB.
The workers assigned to the AB drying and
packaging plant are monitored for uranium in urine
more frequently than any other group of mill
workers. In this presentation of urlnalysls data
they have been kept separate from the mill workers
in the A and B mills.

Although all mills use the same basic process
to produce yellowcake, there are some
site-specific differences in production equipment,
In the mode of operation, and in the urine
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sampling program that affect the reported uranlim
in urine value*.

PRODUCTION AND SAMPLING DIFFERENCES

There are seven uranium nine-mill facilities
operating In Canada. Two have recently started up
and have not yet generated sufficient urlnalyses
data to warrant inclusion in this report. It is
significant to note that both these facilities
produce a U3O3 product. Of the remaining five
facilities (Table I) two produce a magnesium
diuranate and three produce an ammonium diuranate.
These compounds are normally considered class D or
class W uranlua compounds. The ammonium diuranate
at one of the mills is calcined at a relatively
high temperature in a multi-hearth furnace and
converted to U^Og. This compound has been
reported to have the properties of an ICRP class
"¥" designated uranium compound (Kalkvarf D.R.
1979; Eldson A.K., Mevhtnney, J.A. 1980) which Is
reported to have a longer retention time In the
lung If inhaled, and thus have a lower annual
Unit of Intake (All) than ammonium dturanate or
magnesium dlurannte, (ICHP, 30)•

SAHPUNC STRATEGY

Table I includes the sampling frequency, and
Initial action level for each of the mtne-mlll
facilities. All mills use a fluoromttric method
for determining uranium In urine. The
recommendation in R-5 is that urine samples be
obtained twice a month for uranlua mill workers
prior to and Immediately after their rest period.

However as may be seen In Table 1 there Is •
variation in the sampling frequency.

This Is a natural result of the various modes
of operation at each mine site. For example at
one alii there are (1) workers on • twelve hour
rotating shift covering a seven day week, (2) day
workers, (3) shift workers covering a five day
weak for sixteen hours a day. An Intricate urine
sampling scheme has been developed to suit this
unique Mode of operation.

At another mill In northern Saskatchewan there
are two twelve hour shifts In effect on a seven
day in, and seven day out basis. At this
particular site the urine samples are given on a
Saturday evening at the site.

The sampling strategy that has developed at
each facility can be said to be site dependent;
site-dependent sampling strategies are a
reasonable approach. It Is Important, however,
that the sampling strategy reaaln consistent at
each facilities In order that trends In uranium
Intakes be Identified In order to take corrective
action. Any changes In sampling strategy should
therefore be well documented.

ANALYSIS

The raw data are sun
manner:

arized In the following

(1) the two occupational groups to be reviewed
are the maintenance workers and mill operators.
These groups were selected because they contain
the largest number of workers, they have the
greatest potential to receive a significant Intake
of uranium-bearing dust, and these groups have the
most "complete" data base; and

(2) the data will be reviewed for the years 1982
and 1983. These are the only years that there Is a
complete set of data preserved for the five
operating mills with an exception listed below.
Also, laboratory inter-comparison conducted by the
Radiation Pastection Bureau has shown for the past
two yesrs that In general, the mills' analytical
laboratories are performing adequately (Zamora,
1984).

The August, 1982, blosssay results for mill D
are not available. For the purpose of our
analysis, the average Monthly value for the group
was added to the year 1982 values. This would, In
effect, give the year 1982 "twelve months" of
dsta.

(3) individual monthly urine results were grouped
by job classification;

(4) a value of five mlcrograma per litre was
selected for the class interval for the frequency
distribution from 0 mlcrograma per litre to 60
mlcrograms per litre. Because of the fewer number
of values greater than 60 mlcrograms per litre,
larger class Intervals were used;

(5) "Rldit Analysis" was used to determine If
there were any significant differences batwsen each
year's urine results for each Job occupation.

(6) linear and convilinear regression techniques
are used to shew the relationship between the
percent of samples for each year and the urine
results for each year for each job classification.

RESULTS

The data examined consists of uranium In urins
results submitted over 1982 and 1983 by five
uranium companies. The numbers of mill operators
and maintenance personnel sampled along with the
number of samples taken appear in Table 2.
Because of the turnover In the Bills, the numbers
are not exact, but are presented to depict the
scale of the bloassay programs In place at the
Canadian uranium mills.

A breakdown of the distribution of uranlua In
urine for mill operators and Maintenance personnel
is presented in Tables 3 and 4. This data Is also
presented In a histogram, In figures 1 to 11, to
better Illustrate the relative distribution of
uranium In personnel at each mill on the basis of
urins analysis.
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TABLE 1

PRODUCTION AND SAMPLING DIFFERENCE
FOR FIVE CANADIAN URANIUM HILLS

HILL REFERENCE

Chemical precipitate

Final Product

Location of Dryer

HILL REFERENCE

Typ« of Dryer

Operator* exposed
to highest cone, of
U duat

Duat Protection
required

Urine sampling freq-
uency for operatora at
rlak

Kill Maintenance
Reulnlng Mill Workera

Saatpllng schedule for
workera at risk

Uranium In urine
Initial action level
Mg VI 1

A

Ammonium *
Diuranate

ADU Slurry

Separate faci
filtering and
Shipped from I
Slurry to AB.
duct from AB
dry ADU and Mj

B

Magnesiusi *
Diuranate

_MgDU* Slurry

lity for
packaging.
K and B as a
Final pro-

ts a blend of
fDU

AB

Belt and Tunnel

Drying and packaging

Air stress helmets or
cartridge respirator

Twice/Week

Once/Month
Once/Month

On return to work after
week-end and again after
1 daya of work

50 at A, B, and AB

C

Ammonium
Diuranate

Black Oxide

Enclosed area
Designed to
operate at
negative
pressure.

C

Multl Hearth

Packaging

Face fitted
cart. resp.

Once/Month

Once/Quarter
Once/Month

On return to
work after 7
lay rest
period

10

D

Ammonium
Diuranate

Dry ADU

Large en-
closed area
for filtering
drying and
packaging.
Well vented

D

Belt and
Tunnel

Filtering,
Drying, and
packaging

Air stream
or cart .reap.

Once/Week

Once/Month
Once/Month

On return to
work follow-
ing at least
one day at
work

SO

E

Magnesium
Diuranate

Dry MgDU

Packaging area
is enclosed
and vented.
Dryer extends
Into the alll
but It In an
envelope type
vented enclosure

E

Belt and Tunnel

Packaging

cartridge
reapirator

Once/Month

OncVMonth
Once/Month

On Saturday
ivsning follow-
ing 1-5 daya at
work

25 on
successive
months

Ammonium diuranate and magnesluB diuranate are the naaee of the chealcal
precipitates formed when ammonia and aagneaia are used to precipitate uranium.
The aasonla and magnesium contents of these compounds are normally significantly
less than the stolchlometrle requirement. Depending on precipitation conditions,
particle and crystallite site can also vary.
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TABLE 2

THE SCOPE OF THE 1982-1983 URINALYSIS PROGRAM FROM
THE NUMBER OF PERSONNEL INVOLVED AND THE SAMPLES

TAKEN AND ANALYSED

MIL1

A
B
C
D
E
AB

HILL OPERATORS

No. of
Workers
1982

99
68
52
120
90
6

1983

75
63
56
99
57
6

No. of
Samples
1982

131S
844
49<
HOC
675
540

1983

990
716
565
969
426
537

MILL MAINTENANCE

No. of
Workers
1982

63
44
31
66
95

1983

53
58
56
73
73

No. of
Saaples
1982

781
476
175
516
463

1983

742
67t
231
615
34E

CUMULATIVE FREQUENCY HISTOGRAMS

On* manner of coaparlnf datja collected by the
uranium nine facilities la to present It In the
type of hlstofraat appearing In Figures 1 to 11.
The data la presented cumulatively In one case to
display the distribution of uranium In urine
obtained from alll operators and Maintenance
personnel over a two-year period. A second set of
histograms appearing above the emulative plot
displays the differences in distribution that
occurred between 1963 and 1982 for each
concentration range.

Because of the differences In operating
procedures, urine saapllng times and analytical
techniques, it would not be legitimate to compare
the histograms from the five facilities to
determine the beat performer with respect to
minimum uranium Intake M determined by uranium In
urine analysis. Naturally, workers who are
sampled during the work week are more likely to
show higher Intakes than workers sampled at the
beginning of the work week.

Nevertheless when the histogram* displayed in
Figures 4 and 10 (Mill 0) are examined, It would
appear a* though the procedures and administrative
controls at this mill are adequate and do result
In low uranium lntakee aa determined by
urlnalysis.

Additional comments can be made with respect to
Figures 3 and 9 (Mill C ) . Again the data
Illustrates low uranium Intakes for workers;
however, there are differences In distribution of
uranium concentration In the urine samples. With
the distinct possibility of Class "t" yellowcake
being produced at this mill, because of the higher
drying temperature, the recommended annual limit
of Intake for uranium la lowered (ICRP-32, 1979).

There are no In vivo measurement* to determine
the retention of uranium in the lung at Kilt C.
Studies made at the other 4 mills Indicate lung
burdens ere at the detection level of the
measuring technique aa shown In Appendix B,

RIDIT ANALYSIS
(Relative to Identified Distribution)

Statistical analysis was undertaken to test the
difference between each year's data for the mill
workers.

Ho: There Is no significant difference between
each year for mill workers and maintenance
personnel.

H|: There is a significant difference between
each year for the two mill occupations.

Ridit analysis was selected as the technique to
test whether Ho should be accepted or rejected for
each case. All assumptions with respect to the
test are satisfied.

A level of significance of 0.01 was selected as
the probability of occurrence under Ho. Table S
summarizes the results of the Ridit test.

The 1982 urine results (reference group) was
compared to the 1983 urine results (comparison
group). Column 3 shows the conclusion! of the
Ridit analysis. From the test results there is a
significant difference between 1982 and 1983 for
both occupations at Mill C, the maintenance
workers at Mill D, and the mill operators at Mill
E and Mill AB. In all cases, except one, the
significant differences between the years shows a
favourable trend of more urine results being lower
in value during 1983 when compared with 1982. If
the mean Ridit for a comparison group is less than
0.50, then for more than half of the time a mill
worker from the comparison group will have a lower
urine result thsn a mill worker from the reference
group.

Furthermore, between the two groups, the odds
ratio (column S) Illustrates the degree and
direction of difference. Thus, at Kill A
operatora, the odds are 0.93 to 1 that a 1983 mill
operator will receive a lower urine result then a
1982 mill operator. For comparative purposes the
odds for esch event are calculated to unity.

If the odd ratio is greater than 1, it tells us
that the 1982 urine results are 'better1 than the
1983 results (less chance of receiving a lower
value). This is the cess at Mill C. Upon
Investigation It was determined that there was no
change In mill procesa or sampling strategy;
however, there was a change In analytical
laboratory process.

CURVE FITTING TECHNIQUES

Table 6 shows the curve fitting techniques used
to etudy the ehape of the relationship between the
frequency {%) of workers and the clasa values for
the bloassay reeults ( yg/L). The mid-point of
each class limit was taken as the Independent
variable. For curve fitting, data points greater
than 60 ug/I> were not considered. The class
limits greater than 60 pg/L are of different
sices. Also company Investigations have shown
that moat of these values are spurious.
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TABLE 3

CUHUUTIVE URANIUH RESULTS FOR HILL OPERATORS

U i n Urine

R
up, L

< 5
<10
<15
<20
<25
-yo
<35
<40
<45
<50
<55
<60

<100
<250
>25O

H i l l A

1982
Z

44.3
66.3
80.4
88.6
92.2
9S.1
96.5
97.6
98.1
98.5
98.9
99.1
99.9
99.9

100.

1983
Z

48.8
67.7
81.4
88.4
92.8
96.3
97.9
98.5
99.0
99.2
99.6
99.6
99.9

100.0

Mill B

1982
Z

43.2
64.5
79.0
86.6
90.7
93.9
95.4
97.1
97.4
98.1
98.4
98.4
99.0
99.9

100.0

1983
Z

43.0
62.0
74.0
83.8
88.8
92.2
94.3
96.4
96.8
97.8
98.2
98.5
99.8
99.9

100.0

Hill C

1982
Z

76.9
95.9
97.9
99.2
99.4
99.8
99.8
99.8

100.0

1983
Z

49.2
81.8
89.0
94.3
96.8
99.1
99.8

100.0

Hill D

1982
Z

78.5
91.0
96.0
97.4
97.9
98.1
98.3
98.5
98.6
98.9
99.2
99.3
99.8
99.9

100.0

1983
Z

83.7
95.5
97.3
98.8
99.2
99.5
99.5
99.7
99.7
99.8
99.9

100.0

Hill E

1982
Z

12.7
31.7
45.1
56.6
65.3
72.5
77.1
77.8
81.5
85.0
87.3
89.1
94.2
98.«

100.0

1983
Z

15.3
34.3
53.3
67.9
77.3
83.4
87.1
87.8
89.9
91.5
93.4
93.6
96.9
99.5

100.0

Hill AB

19B2
Z

18.1
33.1
53.1
67.7
77.0
84.4
88.7
91.7
92.6
94.8
97.0
98.1
99.8

100.0

1983
Z

34.6
48.8
64.8
78.2
85.3
92.2
95.0
96.3
97.2
97.9
98.5
98.9
99.5
99.9

100.0

TABLE 4

CUMULATIVE URANIUH RESULTS FOR MILL MAINTENANCE

U in Urine

Rann
uf/L

< 5
<10
<1S
<20
<25
<30
<35
<40
<45
<S0
<55
<60

<100
<250
>250

Hi l l A

1982
Z

44.5
67.4
79.0
87.3
91.8
94.4
96.1
97.4
97.7
98.1
98.7
98.7
99.5

100.0

1983
Z

55.0
67.3
78.6
86.0
89.9
92.7
95.8
96.5
97.5
98.3
98.8
99.2

100.0

Hi l l B

1982
Z

42.4
62.2
78.1
83.'
88.
9 2 /
94.<
95.t
97.<
98.4
98.8
99.2

100.0

1983
Z

47.6
66.0
80.0
86.2
91.7
94.8
96.0
97.3
97.6
98.3
99.2
99.3
99.8
99.9

100.0

H i l l C

1982
Z

80.0
95.4
97.7
98.3
98.9

100 .(

1983
Z

55.4
86.1
93.0
96.5
98.3
98.7
99.6

100.0

Hi l l D

1982
Z

85.1
94.2
96.9
96.0
98.8
98.8
99.4
99.4
99.6
99.6
99.6
99.6
99.8

100.0

1983
Z

90.2
97.4
99.0
99.
99.
99.
99.
99.
99.(
99.1
99. i
99.1
99.1

100.0

H i l l E

1982
Z

15.3
37.2
51.9
65.9
74.1
81.6
84.6
87.4
88.7
91.1
92.2
93.1
97.9
99.4

100.0

1983
Z

17.5
39.1
60.7
70.8
79.1
84.5
87.1
89.7
91.4
93.1
9S.1
96.0
98.0
99.1

100.0
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TABLE 5

SUMMARY OF RIDIT ANALYSIS
COMPARISON OF 1982 AND 1983 URINE RESULTS

MILL

( 1 )

A

B

C

0

E

AB

OCCUPATION
(2)

Operators
Maintenance

Operators
Maintenance

Operators
Maintenance

Operators
Maintenance

Operators
Maintenance

Operators

DECISION
(3)

Accept Ho
Accept Ho

Accept Ho
Accept Ho

R e j e c t Ho
Rejec t Ho

Accept Ho
Rejec t Ho

Rejec t Ho
Accept Ho

Rejec t Ho

MEAN
RIDIT(r)

(4)

0.483
0.467

0.514
0.472

0.560
0.626

0.47i
0.473

0.418
0.466

0.400

ODDS
RATIO

(5)

0.93/1
0.88/1

1.00/1
0.89/1

1.3/1
1.7/1

0.89/1
0.90/1

0.72/1
0.87/1

0.67/1

TABLE 6

FITTED CURVES FOR 1982-1983 BIOASSAY RESULTS

OPERATORS

MIL

f9iT

A

g

c
D.

E'

AS

2983

A

1

C

D

E

AB

EQUATION

y-41.0e -0> lu*

y-46.5e-°>Il! t

y-59.8«-°'Wlt

y-14.4«-°'UJx

y-17.7 -0.32x

jr-19.2 -0.37x

y-48.7e-°.H*

y-38.0e-°-°9*

y-27.5e-O.15x

y-14.3«-°'15x

y-18.9 -O.36x

y-22.7 -O.*9x

COEFFICIENT
OF

CORRELATIO
r

0.99

0.97

U.99

U.86

0.89

0.93

0.98

0.97

0.87

0.90

0.93

0.86

MAINTENANCE

1982

A

B

C

D

E

1983

A

B

C

D

E

EQUATION

y-40.9e-0*10x

y-41.0e-°'1Olt

y-47.7e-O.19x

y-25.4e-0.13x

y-19.8 -0.39x

y-31.3e-c.O8x

y-36.7e-0>09x

y-55.le-0.15x

y-46.6e-0.23x

y-19.5 -0.39x

COEFFICIENT
OF

CORRELATE
r

0.96

0.96

0.98

0.91

0.92

0.97

0.96

0.96

0.93

0.89

For Mills A to D exponential functions provide
the best fit curve. This indicates that the
majority of bioassay results are at low values
with a steep slope.

The linear equation is the best fit curve for
Mills E and AB. Mill E and AB have a large
percent of samples in the higher range of urine
values. Mill E has been refining a high grade
uranium ore, and groups the drying and packing
workers with the rest of the mill personnel.

As previously noted, Mill AB is solely a drying
and packing operation where there is a greater
potential for internal contamination.

CONCLUSIONS

Canadian uranium mills employ numerous site-
specific sampling strategies to estimate internal
contamination of workers. The Code of Practice
and action level criteria provides a means of
investigating workers who may have an appreciable
intake of uranium.

The regulatory document AECB R-5 recommends two
samples per month as previously discussed.

Voiding of urine samples by workers upon return
to work is encouraged to minimize the possibility
of sample contamination. Also, voiding of samples
immediately after the work shift is reconmended
particularly for exposed target groups (eg.
precipitation, drying and packing and maintenance
workers who service "yellowcake" equipment).

Ridit analysis and curve fitting techniques are
two methods to assess the trends between each
year. These methods provide for uranium mills two
means of evaluating group data.

For most mines the present sampling strategy
indicates that many of the workers presently in
the sampling regime have not received appreciable
intakes of uranium (assuming bioassay results
correspond to cranium intake). Reviewing present
sampling programs to focus attention on target
mill workers (those stationed at the precipitation
and drying and packing areas) is suggested.

Some companies have monitored workers and
preserve uranium in urine records since the
commencement of operations.

However, it became evident upon retrieving this
urinalysis data that to go beyond 1982 would have
been very difficult as for some companies these
types of records become very difficult to retrive.

It is recommended that relevant uranium mill
workers bioassay data be retained for easier
access.
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APPENDIX A

The present guidelines agreed upon between the
uranium facilities and the regulatory bodies for
uranium levels in urine are expressed in a Code of
Practice which is included In the licence issued
by the AECB to operate the uranium facility. This
Code of Practice developed for one of the uranium
facilities is outlined below. The action levels
are agreed upon after considering such factors as
when the sanple is taken, and the characteristics
of the uranium dust.

An example of a Code of Practice used to
monitor and minimize uranium intakes is presented
below.

Action Level
( ug U/L)

(1) 0 - 1 0

(ii) Greater than 10

(iii) Greater than 30

(lv) Consistent results
greater than 30

Protective Action

a) Continue routine
monitoring to ensure
that these levels
are maintained.

b) Resanple.

a) Investigate cause.
b) Take remedial action

as soon as reason-
ably practicable.

a) Resample
b) Remove eaployee from

high exposure poten-
tial until result is
confirmed or denied.

c) Take renedial action
as soon as reason-
ably practicable.

a) Restrict employee
from activities
Involving uranium
concentrates.

b) Investigate causes
both environmental
and personal.

c) When employee's
subsequent urine
analysis produces
two consecutive
results less than
10, remove work
restrictions
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APPENDIX B

A limited number of lung burden measurements
have been made for Canadian Mill Workers. This
information is included to complete the data that
are indicative of the Internal dose received by
Canadian Mill Workers.

1983
26 lung burden measurements were made on 6
employees at Facility D on site.
24 were less than the detection level of 6
ng U
1 was reported at 6 rag U
1 was reported at 7.5 mg U

27 lung burden measurements were made on 6
employees at Facility A, B and AB on site.*
17 were less than the detection level of 6
mg U
5 were reported between 6 and 10.0 ag U
4 were reported between 10.1 and 15.0 mg U
1 was reported at 18 mg U

*There is the possibility that the high lung
burden values resulted from external contamination
of the skin with traces of yellowcake.

1981

1981

1981

10 lung burden measurements were made on 10
employees at Facility E away from site.
The 10 were less than the detection level of
6 mg tf

24 lung burden measurements were made on 24
employees from facility D away from site.
12 were reported not detectable
12 were reported between 3 and 6 mg U

28 lung burden measurements made on
employees from Facility A, B, and AB away
from site.
16 were reported not detectable
8 were reported between 3 and 6 mg U
4 were reported at 8, 11, 13, 14 mg U

Up to this time lung burden measurement have
not been carried out at Facility C.

DISCUSSION

Question (Kump): In Canada, are respirators used
in drying and packing facilities, instead of
adequate ventilation?

Answer: In Canada, the primary means of
engineering control is the design and operation of
an adequate ventilation system. Respirators are
worn by operators to provide additional
protection. However "respirator credits" for
exposure to airborne uranium dust are not allowed.

Answer (Eidson): During our sampling trips to
mills we did not notice workers in the packaging
area without respiratory protection, although it
was not our purpose to monitor this.

Comment (Kump): Although in some U.S. mills
respiratory protection is a highly recommended
(meaning strongly encouraged) practice, no credit
can be taken for voluntary use of respirators
during routine operations. It should be noted
that some workers desiring protection over and
above engineering controls will request
respirators on a daily basis. In any case
engineering controls must prevail as the primary
means of protection during routine operations.
During Eidson's visit to our mill he observed
ongoing maintenance operations during a routine
turnaround period.

Question (Bernstein): Were the results obtained
by RIDIT analysis confirmed in each case by
curve-fitting analyses of the same data? what
specific radionuclides are measured in your
techniques?

Answer: Both RIDIT analysis and curve fitting
techniques confirm the same trends. The
radionuclides measured in the uranium concentrate
are 238u, 235,, a n d 234Up

Question (Johnson): With regard to the use of
respirators in uranium mines, I was under the
impression that Dr. Eidson said that respirators
were routinely worn during some jobs In U.S.
mills. Could this point be clarified?
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Some Reflections on Georgius Agricola

by Dr Robert Murray

Professor Cohen in his brilliant and

provocative address yesterday, referred

to his empathy with miners and, while I

cannot compete with his presentation, I

can do no less then confirm mine. Both

of my grandfathers wftre miners and so was

my father who died, albeit at the age of

77, of pneumoconosis.

The Murrays, however, were not always

miners. They came, as my father told me

from a long line of horse thieves.

Doubtless they became miners as a result

of the increasing occupational hazard of

stealing horses, which i.n those days was

a hanging offence. My father although a

miner, was a very wise man and when 1

obtained the necessary scholarship to go

to University he said "You are going to

the University to be a doctor. That's

good, but during those long vacations

you have you are goinfe to conn down the

pit and find out how men work".

I did not like it but I was a biddable

child so I spent all my vacations in the

mine, starting on the pit head, so that

by the time I qualified in medicine I had

also graduated at the coal face. Ever

since, for obvious reasons, I have been

much concerned with the medical and

human aspects of mining.

It was therefore with great pleasure that

I first read of Georgius Agricola, to

whom reference has already been made by

Mr Williams. The older I get the greater

is my respect for the men of olden times

who, without our modern armamentarium of

instrumentation, nevertheless made

observations that- are still val id today.

Accordingly, ;i few weeks ago, I mads a

pilgrimage to JoachimsLahl where Agricola

had worked. I had some difficulty in

finding it as it is now called Jachymov,

a pleasant little spa in the Ernegebirge

on the borders of Czechoslovakia and

East Germany, but it was well worth the

trouble, for Lhls was the world's first

uranium mine which provided the pitch-

blende for Marie Curie.

Its great heyday was in the early years

of the 16th century when it was a boom

mining town producing high quality silver.

To the town in 1527 came the young 33 year

old physician, fresh from his studies in

Italy, as the doctor for the community.

He looked after the health of the miners,

but his scientific curiosity was such

that he spent a great part of his time

becoming familar with the technique of

mining. There he began the great work,

subsequently published in 1556, the year

after his death, 'De Re Metalliia1. This

textbook remained the principal

authoritative source of information on

mining technology for another two hundred

years. It was translated into English

in 1912 by a former president of the

United States, Herbert Hoover (manfully

assisted by his wife) and is still a class-

ic (recently republished) well worth

reading if only for the magnificent

woodcuts illustrating the methods of the

time.

One of the many interesting sidelights on

Joachimstahl was that the coins made from

silver were called joachimstahlers.

This was a bit of a mouthful and so the

word was shortened to 'thalers1. It

finally came across the Atlantic and
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assumed its modern form of 'dollar'. So

when I think of the almight. dollar I

remember the unfortunate miners of

Joachimstahl.

The mine closed fifteen years ago but

its pithead gear has been preserved as

a monument. Many of the buildings in

the town are in a sad state of repair

but efforts are at last been made to

restore them. This is particularly

true of the church which is a delightful

place with a fascinating image of Santa

Barbara, the patron saint of miners.

There is also a museum but unfortunately

on the day of my visit this was closed.

It had obviously been closed for a long

time.

The town cashes in on its radioactivity

as do other towns in Eastern Europe,

notably Nis in Yugoslavia which sports

a Radon Hotel. In Jachymov the

corresponding hostelry is the Radium

Palace, which provides radioactive hot

baths and radon inhalations for a

variety of diseases including rheumatism,

peripheral neuropathy, migraine, metabolic

disorders and arteriosclerosis. It is

interesting that the contra-indications

to radium treatment are; tumours, acute

infections, active tuberculosis and acute

and subacute psychogenlc disorders.

Agricola was one of the first of the

modern scientists relying on observation

rather then received wisdom. To use

his own words "those things which we

see with our eyes and understand by means

of our senses are more clearly to be

demonstrated than if learned by means

of reasoning". In some ways I often

think that we have departed from this

desirable goal as many of the discussions

I hear, perhaps because of my own

ignorance, seem as pointless as the

medieval disputation about how many

angels you can get on the head of a pin.

However many theories we may propound it

is clinical observation which ultimately

determines their validity.

There are many aspects of his book which

strike a modern note. He discusses for

example the objections '.o mining, the

Greenpeace agitators of those days.

" But besides this, the strongest

argument of the detractors is that, the

fields are devustcd by mining operations,

for which reason formerly Italians were

warned by law that no one whould dig the

earth for metals and so injure their

very fertile fields, their vineyards,

and their olive groves. Also they argue

that the woods and groves are cut down,

for there is need of an endless amount

of wood for timbers, machines, and the

smelting of metals. And when the woods '.

groves are felled, then are exterminated

the beasts and birds , very many of which

furnish a pleasant and agreeable food for

man. Further, when tht ores are washed,

the water which has be' n used poisons

the brooks and streams, and either

destroys the fish or d rives them away.

Therefore the inhabitants of these regions

on account of the devastation of their

fields, woods, groves, brooks, and rivers,

find great difficulty in procuring the

necessaries of life, and by reason of the

destruction of the timber they are

forced to greater expense in erecting

buildings. Thus it is said, it is

clear to all that there is greater

detriment from mining than the value

of the metals which the mining produces".
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But It Is In his comments on the diseases

of workers that I find the greatest

interest. He knew nothing of

radiation, but he made many shrewd

observations. I appreciate that this

Conference is about occupational

radiation safety in raining, but it is

necessary to see this problem against

the heatlh problems of mining in

general. Agricola says -

"It remains for me to speak of the

ailments and accidents of miners, and

of the methods by which they can guord

against these, for we should always

devote more core Lo maintaining our

health, that we may freely perform our

bodily functions, than tu making profits.

Of the illnesses, some affect the joints,

others attack the lungs, some the eyes

and finally some are fatal to men.

Where water in shafts is abundant and

very cold it frequently injures the

limbs, for cold is harmful to the

sinews. To meet this, miners should

make themselves sufficiently high boots

of rawhide, which protect their legs

from the cold water; the man who does

not follow this advice will suffer much

ill-health, especially when he reaches old

age. On the other hand, some mines

are so dry that they are entirely devoid

of water and this dryness causes the

workmen even greater harm, for the

dust which is stirred and beaten up

by digging penetrate* into the windpipe

and lungs and produces difficulty in

breathing and the disease which the

Greeks call asthma. If the dust has

corrosive qualities tt eats away the

lungs and implants consumption in the

body; hence in the mines of the

Carpathian mo-ntains women are found to

have married seven husbands, all of whom

this terrible consumption carried off to

a premature death".

I recently read an abstract from a book

by Pausanias, an early Greek author,

who referred to "golden lamps with wicks

made of Carpathian flax". This was

obviously asbestos, which must have

been mined in the Carpathian mountains.

I do not know if there were any uranium

bearing ores in the same region.

Agricola goes on to say that in Altenberg

in Meissen there is "found in the mines

black pompholyx, which eats wounds and

ulcers to the bone; this also corrodes

iron, for which reason the keys of their

sheds are made of wood. Further there

is a certain kind of cadmia which eats

away the feet of the workmen when they

have become wet and similarly injures

their hands and injures their lungs and

eyes. Therefore, for their digging

they should make for themselves not only

boots of rawhide, but gloves long enough

to reach to the elbow and they should

fasten loose veils over their faces;

the dust will then neither be drawn

through these into their windpipes and

lungs nor will it fly into their eyes.

Not dissimilarly, among the Romans, the

makers of vermllllon took precautions

against breathing its fatal dust".

So Agricoia recognises the need for

protective clothing and respiratory

protection.

He refers to stagnant air, both that

which remains in a shaft and that which

remains in a tunnel and how it produces

difficulties in breathing . He describes



280 MURRAY

a wide variety of ventilating machines,

all of which are fascinatingly described

in the book. He goes on to say that

" There is another illness even more

destructive which soon brings death to men

who work in those shafts or levels or

tunnels in which the hard rock is broken

by fire. Here the air is infected with

poison since large and small veins and

seams in the rocks exhale some subtle

poison from the minerals which is driven

out by the fire awl this poison itself is

raised with the smoke not unlike

pumpholyx, which clings to the upper part

of the wall in the works in which ore

it, siut 1 ted".

Pompholyx was a furnace deposit, usually

mostly zinc oxide, but often containing

arsenical oxide.

"l.r this poison cannot escape from the

ground but falls down into the pools

and floats on their surface it often

causes danger, for if at any time the

water is disturbed through a stone or

anything else, these fumes rise again

from the pools and thus overcome the men,

by being drawn in by their breath; this

is even much worse if the fumes of the

fire have not yet all escaped. The

bodies of living creatures who are

infected with this poison generally swell

immediately and Lose all movement and

feeling and they die without pain; men

even in the act of climbing from the

shafts by the steps of ladders fall back

into the shafts when the poison overtakes

them, because their hands do not perform

their office and seem to them to be

round and spherical and likewise their

feet. If by good fortune the injured

ones escape these evils for a little

while they are pale and look like dead men".

Apart from the diseases Agricola is much

concerned with accidents. He says -

"Further, sometimes workmen slipping from

the ladders into the shafts break their

arms, legs or necks or fall into the sumps

and are drowned; often indeed the

negligence of the foreman is to blame, for

it is his special work to fix the ladders

so firmly to the timbers that they cannot

break away and to cover so securely with

planks the sumps at the bottom of the

shafts that the planks cannot be moved nor

the men fall Into the water; wherefore the

foreman must carc'ully execute his own

work. Moreover, he must not set the

entrance of the shaft-house toward the

north wind, lest in winter the ladders

freeze with cold, for when this happens

the men's hands become stiff and slippery

with cold and cannot perform their office

of holding. The men too must be careful

that, even If none of these things happen,

they do not fall through their own

carelessness".

One problem Ceorgius Agricola did not have

was media coverage of his investigations.

The Gutenberg bible had been printed only

forty years before he was born «i 1494 and

inspitc of his friendship with Erasmus,

who was as you might say a consultant

editor for Froben's press at Basel and who

mldwifed several of Agricola's books, his

great work 'De Re Hetallica' was not

published until 1556, the year after his

death. Printing was a serious business

in those days and you had to get past a

man like Erasmus before your thoughts

were considered worthy of print. I often

wish we had peer reviews of the same

standard today.
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In relation to the religious dissensions

of the time which were just as charged

with emotion as the scientific

discussions of today Agricola said

"Yet I do not wish to become confused

by these turbulent waters, and be led to

offend anyone. It is more advisable to

check my utterances".

Such considerations do not deter the

scribes of today, scientific or non-

scientific. It matters not that at the

per.sent time, certainly in Western

Countries, we are living longer and

living better than at any time in the

history of Man. Good news sells no

newspapers, earns no high TAM ratings.

The object of the exercise is sensation.

Fear is big business. Witness the

success of Jaws, Psycho and other

presentations calculated to produce

frissons ot" fear in the populace. When

in doubt find a scapegoat and beat it to

death.

Recently I visited the Soviet Union

having had a lively correspondence for

a number of years with Prof. F.N. Kogan

of Sverdlovsk. I asked the Minster of

Health If I could visit Sverdlovsk but

it was not possible because it Is in a

security area. However he invited a

number of peop'.e to come down to Moscow

to meet me and discuss the question of

asbestos. I was very surprised. The

clinical professor said that it was very

difficult to find cases of asbestosls to

demonstrate to their students. It was

also said that there was no abnormal

incidence of lung cancer, although the

contribution of smoking to lung c,v • -

was recognised. There were no cases

of mesothelioma, perhaps because there

is no amphibole asbestos in the Soviet

Union. The reason for this situation

might be that the Soviet Press is as good

at suppressing information about asbestos

related disease as our press is in

inflating the problem, but these are the

facts as I heard them.

The National Coal Board in the United

Kingdom has brought down the prevalence

of coal miners pneumoconosis from about

10% to around 1% and not just because of

the contraction of the labour force.

They have done this by a concerted

programme of medical ;md environmental

control. The cur; vnt miner's s'.rlke

in the United Kingdom is not about Health

and Safety. Forty years ago it might

well have been with good reason. The

present strike is about jobs, for all

that the job of the miner, although less

hazardous in respect of dust then forty

years ago, is still a dirty and 'angerous

occupation.

It seems to me that there is a threshold

of disease which remains the same no

matter what is done. As we have seen in

the civilized co.ntries the healthier

you are the more doctors you need. You

might put it another way and say that the

more, doctors you have the sicker you

become.

The problem is that, despite our wishes,

there is no hope of immortality. One

of my Swedish friends said a few years

ago that 'This is the first generation

which expects to be Immortal and they

are bound to be disappointed". The

greatest health problem to day

certainly in the Western Countries is

not that too many people are dying too

soon, but that too many are living too
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long. This may sound like heresy from

one who has qualified in the healing arts,

but how many of you visit old people's

homes and see 'one more unfortunate, weary

of breath'. As a result of this

experience I am now much more interested

in the quality of life then in the

quanity of death.

Like Georgius Agricola I am concerned

about the premature wastage of people's

lives in the occupations of mining. Let

us do everything we can clinically and

environmentally, to postpone the

inevitable. Let us do everything we can

to help people to enjoy an active and

fulfilling evening of their days, but let

u& not strive too officiously to keep

alive for life's sake.

I recognise that we do not know everything

and that our predictions and recommend

ations are based on limited knowledge.

But I am not alone. St Paul, in his first

letter to the Corinthians said "For we

know in part and we prophesy in part.

But when that which is perfect Is come then

that which is in part shall be done away".

And who shall decide when perfection has

come*

Dr Hobert Hurray

REFERENCE

Agricola Gcorglus 15S6 De Re Metallic*
Translated Into English 1912

Reprint -Dover Publications INC
180 Varick Street New York
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COMPARING PERSONAL ALPHA DOSIMETR* WITH TOE
CONVENTIONAL AREA MONITOR1NG-TIHE WEIGHTING

WTHOOS OF EXPOSURE ESTIMATION:

A CANADIAN ASSESSMENT

•V: J. Viljut-ii and A.IS. Bulint

Atoatc Energy Control Board
Ottawa, Ontario, Canada

itSTRACT

m experimental personal alpha doslaetry program
nir monitoring exposures of uranium mining
f.icllity workers fn Canada ta presently underway,
lit licensed operating mining facl l l tUs ar#
luirtlctpatlng.

coniaetry techniques, description of doatacttsr*
haing uaed by licensees, performance ami problems
miaciated with the Implementation of the
program** m well m teckalcal and administrative
advantage* ««• difficulties experienced ar«
•Hscuased.

Area monttoring-tiaa weighting methods need and
result* obtained to deteraiiw individual radon and
cHoron daughter exposure and OKpoearn result*
generated by using doalaeters are aaaeated and
compared.

LNTROOUCTION

Thou redtonucltdoe which ara only alpha
article eoittere ara. potentially harmful with

I'osslble biological affacta whan they ara taken
into the body by Inhalation! ingestion or by
ibaorptlon at the alto of M open wowtd.
'•owtlnwowa activities In vranluaj alalng ant
*ttllag havo n«i l t«4 In tha exaoatiro of largo

b of warkara to radloacttva Mbatajtca*.

Tha currant Atealc laorgy Control regwlatlona
,»varHing aoraoMl radiation axaoaura to radon

•laughtort «ro vorjp axallclt for MXINM
iieralMtelo ax»oMra»; hotMvar, tha «rmt4M
•lparatoc It fro* to aelect the aathod of BMfHrlng
in ordar to eoejply with theea t to l t t .

Slnca It7i, tha Atooie tnorgy Control Board
tABCI) haa boon. a«ra«tng tha davoloaaont of •
kollablo ao'Mnal 4aalMtor for •onttoclng
••xooouroo of uranium alno wrkort to radon and
thoro* dt»ghtara. Tfca taatlng of aaraanal
doalMtoro hao boon on-folng In Canada far tha
(Hiat aovwal yoora, and tha AlCt haa laonaorad
rtMarcli arojacta to ovalwato varlotN tyaaa (1) .
tfltk fall co-ooaratlan frotj alnlng oonoanlaa In
KUlot LakOi Ontario, varloaa aovlcoo tmro
L-xtanalvaly toatoa). Meet of the* eoaM not
lolarata tha harah alnlng anvironaant,
partlcalMly widargrawnd( and wara olagwad by
f a*chanlcal fallMroa. Ona of thee),

davalaaad by tha rronch Atoale tnorgy

Coaaiaaton (CEA) waa exttnalvaly aodiflad based on
the axperlcnce froa Elliot Lake testing and la now
used In both French and Canadian uranlua alnes.

Tha Initial conelotions, bated on the
laboratory and nine tests, war* as follows:

(1) Under tha controlled conditions tha Aoslneter
results were In good agraaatnt with tha
Kutnett area aonltortng average taken aa far
as practicable at the M a e place.

(2) The aean flow rate over one working shift
could he eetlaated fairly wall. (Arithmetic
average of tha dally aaan flow was
calculated).

(1) The need for further Improvements in the
mechanical deatgn of tha dosimeter pumps to
provide greater flow stability, durability
and more convenient maintenance, wa
recognlxod.

,
waa

(*) The dosimeter to be used In Canada should be
modified to monitor working levela of
daughters of both radon and thoron.

(S) With further modifications tha personal
dosimeter can be used to determine
concentration of long lived alpha emitting
radlonuclldes In nine and mill atmospheres.

During tha taatlng period, close contact waa
•alntalnod with CIA, the manufacturer, and, aa a
raeult, a new swdel of the doslaeter was produced
ouch that tha working lovtli contributed by both
radon and thoron daughters could bo aaasured
stoHltaneoualy (2). Ao nontioned earlier,
•edifications ouch aa a light weight turbine made
of plaattc, o sintered aetal acroen ouaoort with «
oaooth annular surround, a protective separator
over the detector, and a aoro convontont oaatlng-
Mtlni arrangoojent for the motor wan Incorporated,

In m i , the Soard, docldod that It vm
neceaaary to lapleaent a limited scale personal
radon and thoron daughter doslaetry program on an
txporlaontal baala, baaed on the >tata-of-tha-art.
It waa recognlfod that further aodlflcatlona to
the doslaetry wouU bo likely. In IM2, tha
prograo) me laplononted In al l uranlwa alnes In
Canada for a period of throe years.

A representative nwebtr of workara froa each
uranlua. Mining facility were designated to wear a
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personal alpha dosimeter during this t r ia l period.
The method of Individual exposure calculation* for
these worker*, however, t« continuing In the
traditional manner and reported quarterly to the
National Doa* Registry. The two aata of data are
evaluated from tlme-to-tta* and at the end of the
t r i a l period In 1985 a f inal evaluation and
assessment if 111 be carried out.

I t should be noted that the implementation of
the experimental alpha doeimetry program has not
affected the continued Board-sponsored research
program to further improve the ex is t ing personal
dosimeters and to develop a seal-passive or
pasalve peraoaal dosimeter.

rtOCtAH OBJECTIVE

The main objective of the ABC! In Introducing
the experimental prograej la t o obtain the beat
poeelbte radoa aad thecoa daughter exposure
at t lMtea for Caaadtaa wreaiwa ala* workers. Thla
•ay be poeelbla by aaaaaatag and comparing the
correlation between the present method uaed to
determine enlacing exposure data and value* which
w i l l be generated by using dosimeters. The
peraonal alpha daalawtry program waa to provide
technically eound data.

Secondary objectlvea arc:

(1) to further determine technical or logistical
problea* If a full deelmetry program la to b*
developed;

(2) to determine aay alta specific problems in
the developaent of a peraoaal doeimetry
program;

(3) to have llcanaeaa develop aeapltng atrategiet
which wewld beat serve the expoeure program
far their workera.

THI PROGRAM • HtTHOPOLOCY

The ( a c l l t t l e a ehoae the type of doaiaeter to
be uaed, but thla choice waa subject ta Beard
approval.

Back caejpaay waa requested to eubalt a program
proposal which w U at laaat addrasa the four
objectives outlined above.

The following thro* ayateast

A) grab eaaallag technique,

I ) f u l l aklfe area eaa»lt*g, and

C) peraonal doaimotry

uaad foe calculating radoa and thoroa daughter
axpoeurea, war* fu l ly dlacueeed with tho Ueaaaaaa
aad worker rapraaeatatlve* prior to laplea*atatloa
of tho prograai a partial Hat of cr i t er ia which
«ould ba uaad for tho c la s s i f i ca t ion of employ oaa,
waa dtacuaaad. lack at age o( the program waa to
b* daalgMd la order that a ta t la t l ca t tachalqu**
could b* applied to the datat

Systea) A - Crab Sampling Technique:

Application:

- Thla system i s to be continued for the
evaluation of exposure estimates; the atatua
quo at moat f a c i l i t i e s ha* been described in
supporting documents in licence applications.

- A aaaple ia to be taken at each work area as
required, according to a Code of Practice
which ia part of the l icence.

- AECB Regulatory Document R-4 provides
"Guideline* for the Measurement of Airborne
ladon Daughters in !*!•"•»" outlining the
procedure which i s to be uaed for the
calculation of radon daughter concentrations.

The concept of eicpreaalng atmospheric
concentrations of radon daughters In tare* of
latent alpha energy content was proposed by
HIMBTZ. The KUSNEK Mthod, developed in i t M ,
la now generally accepted tn Its modified fora: aa
the "standard reference method", described In the
guideline.

The atmospheric concentrations of radon
daughters ar* measured by drawing a known volume
of air through a f i l t e r madia for a specified
sampling period. The alpha particles are collected
on the f i l t e r and act iv i ty counted between 40 and
90 minute* after aampling. From thla data, the
radon daughter concentration in working level*
(HL) la calculated. For the purpose of Codes of
Practice radon daughter concentration* of 1 WL Is
deemed equivalent to 21 uJ/m', In SI uni te .

Sample locations are selected which are
representative of the workman'a exposure. Becauee
the miner'* range of ac t iv i ty In the workplace may
vary greatly, coaalderatlon of tho relat ive amount*
of time spent tn each work area ta warranted.

However, no hard aad faat rulea can be given
becauee too away variable* are Involved in
determining what conatltutoa aa accurate exposure
evaluation. Nan/ proponents recommend that a l l
eeapl** should ha taken at the breathing lone of
workmen, or, for stationary Job a c t i v i t i e s , at the
work location*. l a aeme case* the mo*t represen-
ta t ive sampling location My be tho return air
aide of tho work place. Because of the mobility
of *om* workere, aa average of eeveral sampling
location* te a mining aeme might ha appropriate.

The mummer of eampUe required depeada oa the
radea daughter coaeoMratio** la tho working
environment, and the mobility of tho miner.
Proaoat practlca* taclwd* aemellag each Mark place
at a frequency apoclflod la the Cad* of Practlc*.
Samplee eheuld be at verleue timee of the weak aad
day te oach work area to avoid biasing aampling
resulta , due to aystemetlc temporal radiation
behaviour. Obviously, the grab aampling aaproach
to oatlaatlng peraanal anpooure la oubjoct to a
high degra* of uncertainty. Irrora may ba
Introduced by thro* c lass ica l maana.

1. ta—llmi. maeaurlM aad recordlm.

Inherent method errora - eatlaatad to ba
5-10*.
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O ) The time factor used by Kuznetz only
par dally compensates for the fact that
RaA, RaB and RaC are not ordinarily found
In equlllbrlua.

(11) Input errors resulting from keypunching of
data.

Systematic errors - estimated to be 5-102.

(I) Air sample volume errors (I.e. flow rate
calibration, sample timing, filter holder
leakage and flow meter scale reading).

(II) Counting errors (I.e. counter calibration,
sample counting error).

2. Fluctuation of the radon daughter concentration
In the all-.

Chiefly, this Is controlled by the effective-
ness and stability of the ventilation system.
Ventilation dilutes radon and its daughters and
also limits ingrowth time for the daughters.

3. Inaccuracies in estimates of occupancy time.

Occupancy time is taken from the daily
supervisor's reports or individual's time card
and normally forwarded to the computer center.
Because of the uncertainty in job activity,
some nines have devised an occupational ratio
such as 80/20 or 90/10. It assumes the workman
spends 80% of his time at the workplace and 20%
in travel to and from workplace and for lunch
in the lunchroom. This ratio varies between
mines.

Consideration:

- development of a "statistically sound" sampling
program, for example, obtaining unbiased
exposure measurements that are mostly
representative of employee exposure. This may
require the design of statistical sampling
plans required to adequately monitor these
locations so that each of these location-
occupation time periods will have equal
opportunity of being sampled. C. Makepeace has
discussed stratified random sampling plans in a
paper prepared under contract for the AECB in
1981. The subject is again under review.

System B - Full Shift Area Sampling;

Application:

- Work areas where radon and thoron daughter
values remain relatively consistent, i.e. fresh
air travel-ways, most nill locations, open pit;

- Radon and thoron daughter dosimeters are
strategically located to determine the best
estimate exposures for a group of workers;

- Another possible method discussed included one
worker wearing the full shift dosimeter and his
exposure then used to calculate the exposure of
other workers located in the inmediate
vicinity.

Consideration:

- determine where the sampler should be located

- determine the working groups for whoa this
system would apply

System C - Personal Dosimeters:

Application:

- Ideal for workers whose work locations vary
during the course of a shift;

- the employee wearing a personal dosimeter for
the full shift and the exposure determined
accordingly.

Two types of commercially available dosimeters
were selected by the Industry:

1. CEA Dosimeter

The CEA personal dosimeter is based on the
Thermoluminessence (TL) principal. The track-
etch film device is manufactured by CEA, the
Atomic Energy Commission of France. The AECB
purchased five dosimeters in 1976 to be tested.
The contract was awarded to the University of
Toronto in 1977, co-sponsored by the Department
of Energy, Mines and Resources. The objective
of the contract was to evaluate the CEA
dosimeters in the laboratory and in an
underground uranium mine environment Including
an attempt to correlate radon daughter estimates
with those from the grab-sampling technique.
The result of the evaluation, as earlier
Indicated, was favourable.

"In the CEA instrument, shown in figure 1, a
turbine forces work—place air through a filter
which traps all respirable aerosols, among them
radioactive aerosols (radon daughters,
long—lived radioactive dust). Inactive and
long- lived dust remains attached to the
surface of the filter which can be removed
later for measurement in the laboratory. The
short-lived radionudides, which contribute
most of the radiation dose to the lung, undergo
radioactive decay while the filter is still in
the instrument. The collimator selects alpha
particles emitted in a direction perpendicular
to the detector from the aerosols on the
filter. Their path through the air and through

ItJHNrME1E2E3

* i *

n
D

FIGURE 1 : Schematic Diagram of the CEA
Personal Alpha Dosimeter
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absorbers El or £2 or E3 reduces Che energies
of the alpha particles emitted by the short-
lived daughters of radon and thoron In such a
way that the particles from 218Po (RaA),
21*Po (RaC), and 212Bi (ThC) on the
filter are recorded on distinct zones of the
detector film. The detector used Is Type II
KODAK PATHE LR 115 film, 13 micrometers thick.
After appropriate chemical processing, the
iapact of an alpha particle on the film Is
revealed by a hole several micrometers in
diameter."43' A photograph of the complete
instrument is shown in figure 2.

2. alphaNUCLEAR doaimetry

The alphaDosineter instrument Is manufactured
by AlphaNl/CLEAR Company. The alphaDoslmeter Is
a complete, interpreted system designed to
monitor radon and thoron daughters in the
immediate work site of a nine. It Is primarily
designed for a direct attachment to the miners
cap lamp battery, (see figure 3.)

The alphaDosimeter module houses a flow
regulation pump, filter receptacle with "O" -
ring sealing, diffused junction silicon
detector amplifier and microprocessor circuits
(see figure 4). External access to the stored
data in the microprocessor memory Is via an
environmentally protected pin corrector. The
electronics is mounted on 3 printed circuit
boards in a modular fashion for easy access and
serviceability.

FIGURE 3 : alphaOOSlMETER

FIGURE' 4: alphaDOSIMETER:' SCHEMATIC

DIAGRAM by alphaNUCLEAR

FIGURE 2: CEA ALPHA DOSIMETER

A general purpose, commercially available
computer is used to acquire and process data
from the dosimeters. This results in
convenient record keeping capability on a dally
basis for both radon and thoron daughter
exposures for many hundreds of miners.

Deployment could cover

- a cross section of all occupational groups
- workers for whom occupancy time Is difficult to

determine (anomalies to the present system)
- highly mobile workers
- worse case situations
- persons who work in locations with a history of

erratic values

Consideration:

- determine differences between individual
workers exposures that may have slightly
different work assignments or habits.

Each company had the opportunity to review the
applicability of each of the above (or any other)
system to their work force.

A set of criteria was developed and employees
slotted into a system for the test period.

The number of parameters considered in the
experimental design of this project are many and
varied. These include ventilation systems, mining
methods, ore grade, size of mine, number of
workers, location of workers, etc. For example,
in some cases occupation may be the main factor
for the grouping of workers participating in the
program and in another case location may be the
primary factor. The multiple involuntary
variables incorporated into the design of this
test project is recognized and a multl-variate
statistic could be considered for final analysis.

ONTARIO OPERATIONS

The histograms shown in Figures 5 to 9
inclusive, provide ranges of alpha exposure of
uranium mine employees in four underground
operations.
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FIGURE 9 :
ALPHA EXPOSURE - «0. 3 0KMTIOI.M3

Licensee A: Represents 1868 enployees of whom

990 (53.OZ) are In the 0 to 1.0 WLM range
700 (37.5?) are In the 1.1 to 2.0 WLM range
178 (9.5Z) are In the 2.1 to 3.8 WLM range
None surpassed 3.8 WLM

Licensee B: Represents 2218 eaployees of whoa

1258 (56.7X) are In the 0 to 1.0 WLM range
776 (35.0%) are In the 1.1 to 2.0 WLM range
184 (8.3Z) are in the 2.1 to 3.8 WLM range
None surpassed 3.8 WLM

TOTAL ANNUAL WLM
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LICENSEE A (Figure 5)

This licensee has been actively involved in the
co-operative efforts to evaluate dosimetric
concepts in the uranium mining environment. A
number of these devices have been extensively
field tested at their principle underground
operation since 1976. In their observation, the
modified CEA-Tracketch unit demonstrated superior
mechanical reliability in the mining environment
and the licensee opted to use these dosimeters
extensively in their program.

The licensee's program was to determine:

1) the practical viability of personal alpha
dosimetry in the uranium mining environment;

2) the technical reliability
available Instruments;

of currently

3) the need for personal dosimetry and the extent
to which it is warranted in the mining
industry; and

4) the variances in estimating worker exposure
between the present method and personal
dosimetry.

The licensee obtained the CEA dosimeters from
CAIRS and retained the institute to read and
service the personal alpha dosimeters for the
three year program. The licensee also proposed to
cover a representative section of all major
underground occupational groups and groups having
a special interest in the dosimetric model.
Table-I provides a guide to the initial selection
of workers in the programme.

TABLE 1

UNDERGROUND MANPOWER DISTRIBUTION AND
THE NUMBER PARTICIPATING IN THE PROGRAM

Division

Mine
Maintenance
Mine
Maintenance
Other
Mine & Maint.

Occupation
Type

Hourly
Hourly
Staff
Staff
Staff
Contractors -
Staff 4 Hourly

No.

(Emplo;

627
375
58
27
72
503

of Workers
(Proposed

fed) Wearers)

61
36
7
3
3
40

TOTAL 1,662 150

The criteria for the selection of dosimeter
wearers in the program were as follows:

a) the worker must consent to wearing the
dosimeter;

b) a higher percentage of workers selected from a
representative group that is very mobile and/or
in numerous areas of the mine;

c) preference given to employees working in areas
where the radon daughter concentration has a
wider range of fluctuation;

d) a representative number of workers selected
from each working zone;

e) Company and Department seniority given due
consideration in the selection process; and

f) for initial assessment, have as many workers as
possible wearing the dosimeter and to have all
of types working areas covered.

At the end of 1983, the licensee reported as
follows:

"The proposed dosimetry service with CAIRS
called for 150 CEA dosimeters for a three-year
period. However, as of January 1983, CAIRS was
only able to supply 80 of the dosimeters. By
April, 85 dosimeters were present (at the
mine). It was not until che middle of November
that the remaining 65 dosimeters were
received, completing the 150 dosimeters
requested." The reason for the delay was
shortage in supply of the units from the parent
manufacturers in France.

"Initially, in January 1983, there were 55
assigned dosimeter users of which 50 wore their
dosimeters regularly. By April, this was
increased to 85 assigned dosimeter users, of
which 78 wore their dosimeters regularly.
Towards the end of the year, the number of
assigned dosimeter users declined for lack of
volunteers. In December, there were 62 assigned
dosimeter users of which 45 wore their
dosimeter regularly.

During the 1983 year, 39 employees completed
the 12 month participation period. Another 84
volunteer employees were requested to participate,
but 10 declined when asked. In the course of the
year 28 employees did not complete the requested
12 month period for various reasons; 12 users
declined after using the dosimeters for a short
period of time; 11 users stopped using the
dosimeter for at least two months; 4 users
transferred to surface jobs; and 1 terminated
employment."

It is worthwhile to note that the licensee's
original proposal did not preclude their
negotiating with Canmet on a co-operative program
for technical evaluation of alternative dosimeter
devices.

In Table 2, the dosimeter readings versus area
monitoring results by job groups are summarized
for the data collected in the experimental alpha
dosimetry program up to the end of May, 1984.
Only data where dosimeters were worn on a regular
basis for the full month are included to enable
comparison with the area monitoring results shown
in the table as "Computer Records". No mean of
the dosimeter readings exceeds the means of the
computer record by more than 0.03 WLMs.

In Figure 10, the data has been plotted by job
group and a best fitted line drawn through the
data points by linear regression. While good
agreement appears to exist between personal
dosimetry and the computer records in estimates of
occupation groups, there may not necessarily be
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good agreement when comparing Inti I sn.ltial expo ;<ir« i
within the groups. This was a conclusion of P.J.
Duport's report "Integrated Personal Dosimeters
for Uranium Miners" following a study of the CEA
dosimeter in French mines.

Lino by Linear Regression Analysis.

•• -- C.004? -f ••?•?."

riS 3

(?)Oa

Id

a.

0.0 . I ,S
AREA SAMPi.'NG (WL.I-1)

FIGURE 10

Average WLM Results by Job Group for
Area Sompllng versus Personal Dosimeter.

U61E 2

SUMMARY OF THE D0S1ME1ER READINGS VERSUS EXPOSURES DETERMINED THROUGH
AREA MONITORING RESULTS BY JOB GROUPS FOR THE DATA COLLECTED IN THE
EXPERIMENTAL ALPHA D0S1METRY PROGRAM UP TO THE END Of MAY 19811

JOB GROUP

MINE DIVISION
JUMBO
JACKLEG
LONGHOLE
HAULAGE
R00FB0LT1NG
LOADING
ROCKBREAKING
DIAMOND DRILL
ROADWAYS
CONVEYORS
LEACHING
VENTILATION CONSTR.
SERVICES
PIPEMEN

MAINTENANCE DIVISION
WELDER
INDUSTRIAL MECH.
HEAVY DUTY MECH.
ELECTRICIAN

STAFF
HINE STAFF
MAINTENANCE STAFF
OTHER STAFF

ALL CROUPS

NO.
OF

SAMPLES

590
23
117
25
87
85
25
25
1
5
52
11
62
5
37

231
29
62
75
68

132
67
21
11

956

DOSIMETER READINGS
(

MEAN

.13

.11

.15

.16

.11

.11

.08

.01

.02

.15

.22

.21

.11

.07

.10

.09

.07

.10
,08
.12

.10

.17

.07

.06

.12

WLM)

RANGE

.00 •

.02 •

.00 -

.07 •

.02 -

.00 -

.OJ •

.01 -

.01 -

.01 -

.00 -

.01 -

.01 -

.01 -

.00 -

.00 -

.0! -

.01 -

.02 -

.03 -

.02 -

.01 -

.01 -

.00 -

• .81

• .30

• .17

• . 1 1

• .3J
< .81
.19

• .11

.31

.73

.15

.53

.19

.23

.31

.16

.21

.21

.31

.18

.18

.11

.11

.81

COMPUTER RECORDS
(HLM)

MEAN

.15

.IB

.11

.13

.16

.11

.11

.08

.08

.18

.21

.26

.16

.11

.10

.10

.09

.10

.08

.11

.10

.15

.09

.05

,13

RANGE

.01 -

.02 -

.01 -

.02 -

.02 -

.02 -

.02 -

.01 -

.09 -

.01 -

.06 -

.02 -

.03 -

.02 -

.01 -

,02 -

.02 -

.01 -

.03 -

.00 -

.01 -

.01 -

.00 -

.00 -

.65

.11

.51

.11

.10

.51

.19

.23

.11

.19

.69

.11
,21
.36

.25

.23

.21

.16

.25

.11

.11

.26

.11

.69

la accordance with the requirement to develop a
proposal for alph.i dosiaetry, the Company and the
Union jointly submitted an acceptable proposal
opting to deploy two types of alpha dosimeters for
the duration of the progranmr: 50 Alpha-Nuclear
.uiH !(in CAIRS's CEA -mits.

Tl'i- i wo mat

pf'i>osal were:
listed in the joint

1) to di't'Tiniiii? if ri.jbiabi ry ts technically,

financially and administratively feasible; and

2) to assess the correlation between the present
exposure record-keeping method and dosimetric
data.

The total of 150 units to be deployed in the
company's three licensed underground operations
for the three year period would roughly cover 10%
ot the applicable work force, the same as Licensee
A.

N° 1 Underground Operation: (Figure 7)

The personal alpha dosiraetry program using 25
alphaNUCLEAR dosimeters was commenced in Oct 1982
and has been in progress throughout 1983.

Actually, 21 dosimeters were usually
distributed with 4 spares on the rack. There were
many difficulties experienced during the first
twelve months, however, about 50Z of these
problems have now been solved providing a yield of
85%. It should be noted that any problem could be
observed on a daily basis, corrected and the
dosimeter used as soon as available. The
dosimeter is also useful for engineering work.
The pumps have been performing particularly well.
When working, the dosimeters were generally
performing well; however, during 1983 the
following problems, with frequencies shown,
occurred:

PROBLEM FREQUENCY

1. Failure to log in or out, or logging
everything out on the charge rack 18

2. Blown fuses, shortening out or power
drainage 15

3. Excessively high readings 11
4.*Pump failure, pump-holding wires

broken, etc. f,
5. Receiving zero counts 5
6. Hole worn through casing 2
7. Constantly turning itself off 1
Cumulative number of units failed ~58~
Cumulative number of units distributed 258
1983 failure rate 23Z

Compliance surveys: Actual number of
units worn compared to possible number
of units available: range 91.7%** to 100?.

* Actual pump failure has only happened twice.
** On only one occasion was an available dosimeter

not worn, accounting for the 91.1% rate (during
one shift 11 units worn out of 12 available).
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The alphaNUCLEAR dosineter unit and system have
merit with many attractive features; for example,
the print-out aysten and the unit being part of
the cap lamp battery, daily read-outs, early
detection of problens, the use of the instrument
for engineering purposes, etc., to name but a
few.

PROBLEM

1. Unreadable
2. Faulty turbine
3. Faulty battery
4. Exhaust port holes plugged with >uclc
5. Not specified

FKEOUEHCy

6
1
1
1
3

In figure 11 the maximum and minimum exposures
are shown as well as the averages for both area
monitoring and alphaNuclear dosimeter results for
the N° 1 underground operation. The PAD results
definitely indicate a lower average exposure than
those obtained by grab sampling means. The
holiday shut-down period during July accounts for
lower exposures. The twelve month mean comparison
between the two methods:

Doslmetry - .074 WLM
Area Monitoring - .148 WLM
Difference 502

It is worthwhile to compare the H° 1 under-
ground operation's frequencies of failures and
compliance with those at No. 3 underground
operator, when 25 CKA dosimeters were deployed
with a minimum availability of 18 units per day
over a two-month period, but where compliance
percentages were much less than at No. l's
operation.
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FIGURE 11
alphaNUCLEAR

PERSONAL ALPHA D0S1KETRY (PAD) RESULTS

FOR RADON DAUGHTERS VS EXPOSURES DETERMINED THROUGH

AREA MONITORING RESULTS IN WORKING LEVEL MONTHS (VLB)

Cumulative number of units failed 12
Cumulative number of units distributed 270
1983 failure rate 4.42

Compliance surveys: Actual number of
units worn compared to possible number
of units available: range 50% to 100%.

The 100% compliance occurred only once (in
February 1983). Compliance surveys during the
year showed a rate of 77%. The better compliance
rate of the alphaNUCLEAR dosimeter might be
contributed to one najor factor: the dosimeter
being an integral part of the cap lamp battery,
whereas a worker may forget to wear other
dosimeters from time to tine.

N° 2 Underground Operation: (Figure 8)

"The CEA program commenced In February (1983)
with 75 dosimeters deployed. Administration of
the program continues to be a key element to its
success or failure. Employee transfers and
refusal to continue participation has resulted In
poor compliance with the program. The following
action has been taken to Improve these
deficiencies:

a) program co-ordinator (Canadian Institute for
Radiation Safety (CAIRS) to re-traln all
participants

b) the Health & Safety Comittee from the Union
was requested to strengthen its support of the
program

c) program coordinator to make personal contact
with all wearers to explain the results of the
program." (Excerpt from the Operator's Annual
Report to the AECB).

Comparative Results

Some interesting comparisons were made at the
No. 2 underground operation.

1) During Hay 1983, area monitoring samples were
taken (Kusnetz method results) at 15 minute
intervals at the crusher operator's position.
A total of 450 samples were taken. At the end
of the sampling period the exposure to radon
daughter concentrations was determined to be
0.0563 WLM, as compared to 0.0513 WLM derived
from the CEA dosimeter.

2) Area monitoring samples were taken in September
1983 where a raise miner was developing a
heading. Radon daughter concentrations were
determined by area sampling every 15 minutes.
A total of 565 samples were taken. The
exposure of the raise miner was calculated to
be 0.1145 WLM as compared to 0.062 WLM
determined by the CEA dosimeter.
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3) Of further interest is comparing two dosimeter
results, based on the wearing of one in the
inside and one on the outside of the coveralls.
The two readings were as follows:

CEA dosimeter worn inside the coveralls: 0.060
WLM
CEA dosimeter worn outside the coveralls: 0.07/
WLM

Comparisons of this nature should be encouraged
to provide more conclusive results.

No. 3 Underground Operation (Figure 9)

At the end of 1983, the operator reported as
follows:

"The CEA program commenced in July 1982 with
the deployment of 25 dosimeters.

Since commencement of the program in 1982, 179
employees have been asked Co parti': ipate in the
program of which 152 initially undertook to wear
the dosimeter. Of these, M to date have
withdrawn from che program before completion of
the 12-month period. Volunteers to date have been
selected from voluntary requests made to all
underground supervisors."

Some discussion has been outlined under No. 1
Underground Operation in comparing the CEA units
with the alphaNuclear system.

Figure 12 shows the:

•i

JAN FEB Mfi APR HAY JUM JUL AUG SE" OCT NOV D£C
191]

CEA PERSONAL ALPHA DOS1METRV (PAD) RESULTS
FOR RADON DAUGHTERS VS EXPOSURES DETERMINED THROUGH

AREA MONITORING RESIIUS IN WORKING LEVEL MONTHS (WLM)

' FiSuliE 12

The maximum and minimum exposures are shown as
well as the averages for both area monitoring and
CKA dosimeter results for the N° 3 underground
operation. The PAD results difinitely show a lower
average exposure than those obtained by grab
sampling means. Only in December were the means
the same. The twelve month mean comparison between
the two methods:

Area Monitoring
Difference ib/i.

.M2 WLM

.093 ULM

SASKATCHEWAN OPERATIONS

There are three operating mines and mills in
Saskatchewan.

No. 1 Operator

This well established
mining operation has
dosimeters since mid-1982.

open
been

pit mining
utilizing

and
CEA

Six dosimeters are used with twelve heads. Due
to the almost non-existent ranges of radon
daughter concentrations in the pit, eight
dosimeters have been allocated to mill operators
and four worn by mill maintenance personnel.

Three sets of exposure results are kept by the
facility:

a) Working Level Months calculated manually;
b) Working Level Months calculated by the

computer programs;
c) Working Level Months as established by CEA

alpha dosimeters.

The following are the averaged exposure levels
from 1982-1983 (seventeen months), quoted in
Working Level Months:

Mill Operations
Mill Maintenance
Combined

Calculated
0.0267
0.0159
0.0213

Computer
0.0271
0.0146
0.0213

CEA
Dosimeters
0.0265
0.0276
0.0271

Some of the problems experienced during the
experimental program are as follows:

- batteries have been going dead without reason,
resulting in the replacement of some units;

- results have been coming back from units that
were not worn for a whole month;

- many results have been coming back marked as
being contaminated, for which there had been no
apparent reason; and

- there were several months of usage before
receiving the necessary equipment allowing the
calibration of the pumps.

Figure 13 shows the maxinum and minimum
exposures as well as the averages for both area
monitoring and CEA dosimeters results. The twelve
month mean comparison between the two methods:
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Dosimetry
Area Monitoring

.038 WLM

.031 WLM

There i s correlation in the mean re
however, there were major differences
individual r e su l t s .

VILJOENETAL.

Level (WL)

< 0
l i t 0
in 0

0
0

.01
.01
.02
.03
.04

(Ul/m

< 0.21
0.21
0.42
0.63
0.54

CEA PERSONAL ALPHA DOSIMETRY (PAD) RESULTS
FOR RADON DAUGHTERS VS EXPOSURES DETERMINED THROUGH

AREA MONITORING RESULTS IN WORKING LEVEL MONTHS (M.M)

FIGURE 13

Ho. 2 Operator

A f u l l - s c a l e alpha dosimetry program has been
in place s ince 1979. Involved are open pit and
underground mining and mill ing a c t i v i t i e s . In
contrast with other operations, the Personal Alpha
Dosimetry r e s u l t s , rather than the exposures
calculated from grab sampling results have been
used for o f f i c i a l records.

Grades of ore in the open pit were s ignif i-
cantly higher than at any faci l i ty anywhere. An
example of the ore grades Involved can be noted by
the grades in the Initial stockpiles:

1. low grade ( 0.3 percent uranium);
2. medium grade (0.3 to 20 percent uranium);
3. high grade ( 20 percent uranium). (4)

Ranges of concentrations of radon daughters in
the open pit were measured between one and six
times each day for a period of about two months.
A total of 296 measurements were taken with the
following recorded results:

Frequency

252
40
1
2
1

From the outset, concentrations of radon
daughters were maintained in the lower ranges in
the open pit as indicated above, and also in the
underground and mill operations where the ranges
were usually below 0.10 WL (2.1 yJ/m3).

Acceptance of personal alpha dosimeters by
workers were initially found to be difficult, in
contrast with no difficulties experienced in TLD
(gamma dosimeter) badge acceptance. The older
model alpha dosimeter was considered cumbersome
and there was concern expressed by workers about
the electrical connections. These concerns were
overcome and the biggest problen now is to have a
worker surrender his alpha dosimeter when no
longer required in a particular work environment.
This action is not considered popular with the
workers. The strong sense of acceptance of
monitoring and protection equipment is a direct
result of the positive effects of training.

An initial difficulty experienced by the
licensee was dosimeter contamination: it was and
still is difficult to ascertain whether there is
actual contamination or whether there are other
factors involved. Contamination usually occurs
around the edges of the filters. Another unusual
occurrence is the higher levels of polonium-218
(Radium A) as compared to polonium-214 (Radium
C 1 ) . This matter is discussed elsewhere.

Regarding correlation between working level
month results derived from grab sampling
techniques and those obtained from the personal
alpha dosimeters: there was none. The highs and
lows do not average out even on daily frequencies.

Presently 90 CEA dosimeters are in use in the
mill (40 per shift for all personnel who regularly
work in there). For the underground operations (by
contractor) 52 dosimeters have been made available.

No. 3 Operator

This facility has only recently started
production. Concentrations of radon daughters
have not been significant.

Comments by Licensees:

Canadian licensees have identified the following
additional difficulties which are presented without
comment:

1) the flow rate of the CEA dosimeter has caused
user concern:

- the equation used by CAIRS
- measuring strategy and techniques
- assuming flow;

2) doses recorded against workers who were not
wearing dosimeters;
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3) the turnaround time for Western operators is
slow.

Other areas requiring consideration are:

- in comparing personal alpha dosimetry with
exposures determined through area monitoring
results, it will be necessary to evaluate the
concentration values and times of exposure from
the time a worker activates his dosimeter to
the end of the shift, i.e. the 80/20 or 90/10
occupation:^ ratio earlier discussed. In large
operatiorjta4) the cumulative hours may ba
significant; also

- compliance - are dosimeters worn regularly and
properly?

CONCLUSIONS

In this presentation the authors have discussed
and compared the two methods of radon daughter
exposure estimation in Canadian uranium mines.
With the co-operation of mining companies and
workers the experimental program will continue
until the end of 1985.

The program is now in an important phase. The
problems experienced in the initial stages have,
if not removed, been identified, and a determined
effort is being made by licensees and the
regulatory agency to thoroughly evaluate the
programs, looking closely at the variables, costs
and the generated data: the program was to
provide technically sound data.

Thus far,

there Is a discrepancy between area sampling
and PAD results. Practical Canadian experience
indicates that both the CEA and alphaNuclear
PADS most often read lower than the
conventional area monitoring results.

- the technical evaluation of data may not be
sufficiently comprehensive;

- application of site specific factors may at
times be debatable; discriminatory factors must
be identified;

servicing the Industry requires improvements;
and

- training programs are essential.

Other areas requiring further evaluation:

- decisions on further technical modifications to
the dosimeters which will have an effect on
which type may or may not be available, i.e.
commercial viability;

- contamination of dosimeters; and
- both CEA and alphaNUCLEAR dosimeters have been

modified since the program began and therefore
the next period will be critical for evaluating
the dosimeter and the ensuing results.
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DISCUSSIOM

Question (Martinson): The study seems to be
wholly orientated toward the measurement of
exposure; has any thought been given to the
collection and presentation of data for
ventilation control purposes?

Answer: Some data have been collected by AECB
inspectors. Some of this material has been
presented at other seminars. Of interest is the
AECB's proposed Code of Practice for ventilation,
similar in principle to the Codes of Practice for
radiation and urinalysis discussed elsewhere
during this Conference. No major studies have
thus far been conducted by the AECB, but will
likely be done in the future.

Question (Duport): Have you compared individual
exposures from area monitoring with personal
dosimeter data?

Answer: Yes, the data presented for licensee "B"
were computed from individual exposure results
based on grab sampling and the results from
personal alpha dosimetry readings. Also the
Saskatchewan graph was based on individual
results. This is detailed in the paper, but could
unfortunately not be addressed in detail here
today.

Question (Duport): Regarding the wide discrepancy
between Kusnetz and personal dosinetry
concentration values, have Kusnetz values been
corrected for the thoron daughter contributions?



2% VILJOEN ET AL.

Answer: Radon and thoron daughter results from
Che PAD measurements were used to calculate total
exposure. No correction was made In the Kusnetz
measurements; however, the contribution of thoron
daughters to the total exposure was relatively
small.

(Question (Duport): Were there any further
ooinparlsons between the alphaNuclear dosimeter and
ai-ea monitoring results? If so, will these
comparisons be made available?

Answer: The graph for licensee "B", No.l
underground operation represented alphaNuclear
data. This is the only operator using the
alphaDOSlMETER. The manufacturers may have
additional results of which I am not aware. The
paper gives more details than my oral
presentation.
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ABSTRACT

In all underground Polish coal mines the
survey of radon concentrations was done.
So-called environmental cassette system
/ECS/ with the passive track detector type
Kodak LR-115 was used. The cassettes were
placed in mines typical work-places, trans-
portation roads and cross-adits for the time
of 1 month. Altogether 870 measurements were
performed in 71 underground mines. The mean
radon concentration is 0,74 kBq-m-3 with
variability range from 0 up to 14,8 kBq-m--^
occasionally. The paper presents the distri-
bution of observed concentrations in each
mine and also contains the authorised levels
and limits actually used in Poland.

INTRODUCTION

Sounding study on radon presence in the
Polish coal mines was commenced in the
sixties, (l) Coal mining is the national
industry in Poland and at present there are
71 working mines that employ ca 0,3 million
miners. So numerous a population at risk of
even small concentrations contributes sig-
nificantly in making up a collective dose.
Central Mining Institute in Katowice carried
out an intensive study on radium contami-
nation of mine waters. It revealed that in
the waters on high mineral, content radium
concentration is remarkable and may reach
260 kBq-m~3, thus it may be the source of
air contamination with radon. (2) To the
order of Government Programme for Cancer
Control reestimation of radiation hazard was
undertaken in all coal mines in Poland. It
is necessary to establish radiological moni-
toring in coal mines similar to that a Iread/
working in metal mines.

METHODS

Because of a great number of mines and
the prevailing methane hazard, so called ECS
/environmental cassette system/ (3) was
selected for measurement since it enabled
the study to be carried out quickly and
safety. Kodak foil LI?-115 was used as a
detection material in special cassettes
/see Fig. 1/.

FIGURE 1: TRACK DETECTOR IN A CASSETTE
PLACED IN THE MINE AIR.

Before being used in mine the Kodak film
was subject to comprehensive testing as
regards the effect of environmental factors
on detection of alpha radiation. (4, 5)
This was done in the experimental chamber
which can simulate conditions as in
mine. (6) Detector in the cassette passively
records radiation emitted both by radon and
its daughters. Estimation of the detector's
exposure by track density depends on radio-
active equilibrium F (5) between radon and
daughters. Given the equilibrium it is
possible to determine the appropriate
calibration coefficient which will help to
convert track density on the detector to
exposure to radon /Kp n/ or to daughters
/•%./• T n e coefficients vary within the
wide range of equilibrium state. Since
variability of Kfjn is lower than of K W L and
because equilibrium in coal mines was not
known, it was decided to estimate radon
concentration through analysis of track
detector. Sadon concentration will indicate
the potential hazard. If radon concentra-
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tions do tar m J. nod by .•••>ojris of this
were s igni f icant they would j us t i f y continu-
ation of the study along tho I in;* of meas-
uring the hazards from radon daughters. In
order to obtain better precision of radon
concentration man sure men ts this f i lm iv.is
selected for the study which r,ukna K;n
pract ica l ly independent of equil ibrium when
chemically etched in adequ.j ta conditions
/sec; Fig. 2 / .

ruiiult 'ron tlia present hazards prevai l ing
in "nines. • icceptance of l i raits ;jy i;j{jgaoted
in ; ;ubl ic j t ion fiu..">2 mirjht result in yrt-ater
hazard rhrou-jh nil.-Jeninn fj regui re.aent'; <-<f

winc/i uie touted i n i jrnct iuts ;ind
o'.'l irja to r / , liri the bur.is of authorized
l uxnosun: iLn i t <in jooropriati? derived
jnd refars3nco l-.?vel;i wore established,

s for l im i ts jnd lov<ris are prosenfsdV.ilue
in T.jble 1.

I: LIMITS M N O LUVtL-J OF RADI-
ATION HAZ A R D S ^ S U S C D IN
POLISH MINING /IN B^ACK^TS
.We THL: DLtiCTATlCt-iii Lf
LIMITS U'JCU Iti PHLANO/.

F [dimensionless]

FIGURt 2: RELATION BETWEEN CALIBRATION
COEFFICIENT K R n A.MO KADIOAC-
TIVE EQUILIBRIUM F FOR THc
FILM USED IN THE STUDY.

Measurements were made in every mine.
Detectors were placed for one month in 15
measuring points which were selected either
at working stands or at outlets of air
stream. After exposure the detectors were
etched and read under an eye microscope at
150 x enlargement_,to determine a monthly
exposure in [jSq-m -h] un i ts . V.'ith the
exposure time known, radon concentration was
established in [J3q-m~3] and regarded as
monthly mean at a given measuring point .

LIMITS

At present there is no legal regulation
in Poland to limit radiation hazard of
miners. General regulations refering to
protection against radiological hazards
quote 1,11 kBq.m~3 as the limit of radon
concentration. In practice, both in mines
and in research environments, ICRP recom-
mendations printed in Publication No. 26 and
32 are followed. Working on new legal regu-
lations the Institute of Occupational Medi-
cine, t6di developed a draft of regulations
of radiation hazards in mines with regard to
limits of radon daughters. According to a
rule of optimization of radiation protection,
accepted authorized limits are lower than
the basic ones in ICRP. The lower limits

tiOiT.V o f
l im i ts and levels

Annuul Li mi t of
•.'xpasuro /LOQ(/

Derived Air Concen-
t ra t ion /LP r t /

Recording Level / ^ I ^ /

Investigation Laval

12

6 .

2 .

o l unit

mJ-h-ra

2 /Jj-nT

62 p3' m

- 3

3

-3

- 3

Cla'jic
unit

3

0

0

0

. 5

.3

.03

, 1

iVLM

VJL

• ,VL

IVL

Limit of annual exposure of 12 mj-h-a" has
been used for long. At present such a level
of hazard has been acquired in raines that
probability to exceed the limit at normal
work is nractically none. Establishing of
the proper reference levels serves as a
basis for decisions on monitoring carried
out in mines.

RESULTS

Total number of 870 measurements were
done in all coal mines in a year. Distribu-
tion of radon concentrations is shown in
Fig. 3.

Almost all results fall within the range
from 0 to 7,0 kBq.ra-3 and only one result
was 14,8 kBq.m-3. Mean value for all meas-
urements is 0,74 kBq-m-3. About 40 percent
of results are higher than 0,5 kBq«n"3. If
the average equilibrium between radon and
daughters F = 0,25 is assumed for coal
mines, similarly to that in ore mines (7),
it may be concluded that with reference to
alpha potential energy concentrations 40
percent of measurements exceed the accepted
recording level and thus being significant
frora the point of view of radiological
protection and the results should be re-
corded. In the same way one may state that
about 10 percent of measurements appear to
be higher than 1,5 kBq«m~3 which corresponds
to investigation level in reference to po-
tential alpha energy and thus the miners
working in such concentrations should be
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covered with individual exposure control.
Fig. 4 presents the results for radon con-
centrations in each nine placed on vertical
axis and denoted with code from Cl to C71.

80

60

ol 1 l rh" i i i
0 1 0 2 0 30 « 50 60 70 W) 150

.102

Radon concentration [ Bqm"3 ]

FIGURE 3: DISTRIBUTION OF RAOCfJ CCKCEfJ-
TSATIONS IN POLISH COAL MIKES

tf W2

Hodon concentration

FIGURE 4: RAOCN CONCENTRATIONS FOUND
IN EACH COAL MINES

tenth :.:ino is givssn 3 code nun be r and
cnly ~oint~n£.rke(i. Zange

J h
ttw rinj.r.ir.q are
of concoiitrjtion--
IHD<.]CHT. ..! .-.3 wit

is given in the
nsan ,(oint for every

;'r-.'sunt«u djta indicate various levels of
ri-'di.i rion hazards in different mines as
characterized uy radon concentrations. In 17
r.in«s no concsntrotions over 0,5 k3q.ni'""'
vicrti found v<hich, at the accepted equilib-
rium, corresponds to the recording level. In
55 ainst nines ration concentrations are
higher th^n 1,5 kSq-.-a"-3 and in 3 of these,
the nean concentrations exceeded the value
corresponding to investigation level. The
eiahr r,irios should be regarded as the mest
hj7.nrdous. The niners there are supposedly
cJt orobiiblo risk of the exposure exceeding
one third of the annual linxt. The eight
mines employ abojt 4O thousand siiners to be
covered with dosi-netric control.

T'no study revealed that radon and its
daughters present in Polish mines crsste a
signi ficant h.jzjrd that is comparable to
that in ore nines. (8) Hence the necessity
to extend the investigations aining at the
assessment of alpha potential energy con-
centrations. The assessment would be the
basis for classifying the nines and selec-
ting for then the optimal methods of radio—
logical monitoring and hazard control. As it
was mentioned in the Introduction, there
exists nethane hazard in coal nines. That is
why to cissess the concentrations by means of
classic Jir sampling is extremely difficult.
Thus it seeas that use of track detector
will be tha only effective solution. However,
to estimate alpha potential energy concen-
trations with the use of track detector it
is necessary to kno.v radioactive equilibrium
in nines. Measurements of this kind are
being made nor by rceans of FHCS /F - equi-
libriun hal.-iet cassette systa.-n/ where track
detectors are exposed simultaneously in two
helmet cassettes as it is shown in Fig. 5.

FIGURE 5: MEASUREMENT OF RADIOACTIVE
EQUILIBRIUM IN MINE AIR
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Tho laft ojssatte 'JLU: >)?id with a diffu-
sion barrier measures radcn concentr >\ior\i>
while this rt.jht c;icst'ttc- records alpt)^
radiation emitted by ru<ioi jnd daughters
mixture. On comparing the ro.id outs from rho
two detectors it io pL-ssi'.ia tr. cle terrain..»
equilibrium state at. working eland during
cassettes exposure in mins. (9) ,\ftir equi-
librium da termination further classifying
investigations will be carried out in avary
rains to asssss statistically significant
hazard of radon doc.:i/ products.
It is interesting to compare the intended
study with tha investigations by other
authors. Oatd of this kind referring to
coal mines are scarce although coal Mining
is the world important industry. On consid-
ering that Poland produces 7 percent of
world coal and on the basis of Polish mining
employment it is possible to estimate that
the world coal mining employs about 5 mil-
lion miners altogether. Little attention is
paid to radon presence in coal mines prob-
ably as a result of the common idea thar
ventilation in coal mines suitable for
methan hazard is sufficiently effective to
eliminate radiation hazard. Available data
sho.v that in minss of India mean radon
concentrations are at the level of atmos-
pheric concentrations /I - 4 Bq«sn""3/ (io)
which seems inexplicable. British coal mines
have the mean radon concentration of
60 Bq-m"3 while the highest value does not
exceed 0,5 kBq.m~3 Qj) similarly in the
mines of Pensylvania (12) and in German
coal-basin Suhr and Saar. (i3j Results
obtained from Polish mines are one order of
magnitude higner than the above quoted.

CONCLUSIONS

Presented data lead to tha following
conclusions:
- in most coal mines of Poland, radon con-

centration is significant for radiolo-
gical protection and in some of thera
miners are likely to be exposed to more
than one third of the annual limit,
because of the levels of radon concentra-
tions as well as the presence of radium
compounds in remarkable concentrations
found in underground waters it is justi-
fied to carry out further investigations
to classify the mines and to select the
optimal methods for monitoring and
control,

- thsre is little probability for the
Polish mines to be unique as regards
radiation hazards that is why the results
presented should stimulate detailed in-
vestigation on radiation hazards in coal
mines of other countries.
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EX'PBRJKSHTAJ. VmiFICA'PION OF TH3 THKORY Op CLUSTER*

i:. J .
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8 Teresy Str., P.O.Box 19?, 90-950 -Lods

Poland

ABSTRACT

Experimental verification of the theory
of clusters is described in this paper. The
measurements of diffusion coefficient of
charged RnDP fraction in various relative
humidities of air were done. Hynamic theory
of clusters has been proved, whereas the
static theory has not.

DESCRIPTION OP TESTING EQUIPMENT

Veryfication of static and dynamic
theory of clusters was possible when the
diffusion coefficient of charged fraction
of RnDP in various air relative humidities
was measured.

Figure 1 shows the equipment for RnDP
diffusion coefficient measureraent. It was
composed of chamber of capacity 1m in which
equipment for concentration of radon and air
humidity controlling were placed. Humidity
and temperature were controlled with thermo-
hygrograph THG - 176N with accuracy of £1°K
and +_5% of air relative humidity. Owing to
relative big chamber capacity, parameters
mentioned above did not under single mea-
surement any changes time 300s, 101 of the
air . A tube 500mm long, of 38mm internal
diameter was joined to the chamber. Inside
the tube a metal electrode of 8mm diameter
and 494mm long was placed centrally. Con-
stant voltage not bigger 1500V or variable

Expef/nenlol chamber 1mJ

paper is the second, experimental part
of author's doctor thesis. It was financed
by Polish Health and Social Welfare Ministry
under contract No. MZ - IX.5.12.

Hodon SOUfCS

V - Voltmeter
SG - Sdicc gel

THG -
R - Rotometer
P -Pump

PR - Propeller

1: TESTING EQUIPMENT

voltage not bigger than 10247 effective
value cculd be supplied between the tube
and the electrode. Measure tube was closed
with measure filters SK 11302 of yield 99.72
per cent to 99.98 per cent (1).

During the experiment the air with addi-
2?2tion of radon Rn passed through the tube

with the speed of 21/min. First filter cle-
aned the air of aerosols and RnDP contained
in it. The second, collected RnDP producted
in the duration of experiment. The amount
of RnDP depended on radon concentration and
RnDP diffusion coefficient and voltage. The
activity of second filter was measured with
scintillation probe.

Time of measurement, equal 800s, was com-
posed of three periods:
(1) collecting of air sample - 300 s;
(2) filter filing in probe - 100 s;
(3) filter activity measurement - 400 s;

Because the D*ye% screening effect could
have occured in case if constant electic po-
tentials used, then alternating potentials
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of 50 Tiz frequency were used, during the

measurements.

The speed of air pass in r through the tube

was about 3 cm/s. It corresponded to nup'ber

of Reynol* less them 50. We may consider the

passage of the air through the tube laminar,

since the upper limit of value of Reynolds's

number for laminar air passing through tubes

is 1160 (6, 8),

- 38 nun here. V/ith radon concentration, used

in this experiment, within the limits from

5-10 Bq/m to 10' Bq/m and v/ith assumption

that mean time of ion's existence is from

10 s to 100 s, and the absolute tempera-

ture is 293°K, we obtain that the Debye's

radius is within the limits from 5-10 ran

to 7 imr.. This result means, that the Debye's

sceening effect is importance here.

DBBYE S SCREENING ETFSCT

Especially at high radon and RnDP concen-

trations, the ionised air can be treated as

the low temperature plasma (3). The Debye's

screening effect, causing every electrostatic

fields to be screened, occurs in every io-

nised gas. This effect is the result of

Interaction between charged molecules and

the field. Interaction among charged mole-

cules, in tynical "radon experiment", is ne-

gligible since there are at least 10 1 0-10 1 5

neutral molecules for a charged one.

Formula

4ru, exp
(-*)

describes the electrostatic potential of the

charge point inside the ionised gas plasma .

In this formula £ designed dielectic con-

stant of vacuum, e - elementary charge, x -

- distance from the charge point, U - poten-

tial and r D - Debye's radius given in the

following formula

(2)
2-n-e'

where n - number of ion pairs in cubic meter

kg - Boltzmann constant, T - absolute tempe-

rature . (4).

Formula (1) suggest that Debye's scree-

ning effect is of importance when the Debye*s

radius is less or comparable to the chara-

cteristic lenght of measurement equipment -

MEASUREMENTS RESUI/TS

The diffusion coefficient measurements

were done for air relative humidiiy 1556,

25%, 50%, 75% and 90#. Because of filters'

exposing to damage during the experiment,

special procedure eliminating false results

was used.

Diffusion coefficient of charged fraction

of RnDP measurement in fixed humidity re-

quired the series of many four at least

unit measurements. Each of them consisted

of three elementary measurements. First and

third were performed without voltage - they

were reference measurements. Unit measure-

ment was considered correct when the diffe-

rence between fiter's activity in the first

and the third one was within the limits des-

cribed by mathematical statistics. The mean

result of both measurements was used as a

result of the reference measurement. Thus

the damage of the first cleaning filter

could have been eliminated.

Additional control method was also used.

Though for calculation of the value of dif-

fusion coefficient it was satisfactory to

lead measurements for three values of vol-

tage, in our case the measurements were done

for four voltage values. During numeric cal-

culations diffusion coefficients for four

possible combinations three voltages each,

were calculated. If the resuls of these

calculations were within the limits given

by mathematical statistics, one diffusion

coefficient was calculated out of them.

The case in which four diffusion coeffi-

cients differed more than permissible, oc—

cured once, for air relative humidity 1556 .
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The repeated checking of the filters showed

that the filter used in 200 V measurement,

was slightly damaged.

The method of calculation of diffusion

coefficient value based on the assumption,

that in the measurement tube the following

phenoraenons have a principal influence on

measurement filter's activity: diffusion of

ionised RnDP, diffusion of neutral RnDP, re-

combination of ionised RnDP with negative

ions, potential caused deposition of ionised

RnDP on the surface of the measurement tube.

Let C fee the concentration of RnDP ions,

•*-# Vt <3» u - coefficients. Number of regi-

stered impulses N^ in presence of voltage

U may be described with the formula

A-(p-C + q.C + u) 13)

where coefficient p is related with recom-

bination, q with diffusion and u with ne-

utral RnDP. On the surface of the measure -

ment tube, for reason of presence of voltage

U, settle the following number of RnDP par-

ticles

U-h-C =

where h - coefficient related with mobility

and thus with diffusion coefficient of ioni-

sed RnDP, and N_ is a number of impulses in

reference measurement, i.e. with voltage U =

m 0. Its a result, with bigger number of

measurements we get a system of equations ,

which may be solved.

Diffusion coefficient is related with co-

efficient h through the following formula

h-4*f •

n-e- rj
/ ( 5)
r1

where D - diffusion coefficient, r2 - tube

radius, d - tube length, f - frequency of

alternating voltage, v* - radius of central
electrode, t - time of measuring.

Tables 1 and 2 and Ficure 2 show the re-
sults of measurements.

TA3J,E 1 : HK'JLT-3 OF nB

Relative

humid ity

M
15

25

50

75

90

Effective

voltage

w
50

100

1000

96

256

384

1024

64
128

256

1024

64

128

256

1024

50

ioo
200

1000

Measurement

reference

[impulse s|

22661

20226

19595

19504
20363
19737
1S790

14541

14875

15236

15963

19156

19627

19SS2

18790

21853

21628

21226

20993

with
voltage
[impulses]

17129
11367
4800

10317

6939

5825

5073

10777

7677

5861

4604

14353

10309

7207

5073

18915

12280

8332

5442

0025

20 40 60

H [ % 3

FIGURE 2: COMPARISON OF THE EXPERIMENTAL

AND THEORETICAL RESULTS

100
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TABLE 2: CONPARISGN OP THE EXTKlP-ENTAI, Aim TJIRORKTTCAL

Relative
humidity

M
15

25

50

75

90

Value of the diffusion coefficient
[cm2/s]

Stat ic theory

0.01339

0.01202

0.009975

0.008466

0.007634

iynamic theory

0.01698

0.01550

0.01301

0.01121

0.01020

Experiment

0.0169

0.0156

0.0121

0.0113

0.0106

Standart dev.

0.0009

0.0007

0.0004

0.0005

0.0008

Percentage of
the neutral RnDP

M
23

26

28

26

25

On the Figure 2 Si indexed \.he curve ob-

tained from static theory and US from dyna-

mic theory, sides of rectangulars means ab-

solute error of humidity measurements and

one standart deviation of diffusion coeffi-

cient respectively.

Even superficial analysis of the experi-

mental and theoretical results reveals that

the experimental results agree with the re-

sults of the dynamic theory and not agree
2

with the static theory. The value of X test
for the dynamic theory with 5 grades of

freedom is 7.36 which pives the probability

superior to 1556 that the converfre'ic-e between

theory and experiment is not accidental. For

static theory the value of X" equal 184 which

gives the chance of theory's being correct

much less than 0.1?£.

In the last column of the Table 2 experi-

mental data of content of neutral RnDP frac-

tion is show. From the data we apparently

see that content of neutral RnDP is within

in the limits of 23# to 28#. It is a bit

more than data given j.n literature (2, 5, 7)

where the amount of neutral RnOP is estima-

ted 10 - 20#. Bigger content of neutral RnDP

may be explained by the fact that in on dis-

cused experiments alternatig voltages were

used - it caused faster ion recombination.

theory of clusters has been experimentally

proved, and experimentally measured value of

charged RnDP diffusion coefficient depends

on relative humidity of the atmospheric air

and it ranges from 0.0169 cm /s for 15# air

relative humidity to 0.0106 cm /s for 9O#.

This is very important observation for in-

terpretation of the results of diffusion co-

efficient measurements - both the neutral

and charged RnEP done by other investigators.

Since ions recombination rate is directly

proportional to squexe of ions concentration

vre nay expect that in laboratory measure -

ments of HnDP diffusion coefficient obtained

values of the coefficient will be bigger

than in nat'ire. It is caused by using in la-

boratories much higher concentrations of ra-

don than this existing in our buildings,

coal mines, colour metal mines and even ura-

nium ones. ToRrther with the increase of re-

combination rate the role of neutral RnDP

increases - thus the value of diffusion co -

efficient is heightened.

The next conclusion refers to the measu-

rements technique with the use of electro-

static fields. In the case of their use it

is necessary to controll v/hether Debye's

screening effect occurs or use alternating

fields instead of the static one.

CONCLUSIONS

The basic conclusion is that the dynamic

ACKMOWinDGEEINTS: This paper contains the
results presented as the essential part of
doctor thesis of author.
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IDENTIFICATION OF NONURANIUM MINES WHICH PRESENT A RADON RISK THROUGH MEASUREMENTS 01- EXHAUST AIR
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Considering the preliminary conclusions on the
study of radon risk for workers in nonuranium
underground mines, which were published in 1981
(Bernhard, S. et al.) the Commission of European
Communities asked the Technical Protection Department
of Institut de Protection et de Surete Nucleaire to
extend thi' study on a wider sampling of mines. The
analysis of the results of the individual alpha
dosinietry campaign conducted in 1980-1981 in eight
nonuranium underground mines of the European
Community, with different mineralpgical output,
revealed a rather wide gap from one mine to another,
between the levels of exposure to the potential alpha
energy of short-lived daughters of radon 222, by a
factor of 10 or more. In the light of international
regulations on radiological protection of workers,
some of these levels were sufficiently significant to
merit consideration. The compilation of supplementary
data concerning the radiological state of the mine
environment, which was carried out simultaneously,
mainly revealed the slight variability of uranium
contents of the surrounding rocks, ranging from 2 to
15 ppm. The ensuing analysis of the variables
explaining these exposure levels demonstrated that
only the emission mechanisms of radon 222 atoms could
explain the discrepancies found, as the air dilution
rates in each of these eight mines were closely
comparable. This was postulated as due to the air
suction of radon 222 atoms through fissures and in
the pore space by depressurization (Bernhard, S. et
al.). This hypothesis was later partly confirmed,
since water can also be the transfer fluid under the
action of water heads if the environment is saturated
(Zettwoog, P.). In this study, the fairly steady rise
in radon concentrations found when descending the
airway pointed to a relatively invariable ratio
between the radon concentration in the exhaust air
and the mean worker exposure.

Based on all these remarks, a forecasting model
of worker exposure in a nonuranium underground mine
was developed, accounting for the progressive
enrichment of the air in radon 222 and its daughters,
and considering a single gallery structure. The
measurement of the radon 222 concentration in exhaust
air can thus serve as a simple criteria to identify
mines likely to merit a dosimetric investigation.
Quality assurance of the ventilation system can be
achieved by measuring the concentration of potential
alpha energy of radon 222 daughters in the exhaust
air, by comparing the apparent radioactive age of the
radon 222 with the real transit time of the air in
the mine. Mechanisms of convection and consequently
the drainage of radon 222 atoms within the rock could
also, as explained below, be identified by measuring
the potential alpha energy concentration of radon 220
daughters in the mine exhaust air.

The following data were gathered in the mea-
surement campaigns conducted only on the air exhausts
of some fifty European Community mines in 1983 :

- identification of the mine,
- mining method,
- measurement of radon concentrations at mine

entrance and exhaust air,
- ventilation flowrate at air exhaust point(s),
- equivalent length developed by the stope-gallery

network assigned to each air exhaust of the mine,
- mean cross-section assigned to the overall

network of stopes and galleries of each mine,
- measurement of potential alpha energy

concentrations of radon 222 and radon 220
daughters.

These? data were processed to meet the
following objectives :

- identification of mines with potential
radiological risk,

- determination by the forecasting model of
probable minimum levels of worker exposure to
radon 222 daughters,

- quality assurance of secondary ventilation;
- identification of convective transfer mechanisms

by air or water within the rock.

1. PRESENTATION OF THE DATA

Table 1, at the end of these text, offers an
overall presentation of the data and the main
results obtained during these measurement
campaigns. The mines are identified by a code, that
cannot be disclosed in this document. The
parameters used i.i these paper are listed below :

RA

,,RA

"222

aMIN

"222

< f >

identification of exhaust nir on which
the radon concentration was measured.

concentration of radon 222 atoms measured
on exhaust air.

evaluation of air residence time in the
mine in accordance with the single gallery
model, of the volume V traversed by a
primary air flow rate Q .

lower limit of the annual quantity
(2000 h) of potential alpha energy of
radon 222 daughters inhaled (mJ) obtained
by applying the single gallery model
(primary component).

: potential alpha energy concentration of
radon 222 daughters measured on the
exhaust air.

: equilibrium factor corresponding to the
measurement of the radon 222 concentration
and the measurement of the potential
alpha energy concentration of radon 222
daughters on the exhaust air.



308 BERNHARDETAL.

Rn222

: apparent residence time of the air given
by the evaluation of <f> taking account
of the diffuse source model.

: value of the radon 222 emanation flux
given by the diffuse source and single
gallery model.

(EH* ,) : plausible range of the product of radon
222 emanation rate multiplied by
relaxation length obtained by modeling.

N212

Kn222

*Rn220

: number of Rn22O atoms disintegrated to
Pb212 and possibly to B1212 per unit
volume, measured on the exhaust air.

: ratio of paretal flux of radon 222 atoms to
paretal flux of radon 220 atoms. This ratio

is eaual to : N /N,.,
°222 2 1 2

2. IDENTIFICATION OF MINES LIKELY TO INCUR A
RADIOLOGICAL RISK FOR WORKERS

As a criteria to identify mines likely to merit
a more thorough radiological investigation, the
previous phases used the value corresponding to theg
measurement of the radon 222 concentration of 2.10
atoms.m in the exhaust air (Bernhard, S. et al).
Table 2 presents a preliminary classification of
mines using this criteria, showing three categories,

as the value of 2.10 atoms.m cannot be taken as
an all-exclusive dividing line.

Category I : N
RA

°22Z

8 -3
2 2.10 atoms.m .

These levels may call for a dosimetric investigation.

Q

Category II : 10 £ N < 2.10
,8

U222

Need to examine the following parameters before
judging the need for a dosimetric investigation.

Category III : N
,RA 8 —3

< 10 atoms.m .
"222

In principle, mines not requiring a dosimetric
investigation.

\

X
h-

A 2 "

l 2

- C 9 "

\ -

V

- A 5

\

s-

X

Category

" A7 ' C l "

h-s-s
Category

- D. — D.

I

V

-hi

I I

' D 6 '

" E l " E 2 ,

D72 " h -hs

A 3

\

X
%

- v
- c7

- D 2

4

• A 8 -

- cT

" D 3

Category

A9 " A10 "

" - c5 - c,

- D - DR

'io3 ~ hi

I I I

B l - B 2

- C^~

" D 9 "

" B3 ' B4 ' S
- c7~ - c -

6 2 7,

D 9 " D 9 "

Remark

Table 2

All the nines listed in Table 2 will be
presented in this way :

example : ,D
10,

• C ,

, mine in series D, No.10,
subscript 4 identifying the
exhaust air, forced ventilation ;

mine in series C, No.3, subscript 2
identifying the exhaust air,
natural ventilation identified by
the upper horizontal bar.

Out of the 48 air exhaust points listed above,
corresponding to mines with forced ventilation, 16

display values of N
°

8 —3
over 2.10 atoms.m .

°222

3. CALCULATION OF THE LOWER LIMIT OF THE MINIMUM
ANNUAL QUANTITY OF POTENTIAL ALPHA ENERGY
INHALED BY A WORKER ACCORDING TO THE EXPOSURE
FORECASTING MODEL (Diffuse source model)

The forecasting model to calculate worker
exposure in nonuranium mines only accounts for the
surface emission of the gallery walls, constituting
what we call the primary component of exposure. The
concentration due to this component rises steadily
along the air streams, between the air intakes and
exhausts. Consequently, given the radon concen-
tration found in the exhaust air of the mine, and
the average residence time, TG> of the air in the
corresponding zone, this mathematical scheme leads
to an evaluation of the lower limits EaMIj, of the
annual quantities of potential alpha energy
due to radon 222 daughters inhaled by a worker
(Table 1). The values of E „ „ are merely lower
limits and do not give the" real mean values of
exposure, since the latter are greater than or
equal to the EoMI« thus calculated.

The secondary component due to the presence of
"cul-de-sac" stopes may represent more or less
substantial surplus irradiation.

Since the values given in Table 1, at the end
of these text, (only concerning mines with forced
ventilation) are certainly lower on average than
the real values of the quantities inhaled by a
worker, it can be postulated that the levels found
for

A 7 ' A8*
-I '2 ' " l '2 ' *1 Hl "2

n
5 , D6> D?, D1Q , D 1 0 , D1Q , Ej, E2 , E3) are not

negligible, because the minimum level selected for
this group of mines is already 0.19 mJ/year.
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4. EVALUATION OF RADON FLUX

The total flux (4> „ „, total), in Table 1,
were calculated from the equation :

if, on the other hand, diffusion occurs in
the water, only a rock thickness of about
1 cm on either side of the fault plane is
involved.

222 Rn222

TC

°222

D
(the diffuse source model) ;

-XT

° G*Rn222 (1-e

with thu assumption X .T_ << 1
o G

The radon 222 flux, found in Table 1 and
emitted by the gallery walls, are several orders of
magnitude higher than those resulting from a
molecular diffusion process in the volume of pores
and fractures, given the radium activity concen-
trations of the rocks (uranium content between 2 and
15 ppm) (Bernhard, S. et al). These fluxes probably
result from a convective type of radon transfer
within the rock, the vector being air or water.

The results of the radon 222 fluxes, • ,.„,

can be explained by a simple elementary equation
relating the radon flux to the radium activity
concentration of the rock, A_ :

*Rn222 = ARA'ERn222-HRn222*

HRn222
relaxation length, in meters, representing
i-he length along which 63 % of the atoms of
Rn222 formed reach the gallery wall before
decaying during their transfer. This length
is between :

- fl.10 and 1 m if transfer occurs exclusively by
molecular diffusion ;

- 0.1 and 1 cm if transfer occurs by water ;

- longer if convective transfers take place in
the rock :

. by groundwater flow under the action of
water heads, the gallery being considered as
a drain,

. by air circulation : the drainage of rocks
not saturated with moisture occurs under the
action of pressure differences between the
mine sections.

ER,,11222'
radon emanation rate :

- for rocks with a homogeneous structure E_ ,„„
corresponds to the fraction of Rn222 atoms
transferred per unit time and volume in the
pore space in comparison with that produced
per unit time and volume in the rock
concerned,

- for a rock which displays fracture
permeability, L corresponds to the number
of Rn222 atoms arriving per second in
each of the "draining" faults, in comparison
with the number of Rn222 atoms produced
per second in the volume of rock lying between
the two fault planes :

. for fault planes separated by metric
distances, E R apparent is of the same

order as E .„„ intrinsic in the rock, for

air transfer,

Given the uranium contents of the surrrounding
rocks (2 to 15 ppm), the possible range of emanation,
coefficients (1 to 99 %) (Zettwoog, P . ) , the rela-
xation length R* .„ , of 2.2 m attributed to a flux of
purely diffusive origin, the radon 222 flux

5 2
values greater than 10 atoms/m /s can only be
explained by the exitence of convection transfer
within the rock, for the mines (A V V

10,

B5' B6

. E, ,

. C - C . D ,

E 3 ) , (Table 1)

The knowledge of the following parameters '•

- piezometric levels (saturated rocks),
- rock saturation rate,
- difference in negative pressure between

levels (unders.-iturated rocks),
- radon emanation rate,
- fault planes,
- fracturing index,
- rock permeability,
- porosity

should be able to explain these convective flows
and possibly, in the future, for a given geology
and a given mine configuration, to quantify them.

More specifically, the modeling of convective
transfers, either by water under the influence of
the water head if the rock is saturated, or by air
under the influence of pressure differences induced
by ventilation if the rock is under saturated, and
the knowledge of the average residence time of the
air in the mine, could serve to calculate the lower
limit of the minimum quantity of potential alpha
energy due to short-lived radon daughters inhaled
by an individual, by applying the exposure
forecasting model or the diffuse source model.

5. AIR RESIDENCE TIME IN THE MINES

T : average air residence time in the mine
acco-dmg to the model (single-gallery with volume
V t versed by a primary air flow 0^,).

T* : apparent air residence time given by
applying the diffuse source model using the radon
concentration values and the daughter concentration
values of the gas found in the exhaust air.
The values of T,, and T* are given in Table 1.

The inadequate ventilation of the stopes or
of certain subsections may cause substantial aging
of the radon. The mixture of the air in these zones
with the primary air is reflected in the exhaust
air by a residence time T* greater than the
residence time Tg. For the eight mines ingestigated
in the preliminary phases, it was found that T* had
to be assumed to be 3 to 10 times greater than T_
to explain the mean exposures to potential alpha
energy using the primary component model applied to
the radon concentration values measured on the
exhaust air. This applies to the mines A. , A. ,

V V V D2
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6. VALUES OF THE RATIO t.

BERNHARD ET AL.

Rn222 Pb212

The ratio of paretal fluxes of the two radon
isotopes (Zettwoog, P.) is given by i

4.
Rn222 ERn222

*Rn220 XRn222
Hd*
Rn220

where U corresponds to the air flow rate reaching
the gallery by convective transfer within the rock
(m/s), E R n 2 2 2 and E R ^ Q a r e respectively the

emanation rates of atoms of Rn222 and Rn220.

a n d t h e r a d i u m 226

Hactivity concentrations of the rocks. H_ ,„. is the
relaxation lenght of,the diffusion of radon
220 atoms (- 2.8.10 m ) .

This formula is valid for the standard case in
which convective transfer is more effective than
diffusion for Rn222, and the opposite is true for
Rn220, or U < 62 m/d.

o

Processing of the results concerning radon 220
daugthers

By using the disintegration equations relative
to a diffuse source of radon 220, the following is
obtained if n., tu , n , n. are the numbers of atoms
per unit volume of Rn220T Po216, Pb212 and E1212,
with the respective desintegration constants of :

X'o - 1.27.1O"
2 s"1, X't •= A.39 s"

1.

1.82.10"5 s"1, 1.91.10"* s"1

<W20
1.6.10

,-13

n3.7,83)

Finally, if n, is negligible in comparison with

J 1.25.10""

This equation serves to calculate the value
(n_ + n,) indicated in Table 1 for the column

RA
heading N,j-, which corresponds to the number of

atoms of Rn220 disintegrated.

By closely examining the values given in
Table 1, it may be observed that, with few

exceptions, the values of N ^912 8 r e a t e r than

RA
N greater than

° 2 2 2

calculated

3
10 correspond to values of

8 -3
2.10 atoms.m and values of 4

above 10 atoms/m /s.

This result of 10 corresponds to a value
above which convectjve type air transfer is
necessary to explain the paretal flux values
relative to radon 222. A more significant value of
this ratio could have been obtained if data were
simultaneously available on the emanation
coefficients and specific activities of the
surrounding rocks.

7. CONCLUSIONS

(1)

- X1 T*
4 *ta220 (1-e °" G)

The concentration n_ is constant after a few
minutes and is :

4 •„
n0

Mines likely to merit a more thorough inves-
tigation of radiological risk are those for which,
in the exhaust air :

- N greater than 2.10 atoms.m ,
°222

Rn222
, calculated from the model greater than

105 atoms/m2/s,

- residence time T* greater than T by a factor of
3 or more,

(2)

(3)

(4)

n. is negligible in comparison with n. because
its half-life is short.

by ignoring the formation of S1212 daughters.

* *Rn220 ' TG
n2 3 D

n 2 is rapidly greater than nQ.

X'
- X 1.T*

)
"2 X'

n, is negligible in comparison with n2>

Case in which the measurement of exhaust air
corresponds to the potential alpha energy of radon
220 daughters,

- ratio *Rn222/*Rll220 greater than 10
3.

The values thus defined must not be taken as
absolutely valid but need to be discussed. On the
whole, we draw the conclusion that the first

RA 8 -3
criteria of N greater than 2.10 atoms.m

°222
satisfactory for a selection of the mines. This
corresponds to the following mines, with forced
ventilation :

is

, A , A C , D
a 1

VE2 V
He may add that the use of the first and

fourth criteria is especially interesting since
they only require one measurement on the exhaust
air, without the need for the ventilation
characteristics and dimensional parameters of the
mine, which are sometimes difficult to obtain :
cases of old mines with a large number of disused
workings and mines with natural ventilation.
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Mines for which the limits are exceeded for
a l l Che measured or calculated values arc the
followings :

A , A , A C C C D , E E , E
l l l2 ' l &\ l l yi UA L L\ i
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Mine

Al

A2

A3

A4

A5

A6

A7

A8

A9

A10

Bl

B2

B3

B4

B5

B6

Cl

C2

C3

C4

C5

C6

r
U7

C8

R.A.
NO.

1

2

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

2

1

2

1

2

i

2

1

2

1

2

1

2

Ore

Cassiterite

Slate

Clay

Clay

Gypsum

Potash

Fluorspar

Coal

Coal

Coal

Coal

Coal

Coal

Coal

Coal

Coal

Fluorspar

Graphite

Clay

Feldspar

Pyrite
blende
baryta

Clay
schist

Salt

Oil Slates

asphalts

NRA

°222

at/m

4,68.109

1,97.109

1,06.10®

2,06.107

3.17.107

2,11.10®

- (d)

3,55.10®

9,12.107

3,36.107 (e)

6.38.107 (e)

5,3.107

3,52.107

5,3.107

5,3.107

5,3.1O7

8,8.107

1,76.109

2.24.109

3,09.109

3,95.107

3.81.107

2,57.109

9.52.109

8,57.106

8,09.107

2,38.107

4,23.107

3,19.107

5,24.107

2,52.10®

1,76.108

TG

s

160
1
; 256

284 (a)

621

1235

-

1846

1 2064

800

' 1310

545

460

440

600

440

410

2180

- (c)

1080(a)

- «)

- <f)

- (f)

- (f)

- (c)

- (c)

- (f)

- (f)

- (c)

- (c)

- (f)

- (f>

'otmin

mJ/year

1,2

0,65

0,043

0,0)5

0,042

-

-

0,75

0,19

0,032

0,090

0,036

0,020

0,030

0,040

0,030

0,045

3,8

-

3,4

-

-

-

-

-

-

-

-

-

-

-

-

•a222

J/m3

4,09.10"6

8,99.10"6

8.1.10"7

3,7.10"®

1.3.10"7

2.77.10"6

3,2.10"®

2.14.10"6

2,03.10"7

2.2.10"8

1,23.10"®

- (d)

- (d)

- (d)

- (d)

- (d)

- (d)

9,96.10"6

1.56.10"5

- (d)

2,56.10"7

- (d)

1,3.10"5

- (d)

3,23.10"®

- (d)

1,46.10"7

1,60.10"7

1,77.10"7

3.33.10"7

- (d)

7,68.10"7

< i >

-

0,074

0,39

0,65

0,15

0,28

1.0

-

0,51

0,19

0,55

0,020

-

-

-

-

-

-

0,48

0,59

-

0,55

-

0,44

-

0,32

-

0,52

0,32

0,47

0,54

-

0,37
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Mine

C9

Dl

D2

D3

D4

D5

D6

D7

D 8

D9

D10

El

E2

E3

E4

E5

E6

E7

E8

E9

E10

Ell

E12

E13

t

R.A.
NO. Ore

Fluorine
barite

1

2

1

2

1

1

2

1

1

1

1

2

1

2
3

1
2
3
4

1

1

2

1

I

1

1

1

1

1

1

1

1

1

Fluorine

Zinc Silver

Schist

Tungsten

Bauxite

Antimony

Tungscen
tin

Gold

Lead
Zinc

Fluorine

Coal

Blende
Galena

Blende
Galena

Pyrite

- -

KRA

°222

3
iit/m

4,76.I08

1,23.108

9,50.IO7

1,32.108

7,04.107

< 2.1O7

2.82.108

1,83.108

7,04.108

1.94.108

4,4.108

1.3.108

3,34.10'

1,6.107

« 2.10~'
« 2.10"'
« 2.10

9.6.1O7

4,8.10'
9,4.10'
2,8.10

1.23.109

1.58.109

7.108

6.5.108

1.57.1O8

2,09.108

1,76.108

1,0.109

1.36.109

2,24.109

1,4.108

4,57.108

7.14.107

l,4.108

E . <f*
i a nun a')')i

< f >

s mJ/ynar J/tn j -
1

3000

7080

1192

914

- (c)

6250

2401

2739

418

1615

600

1543

1417

3230
1395
2222

4266
2421
2870
1333

1000

3600

- (c)

1200

- (f)

- (f)

- (f)

- (f)

- (f)

- <f>

- (f)

- (f)

- (f)

- (f)

1,4 3,37.1O"6 ; > 0,6

0,65

0,11

- (d)

3,15.10"'

0,15 5,53.10"'

- (d)

0,22

1 0,36

-

0,11 4,2.10"' ; > 1

0,61 I.25.10"6

0,45

0,36

0,30

0,33

0,052

0,030

0,065
0,032
0,048

0,35
0,11
0,27
0,32

1,"

6,0

-

0,9

8,32.10"'

7,8.10"'

4,56.10"'

4.83.10"7

- (d)

- (d)

0

- (d)
- (d)
- (d)
- (d)

- (d)

- (d)

- (d)

- (d)

0,375

0,385

0,094

0,199

-

0,093

-

-

-

:

-

-

-

-
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Mine

Al

A2

A3

A.

A5

A6

A8

A9

A10

Bl

B2

B3

B4

B5

B6

Cl

C2

r
3

C4

C5

C6

C7

C8

R.A.

NO.

1

2

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

2

1

2

1

2

1

2

1

2

1

2

1

2

Ore

Cassiterite

Slate

Clay

Clay

Gypsum

Potash

Fluorspar

Coal

Coal

Coal

Coal

Coal

Coal

Coal

Coal

Coal

Fluorspar

Graphite

Clay

Feldspar

Fyrite
blende
baryta

Clay

Salt

Oil Slates
natural
asphalts

r*

s

460

3560

8326

1069

2306

> 10800

-

5297

1426

330

< 100

-

-

-

-

-

-

4813

6813

-

6014

-

4224

-

2735

5468

2735

4660

5826

-

3313

*Rn222
(total)

2
at/tn /s

1,5.I07

3,8.106

l,8.10S

1,8.104

1,5.104

-

-

l.l.lO5

3,3.104

3,2.104

3,6.104

9.7.104

7,7.104

1.2.105

8,8.104

l,2.10S

2,1.10S

6,2.1OS

-

2,1.106

-

-

-

-

-

-

-

-

-

-

-

-

(E H * ) 2 2 2

m

25 to 100

10 to 50

0,5 to 2,0

0,05 to 0,2

0,03 to 0,1

-

-

0,3 to 1,0

0,07 to 0,3

0,07 to 0,3

0,07 to 0,3

0,2 to 1,0

0,1 to 0,5

0,3 to 1,0

0,2 to 0,8

0,3 to 1,0

0,5 to 2,0

1 to 5

-

5 to 20

-

-

-

-

-

-

-

-

-

-

-

-

N212 *

at/m3

4,01.10S

5,02.10S

3,68.10S

- (b)

- (b)

5,73.104

- (b)

8,0.104

3,08.1C5

7.96.103

1.60.104

- (d)

- (d)

- (d)

- (d)

- (d)

- (d)

4,2.10S

l,8.10S

-

l,2.10S

-

3,6.104

-

4,2.103

-

4,2.104

4,2.104

3,6.10*

9,0.104

-

l,5.105

1

*Bn220

-

1.16.10*

3,92.103

2.8B.102

-

-

3,68.103

-

4,42.103

2,96.102

4,22.103

3,99.103

-

-

-

-

-

4.19.103

1.2.104

-

3,29.102

-

7.14.104

-

2.103

-

5,66.102

103

8,86.102

5,82.102

-

1,2.103
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' Mine

C9

Dl

D2

D4

D5

D6

D7

D8

D9

D10

El

E2

E3

R.A.

NO.

1

1

2

1

2

1

1

2

1

1

1

2

1

2

1
2
3

1
2
3
4

1

1

2

1

1
T*

Ore C

i

Fluorine
barite

Fluorine

Zinc Silver

Schist

Tungsten

Bauxite

Ant imony

Tungsten
tin

Gold

Lead
Zinc

Fluorine

Coal

Blende
Calena

Blende

Galena

Pyrite

s

> 7000

1708

3194

> 10800

3387

3498

610

1510

610

-

-

-

-

-

-

-

*Rn222
(total)

at/m2/s

(E H * ) 2 2 2

in

1,75.105 I 0,5 to 2,0

1.3.105 0,3 to 1,0

6,0.105

1,8.10*

-

< 2,2.103

1,5.105

8,3.10*

1.3.106

1.3.105

7.5.1O5

2,5.10*

1,33.10*

7.1O3

2,5.10*
1,8.10*
3,7.10*
2,4.10

106

3,5.105

-

4.3.105

1 to 5

0,05 to 0,2

-

0,005 to 0,02

0,3 to 1,0

0,2 to 0,8

2 to 10

0,3 to 1,0

1 to 6

0,05 to 0,2

0,03 to 0,1

0,01 to 0,05

0,05 to 0,2
0,05 to 0,2
0,07 to 0,3
0,05 to 0,3

2 to 10

1 to 3

-

1 to 3

N212

at/m3

7,2.10*

- (d)

2,95.10*

4,2.10*

- (d)

- (d)

- (d)

- (d)

- (d)

- (d)

7.10*

- (d)

- (d)

- (d)
- (d)
- (d)

- (d)
- (d)
- (d)
- (d)

- (d)

- (d)

- (d)

- (d)

*Bn222

*Rn220

-

6,6.103

3,2.103

4,4.103

-

-

-

-

4.103

-

—

-

-

(a) The evaluation of the equivalent length of the stope-gallery network does not take account of certain old
stopes or inclined planes.

(b) Measurement of the potential alpha energy of radon 220 daughters non significant.

(c) Absence of equivalent length data of the stope-gallery network (e.g. pillar mining giving rise to large
cavities) or of the air flowrate data on the exhaust air.

(d) No measurement of radon 222 concentration or of potential alpha energy of radon 222 or radon 220
daughters on the exhaust air.

(e) No measurement of the radon concentration on the exhaust air, but possibility of using a measurement
taken upstream and near the air exhaust point.

(f) Mine with natural ventilation. The mathematical model only considers a mine with forced ventilation.

RA
* For the calculation of N712' s e e sect*-on 6 for processing of the dats concerning radon 220.
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DISCUSSION

Question (Borak): You have mentioned that in some
cases you measured the exhaust air from tvo
locations In the same mine. For these situations
do you obtain different results in terras of
exceeding criteria for different exhaust streams
from the same nine?

Answer: We may actually have different results
for exhaust air coming from different sections of
the mines. This happens for instance in cases
where sections are at different depths or are of
different ages.

Question (Burnett): If you measure radon flux at
a single exhaust outlet and there are a number of
different air outlets to the mine involving
variable distances and ages of air, how can you
possibly arrive at a reliable equilibrium factor
for the whole mine?

Answer: The idea behind the procedure we have
adopted was that useful information resulting in a
relatively correct pre-salection of the mines with
potential radon problems could be obtained by
surface measurement in the general upcasts of the
mine. For the given expenditures, we could have,
in that way, a sample of a much larger size than
if we had tried to make underground studies.

Now in calculating the minimum value of the
mean exposure, we have tried to take into account
the complexity of the mine and the information
given to us by the companies. It is clear that
the more complex the layout of the mine is, the
more questionable the result of our modelling.

Nevertheless, we think that the general
statistical objective of the program was attained,
that is, to assess how many mines and which mines
should be candidates for further dosimetric
inves t igat ions.
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KAlJON TRANSPORT INTO UNDERGROUND

Robert i-1. llolul,

Hure.-iu <~,f Mines

I'envor Federal Cental'

Denver, Co Hf)."."i

ABSTRACT

Bureau of Mines of the U. S. Department of Interior

completed a study on radon transport. Steady state

equations including both diffusion an.l forced flow

satisfactorily describe the process ol" transport in

porous media. If tiie equations are u:;̂ : in laboratory

exporiments, permeability, diffusion coefficient, po-

rosity and tortuosity for a core sample can tie obtained

For large underground openings (mines) a description

consisting of matrix and fracture components can be

useri. It contains diffusion and i'orced flow component

that, in the first approximation, move independently

of each other. The results of these calculations are

useful for radon control and mine design.

INTRODUCTION

A paper published before, "Factors Affecting Radon

Transport and the Concentration of Radon in Mines",

by itolub and Dallimore (l), introduced some basic

ideas and concepts how to estimate whether a diffusion

or forced flow component predominates, some experimen"

tal techniques. This paper concentrates mainly on the

smaller but essential aspect of radon transport,

namely the relation between the matrix and fracture

parameters, and the overall radon concentration mea-

surements under various pressure and barometric pre-

ssure variation conditions.

Radon transport studies are unique in two respects:

virtual omnipresence of radon in most locks and soils

and its geologically very short halflife. Our ability

to measure radon in very small quantities allows us

to take advantage having virtually whole earth crust

spiked with a tracer, while the short, halflife gives

us an opportunity to investigate transport processes

of short duration.

KKHII.T:; A N D Dirv'.K^jnr;

In ordrr to under:".tan ! and porsibiy control the

radon transporr. into an uii'if.'VtV'Uji ''per.ing, two rots

of hai;ir parameters i'-.)V matrix at: i fr-t''Vuro transport

must, t.e known. 'I'i.e bar.ie re! aMonsii i ps (,') that hc-lf.

determine these roru-tanf s arc given beJow. All mat-

rix f.-aranx-'ters wi i i n<-t be subscripted; ail fracture

parameters will tii nubscri pt.c-d with "f".

D = r-iT'vr.iv. diffusion -oofficU-

£ j'oruci t ,v

jJJ .iiffur.ion roof fie Lent in :ilr

k - permeability coefficient

r - radius of a nonconnected circular

capillary

For the fracture transport the following constants

and relationships, analogous to the nonconnected

circular capillary cases (2,3),

fa .-. fracture spacing

d .-- parallel-walled channel opening
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It -k (I)

1'i Vl'm; \,,n '•w'f f ic ie i i t , -r" . r , K -in.i pu::.-;: * • I;.- £

c a n he mi_'fi!j(irvi i n I .-iL«--."--ifTir.v (i1..-' ( l ) , !'.>!• [ t iu t /ui r - i

An e x a m p l e how r f . -u 'o i t 'u l.v w<-H t h iv-e r e l a t i o n s h i p : ' -

h o l d i;s t n e f o l l o w i n r c a s e . 1 ' i w l o u : : d o . e r m i / i a t . i nni ;

o f [i.-crnc-.-.S-: ! l i l i \ - . ( ! ) w e r e I . 1 . :•: ! ( " ''in1 find

• 1 . ^ ;< 10 firj' frit" f.w,; t y p c n i ;f ,-,ai;ds t , . n e From ".he

b u r e a u of Miner . T w i l i g h t mim'- , a m i » b e d i f f u s i o n

' • o e f f i c U n t w a s l ' . " i n J e q u a l t o a b o u t •:. x 10 V m ' / c

I l s i n f e q u a t i o n ( L ) a n d ( • ) o n e ; ' e t r v a l u e s f o r i ' ; i ' i i u

i ibout , ',.'//&, .-mil I ' j^tL. T i n ' s e v.-ti lit-:; .-ire i n ;i Vfi'.v j 'ocj

at'ret.'wt.iii- w i t h v a l u e r i nc - t su i ' ^ t t'.v t i i ; ' n wr^ury fir<^'-

s s u r e ff'et.hoti J t ' n e r'oi.'j.-nere i a i ly i.v M '"'.Hil.rvic-t.oi',

!•• t.Iit- (*;u;e t ' r . 'u-l . i i t 'c p/tr'.-tffM.'-i er':' : / ^ arid d r'"tti l<c

e s t i m a t e d i\y v i i i ' i ' i ! [tiiU't^'-'f i o r ; :.,;' Cr-fturo ' h i < 'Kru-r :>

a n d t h e i r . iivejvi£*e a i r.t a t i c o ( ' 0 -

A:;Gumir:(^ t h a t t h e m-T . r ix a n d I ' l - i f t n r e U v m s p n i ' i r;

m - e n o t c o u j i i e d , ( h e i ' a l l o w i r i f i v l ' t f i " n n ) ) l | i B ( I , 1 , 1 )

h o l d

U v e l o c i t y of a i r s t r eam at t h e un t ie r -

(TOUIld opcllillC.

A - frofiS sect ion area of t.he undoT'/'round

opening

L - ofotiinc leneth ; o - average lioif-lit.

I - tnaximum average valut' of liaroniel,ric

.sinnsoiria] diurnal {•resn'ire va r i a t ion .

Value eq;«il about .;-'/'• ol' atm ( i )

yh. viseonity of a i r

fa) - Frequency of diurnal -variations

k f /£ f , pprmisntvity (6)

All. the quantH ies on the r i ^h t hand side of the

donation (:>) are knowri except come uncertainty about

the veloci ty \), which wi l l be discussed l a t e r .

Another way of obtaining permits ivl iy i s from an

experiment a lso descr ibe: previously (1 ) , namely

observing a time dependent incrcaiie in rr.don concen-

t ra t ion a t a d is tance about 100 m away of sol id rock

from the locat ion where a s tep pressure increase was

appl ied. A map of the Twilight mine where t h i s

experiment was performed is; j'iven in ( l ) . Usinc

formula plven by Caralaw and .I.'ir.'for ('/') one j'et r;

:•". d i s t a n c e fn,i:: It:.- : o , " a t j o n wh . - f '.:.'

o v . - r p r i T . s u r f - was - ,ppl ]'••'.

I t. lino e i a p s i - d f rom (,!,•• numvi.t. o f pr<-r : :ur«-

K d i f f u : ; i v i f.y

1' a! mospheri<- pressure

The value for penni ;:.<;: v j ty obtained From this

-! 1 .'

iurmiila ••qua!;- !.'i x !<' ' m . Thin value can if con-

sidered a lower 1 i ii: i I I'o r the perniir.:; ivi'.y of the

whole un.icfj-r'iur.d opening, the uj; er liir.lt ir fiven

by equation ('.) assuming that the volumetric V'.ou,

'i/.A, !.'• î qijai t.o thr. .-li ternat i nf' ''omponent of the

f.'tl.al radon -":r,cf-ntrat i .-u. ri'he approprial e fifurr-s

aiid ni'jr'e dt-:.ailed explanat U>rt:-' are a^'ain riven in

reference- (i).This ar.r.umj.t inn is equivalent to havifit'

I he same concentration in .•::ine air and in fracture

air. For hot. wire ano!:ior.'t<.'.('r velocity jr;ea.~.uroi:'.entc

II .( iri/f. and for opening A >i.', ;<(' one obtains

perminsivlty equal to h.'f >; if. m' .

Tin's value in about J Of: x ;'roa*.er tiian the lower

limit detei-minod above. Ni-Xe that in reference (!)

this v.lue mistaKenly was not reported -as a-: upper

limit.

fiurprislnfly, tne ranfe of permlsslvities derived

above, from lit to lTf'00 dnrcies, implies an umler-

t'round opening oi' this (rather common) type breathes,

in response to barometric pressure changes of ..?,','.

a tin, hundreds of meters deep into the rock. It also

implies that volumes up to several orders of magni-

tude larger than the actual open volume of a mine

participate in the breathing motion, causing thus

a well measurable wind velocities exceeding the

stack effects velocities of opposite direction at the

top and tiie bottom of a mine opening.

These large distances are in a marked contrast to

the diffusion length of about 30 cm reported earlier

(l). In addition, t.his disparity justifies the

assumption of no coupling between the diffusion and

Vorced flow introduced above.

The question of the true value o" permissiv'.ty,

between the two limits given is complicated bj the

fact that uranium miner have very uneven ::raniutn ore



6a INSTRUMENTATION/VENTILATION/ENGINEERING 319

distributions; (uniike houses and other underground

openinf.a) so that neither the sourer term nor the

total surface area, including the fractures can be

estimated. Al present it is too early trying to

pinpoint, with greater accuracy the actual permissi-

vity, as wel 1 as the fracture permeability and poro-

sity. It suffices to say that the above given range

indicates that the radon concentration in the frac-

tures is orders; of magnitudes diluted with respect

to the radon concentration in the pores. If it

were diluted to the concentration measured in the

mine free volume, the upper limit would be valid.

A recent work by Bureau CO describes a systematic

wov 'IOW +o obtain thickness and average spacing of

fracturus in order to determine the feasibility of

cave -mining. The length and tortousity of these

fractures cannot be determined by visual inspection,

so that the methods outlined here might be used to

complement the conventional methods.

(6) ROZSA, R.B., HNOEUERGER, D.F. , BAKER, .1., "Chimney

Permeability Data Analysis" Lawrence Livermore Labo-

ratory Report UCTD-16MO, 19f)i.

(7) CARS1.AW, H..T., JAEGER, J.C. "Conduction of Heat

in Solids", Oxford University I'ress,second edition,

London, 1959.

CONCLUSIONS

Equations outlining basic relationships between

matrix and fracture diffusion and permeability

coefficients, average pore or fracture size and po-

rosity and frequency of fractures have been pre-

sented. For more quantitative results both more

theoretical development as well as more experiments

in various types of underground openings are nece-

ssary .
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RADIATION MONITORING PROGHAM IN ITALIAN NON-URANIUM MINES
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ABSTRACT

A national monitoring program has been designed

and experimentaly tested by technical agency

ENEA to meet the following objectives:

- to test periodically a large number of underground

non-uranium mines;

- to advise the competenc authorities for planning

control procedures and remedial actions, if

needed.

The radiological characteristics of each mine

were outlined by means of a control schema based

on the monitoring of different working areas

and the radon flux rate at the fan station of

the surveyed mines. The investigation indicates

that data from passive area monitoring may be

sufficient to decide on appropriate countermeasures

(mainly the implementation of the ventilation

system) to meet the radioprotection requirements

in non-uranium underground mines.

INTRODUCTION

Precious surveys in various countries (1),

(2), (3), have demonstrated also in non-uranium

mines radiation exposure should to be taken into

account in addition to other conventional hazards

(4). Consequently, at least from the radiological

stand point, the distinction among mines "with

or without radiation hazards" would be more

significant than the distinction among mines

with or without uranium ore (3). The International

Commission on Radiological Protection in the

Publication 24 (1976) (5) outlined the protective

measures necessary in uranium mines and applicable

also to other mines, in which radon is found

at not negligeable levels.

A national survey of 50 Italian underground

mines was carried out by ENEA during 1970-1980

with the cooperation of the Ministry of Industry

(6). The results of the investigation put in

a better perspective the problem of radiological

hazards from the occupational exposure in underground

non-uranium mining. Measurements showed that

in some mines and in particular conditions (i.e.

inappropriate ventilation) the radon concentration

could reach significant levels.

The control of radiation exposure in Italy

is regulated by the 13 may 1978 act. The control

procedures are implemented on a stepwise application:

- preliminary investigation of the radiological

characteristics of the mine environment carried

out by governmental authorities with the technical

support of the agency ENEA;

- radiation monitoring programs carried out

by the mine licensee, if needed;

- application of remedial actions and exercise

of the radiological surveillance, if needed.

In this paper the following items are outlined:

- the monitoring program designed by ENEA to

meet the control objectives appropriate to

the peculiar radiological characteristics

of non-uranium mines;

- the monitoring methods adopted by KNEA in

the investigation of the mine atmospheres;

- the resulte of experimental tests carried

out in a reference mine and of a special survey

carried out in 10 underground mines using

passive area exposure monitors.

Description of the radiation monitoring program

The monitoring program put in operation

by ENEA includes the two following main objectives:

- the accurate investigation of the radiological

characteristics of a reference mine atmosphere

to test the monitoring control schema;

- the screening of the radon concentration levels

existing in the main Italian underground

non-uranium mines.

The control schema is based on the determination

of radon and its daughter concentration in six

typical locations of the test mine: shaft, drift,

raise, stope, upcast air, fan station (Figure

1), (V), (8). The measurements were carried

out using the grab sampling method by means

of scintillation flasks and gross alpha counter.

A continuous monitoring station was put

in operation at the upcast air in order to

characterize the variations of radon and its

daughter concentration and to determine average

values of the calibration factor for passive

radon area monitors and the equilibrium factor

(F), in the typical conditions of the underground

mine atmospheres. The measurements were performed

using the RGM Eberline continuous radon gas

monitor and the Spectrometric Radon Daughter

Potential Alpha Energy Meter developed by ENEA

(SiLEMA Mod. 3S - ENEA Patent Pending).

A national survey was carried out in 10

underground mines using the passive track detectors

as radon integrating area monitors (9 ), (10).

Passive measurements were carried out using

the radon dosemeters developed by ENEA for the
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indoor national survey (11).

Insiuc L'dUn surveyed mine, 14 passive radon

dosemeters were positioned at the typical locations

of the monitoring control schema, by members

of the staff of the regional mining districts.

After an appropriate time of exposure (i-4 weeks),

dosemuters were returned to a central laboratory

of ENEA, which provided the electrochemical

processing and the read-out of track detectors.

(I DOOR

t

FAN

oaj

STOPEB

STOPEA CO

I
Q2 DRIFT

J

that radon concentration and working levui

achieve very quickly a stationary condition

everywhere in the different locations of the

mine. The equilibrium factor (F) ranges from

minimum values 0.29 and 0.36, respectively at

the shaft and at the fan station exhaust, an<-

maximum value 0.8 at the deadend of the drifts.

TABLE 1 : RADON AND EER CONCENTRATIONS AT TYPICAL

LOCATIONS OF THE TEST MINE (Results from

grab sampling)

LOCATION

Rn CONC.(kBq.m"3) EER CONC. (kBq.m~3)

AVERAGE RANGE AVERAGE RANGE

1-SHAFT 0.26 0.04-1.11

2-DR1FT 2.23 1.96-2.63

3-RAISE 2.37 2.15-2.70

4- STOPE 2.52 2.22-2.78

5-UPCAST AIR 2.70 2.33-3.33

6-FAN-STATION 2.15 2.07-2.26

7- DEAD END* 2.44 2.26-2.78

8-DEAD END* 2.44 2.37-2.52

(*) De;iri End of the drift

0.07 0.02-0.11

1.11

1.67 j.56-1.78

2.00 1.96-2.07

2.03 1.89-2.18

0.78

2.15 2.07.-2.22

2.11 1.85-2.33

FIGURE: 1 STANDARD CONTROL SCHEMA OF THE RADIOLOGICAL

CHARACTERISTICS OF MINE ATMOSPHERES ADOPTED

IN THE PASSIVE AREA MONITORING.

RESULTS

The investigations of the radiological

characteristics of the reference mine were carried

out in a blende and galene underground mine

located in northern Italy. Passive survey concerned

10 mines located in various mining districts

and characterized by different mineralizations

and type of mined material.

Grab sampling measurements at typical locations

in the reference mine

Table 1 shows the values of radon gas and

equilibrium equivalent radon (EER) concentration

at typical locations of the tesi mins. Results

were obtained from grab sampling measurements

carried out by the ENEA team during summer 1984

in standard conditions (forced ventilation).

Tests started after a temporary interruption

(4 days long) both of mining shifts and of fan

station and lasted a working week. Table 1 shows

Continuous monitoring at upcast air

Results of measurements from the active

monitoring station at the upcast air are given

in Figure 2. Data show that the equilibrium

factor (F) values, respectively after 3 and

100 hours from actuating the fan station, are

about equal to the average value 0.70, while

the overall values range from minimum 0.50 to

maximum 0.85. Measurements carried out in this

location (upcast air) may be considered

representative of the radiological characteristics

of the mine (Table 1 ) . Results therefore may

be used for the standardization of a reference

atmosphere both for calibration purposes of

passive dosemeters and the assessment of radon

daughter exposure.

In Table 2, radon area exposure has been also

derived from passive area monitoring. The response

of a set of 11 passive dosemeters of the saun-

type used in the indoor national survey 111.

is characterized by a narrow spread al.v . .i

the hostile environment of an underground mine,

A conversion factor between radon exposure

determined by continuous active measurements

and the average track density of the exposed

set of passive dosemeters has been derived.
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FIGURE 2: VAIU. TIONS WITH TIME OF RADON AND EQUILIBRIUM

EQUIVALENT RADON CONCENTRATION (EER) AT THE

UPCAST AIR (FORCED VENTILATION).

FIGURE 3:VARIATI0N.WITH TIME OF RADON AND

EQUILIBRIUM EQUIVALENT RADON CONCENTRATION

(EER) AT THE EXHAUST OF THE MAIN FAN

STATION (NATURAL VENTILATION)

TAiLE 2: KiiSPONSE OF PASSIVE DOSEMETERS USED AS

INTEGRATING AREA MONITORS AT THE UPCAST

AIR OF THE TEST MINE

NUMBER OF PASSIVE RADON DOSEMETERS: 11

RADON EXPOSURE: 274.5 kBq.m"3. h

AVERAGE VALUE OF TRACK DENSITY: (5.2 t 0.46»lTr.nf

CONVERSION FACTOR : (1.9 + 0.17*) 10"2 Tr.irf .kBq.m .h

(*) 1 Standard deviation

Monitorin£ at fan station

The variation with time of radon and equilibrium

equivalent radon concentration (EBR) at the

exhaust of the main fan station was investigated

under two different ventilation conditions.

Data given in Figures 3 and 4 show that radon

daughter concentrations vary remarkably under

natural ventilation condition, while remain

stationery under forced ventilation condition .

Table 3 evidences the effect of different

ventilation conditions on the response of passive

radon dosemeters. The comparison of passive

with active measurements shows the increase

of track density at higher flow rates conditions

of the forced ventilation, because thu response

of passive radon dosemeters is affected by the

aerodynamical conditions of the surrounding

atmosphere. Therefore the value of the calibration

factor (F) determined at the upcast air result

lower than the corresponding one determined

at the exhaust of the fan station.

KBqm
f

3 - •

2-

1-

m3

Rn CONC.
EER CONC.

-o-

10 30
•4—i
SO 70 90

T(h)

FIGURE 4: VARIATION WITH TIME OF RADON AND

EQUILIBRIUM EQUIVALENT RADON CONCENTRATION

(EER) AT THE EXHAUST OF THE MAIN FAN

STATION (FORCED VENTILATION)

TABLE 3: COMPARISON OF RESULTS OF RADON CONCENTRATION

f'EASUREMENTS AT THE EXHAUST OF THE MAIN FAN

STATION, FOR DIFFERENT VENTILATION CONDITICNS.

RADON CONCENTRATION (kBq.m l

FORCED VENTILATION NATURAL VENTILATION

GRAB SAWL. PASSIVE DOS. GRAB SAMPL. PASSIVE DOS.

2.15 3.26 3.37 3.81
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Passive area monitoring

TABLE 4: COMPARISON OF GRAB SAMPLING AND PASSIVE AREA

MONITORING RESULTS AT TYPICAL LOCATIONS OF

THE TEST MINE.

—3
RADON CONCENTRATION {kBq.m )

LOCATION GRAB SAMPLING PASSIVE DOSEMETERS

1.15

2.33

2.37

2.52

2.81

3.26

2.74

1.74

1-SHAFT

2-DRIFT

3-RAISE

4-STOPE

5-UPCAST AIR

6-FAN STATION

7-DEAD END*

0.26

2.26

2.37

2.52

2.70

2.15

2.44

8-DEAD END* 2 . 4 4
(*:>Dead End o f the d r i f t

TABLE 5: RESULTS OF PASSIVE AREA MONITORING OF RADON
CONCENTRATION (kBq.m" ) IN 10 UNDERGROUND
MINES.

LOCATION SHAFT DRIFT RAISE STORE UPCASTAIR FANSTATICN OTrER

MINE CODE

TR 1.15 2 . 3 3 2 .37 2 . 5 2 2.81 3.26(2.14) 2 .24

PS 0.70 0.53 - 0.73 0.84 1.04(0.68)

BG 0.93 1.06 - 0.92 1.22 1.21(0.81)

BM* 0 . 1 1 0.14 - 0.20 0.10 - 0.91

M 0.32 0.71 0.67 0.87 1.13

IG 0.53 0.49 0.93 - 1.0B 2.19(1.46) -

IA 0.61 1.19 0.95 0.84 1.86

IS 0.22 - 0.46 0.80 0.63

GB 0.05 - 0.03 0.03 - 0.11(0.07) -

GN 0.87 1.26 0.89 0.53 0.58

(•) natural ventilation
Values in brackets have been evaluated usi'<g the

conversion factor related to measurements carried out

at the exhaust of the fan station under forced

ventilation conditions.

Table 4 shows results from passive dosemeters

are in good agreement with results from grab

sampling. The adopted value of calibration factor

was derived from the upcast air continuous

measurements carried out using the monitoring

station.

TabJu b finally shows results of the survey

of 10 underground mines carried out using the

same passive area monitoring control schema.

Data from upcast air may be considered

representative of ..he average radon concentration

levels as determined from measurements at the

typical Locations of the adopted control schema.

The "apparent" discrepancy of data from fan

station may be explained with the effect of

the high flow rates of the air surrounding the

dosemeters. Using the appropriate calibration

factor of Table 3 the results of passive

measurements m ight be used for monitoring purposes

in order to simplify the routine controls (12).

CONCLUSION

The assessment of radiological exposure in

underground non-uranium mines presents peculiar

aspects mainly because the radon and its djughter

concentration levels generally are lower or

near to the limits of radioprotection standards.

The exercise of the radiological surveillance

and the application of remedial actions in tne

next future will depend probably from the evidence

of epidemiological data rather than from the

mandatory compliance with radioprotection standards.

To meet the defined objectives of the optimization

of radiation protection (13) it is therefore

necessary to implement present routine monitoring

programs. A very promising approach is the extensive

application of the passive area monitoring which

will provide at low cost the screening of a

large number of mines at a planned frequency

according to the radiological characttristics

and the physical features of the mines. The

10 mines covered in this investigation represents

a range of both geological characteristics

(mineralization, mined material and physical

features (humidity, type of ventilation system)

of the main Italian mines.

Results discussed in this paper may be considered

as preliminary tests of the main investigation

concerning the optimization of a radiation

monitoring program in Italian underground non-

uranium mines.Results of the passive survey

and the tentative standardization of the dosimetric

factors (i.e. calibration factor and equilibrium

factor) carried out in the reference mine showed

the feasibility of the monitoring program outlined

in this paper. Further experimental tests of

the active and passive methods and relevant

instrumentation are now in progress both in

underground mines and in the ENEA radon chambers.

Analogously, routine survey of mines are being

planned with the active cooperation of the Italian

Ministry of Industry.
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ABSTRACT

Decisions on occupational dose limitations for
miners require the quantification of the lung cancer
risk due to inhaled radon daughters, together with its
uncertainties. The present risk assessment by the ICRP
uses the combined dosimetric and epidemiological
approach. Both procedures are associated with signifi-
cant problems either due to methodological uncertain-
ties, or insufficient demoscopical and physiological
data and information on past exposure history. In the
presentation the resulting total uncertainty due to
the combination of all uncertainties is calculated for
the absolute and relative risk concept and applied to
the US- and CSSR uranium miner populations. The results
indicate that in view of the questionable accuracy of
the input data considerable caution must be exercised
in the interpretation of any claim for a potential lung
cancer risk at exposure levels below 100 WLM.

INTRODUCTION

Many national and international regulations con-
cerning the limitation of the occupational exposure to
radon and its decay products in mines are partially
based on the results of epidemiological lung cancer
studies. Such studies have been carried out on several
groups of uranium- and hard rock miners, which have
been reviewed extensively (1, 2 ) . The results of these
lung cancer risk assessments cover a wide range of
values, differing up to a factor of 12. Apart from
methodological differences applied in the data analysis
one of the main reasons for this spread of data results
from the frequently absent quality control of the input
data used for the subsequent epidemiological studies.
Statements by the investigators of the original studies
clearly show that the data used today were never in-
tended for epidemiology:

"... the study was not designed ... to demonstrate
that low levels of exposure cause any detectable
increase in the lung cancer incidence rate" (3);
"... this analysis is most emphatically not offered
as a basis for any estimate of risk per unit dose"

(«0.
This indicates that these authors were aware of the

uncertainties associated with the data, but at present
these limitations are frequently disregarded. Since
political and socio-economic decisions with important
financial consequences on operational health physics
aspects and medico-legal claims are derived from such
epidemiological studies, it should be remembered that
the accuracy of the risk assessment is dependent on
the uncertainties associated with the determination of
the individual miner exposure as well as the induced
health detriment - regardless of the complexity of the
mathematical algorithm involved.

In the case of radon daughter induced lung cancer
amongst miners several factors complicate epidemiolo-
gical studies further:

- the multifactorial etiology of lung cancer

- the long time intervals between the initial
exposure, the unobserved induction of lung
cancer at the cellular level, and the
diagnostic detection of the disease

- neither the carcinogen "radon decay products",
nor some of the simultaneously occuring other co-
carcinogens (diesel fumes, cigarette smoke) are
specific for the mining environment only, but can
also be found to some extent under "normal" non-
occupational exposure conditions (e.g. about 2-5%
of the general population receive exposures simi-
lar or higher than most uranium miners (5, 6, 7)).

In the following the uncertainties of the major radio-
logical, medical and demoscopical parameters for a dose-
effect-risk assessment are discussed.

ON THE QUALITY OF THE EPIDEMIOLOGICAL DATA USED FOR
PRESENT LUNG CANCER RISK ASSESSMENT

The validity of a risk factor derived from an epi-
demiological study is not only determined by the sta-
tistical significance of the input data for the exposed
and control group(e.g.individual exposure for lung cancer
occurrence) but also on several model assumptions
underlying the algorithm of the calculations (e.g.
exposure-dose conversion, dose-effect relationship,
type of risk model; for details, see ref. (8)).

The main sources for the present lung cancer risk
assessment are - apart from theoretical dosimetric
studies - epidemiological studies on radon exposed
uranium miners in CSSR and USA (9> 10). Several other
population groups are under investigation (e.g.
miners in Canada, Sweden, United Kingdom )
but these studies are limited either by lack of data
on individual exposure to radiation and non-radiologi-
cal carcinogens, or by the use of truncated cohorts
due to incomplete follow-up. Specific exposure con-
ditions of Japanese A-bomb survivors (single exposure
to low LET radiation) do not apply to the long-term
exposure to predominantly high LET radiation as in the
case of miners and are therefore only of very limited
use for radon risk calculations (11).

Data on Radiation Exposure

The following is mainly based on US-Congressional
Hearings and review literature (3> 12, 13, 1^, 15). At
peak times of uranium exploration in the USA (before
1968) there were nearly 1000 active underground ura-
nium mines in operation. Then it was common practice
only in some states to carry out a single survey/year,
mine, whilst in other states this was done even less
frequently. Until 1952 mines had mainly natural venti-
lation only with its known pronounced dependence and
variability due to temporal variations of meteorologi-
cal conditions, thereby causing largely varying radon
concentration values in space and time. This variabi-
lity of exposure conditions is added to by changes in
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operational conditions (variation of exposed ore bodies
and size of open areas) to such an extent that even
within the same mine results of radon daughter measure-
ments in one year are not valid the year after. As a
consequence the degree of disequilibrium between radon
and its daughters ranged from 0.3 - 0.99 in the various
mines investigated in 1953. Despite this variability-
altogether only about one measurement per mine and
year characterizes the exposure conditions until 1967.

The individual radiation exposure assessment
requires not only the measurement of radon/radon
daughter concentration and external gamma exposure but
also the determination of the occupancy time in the
area of interest. The assessment of the exposure time
of the miners is complicated by the fact that many of
the mines in the Vest were located in remote areas and
operated only a few weeks or months per year. In
addition, the miners showed a high degree of job-re-
lated mobility as well as independent work habits, i.e.
periods of working overtime were followed by times of
vacation. Due to the variable times of mine operation
and irregular work days it is unclear to what extent
the individual exposure was fractionated at variable
dose rates rather than continuous. This uncertainty is
added to by the lack of available payroll records.
This requires that the individual exposure time and
location of the mine is dependent on the personal re-
call of the miner. Taking into account the well estab-
lished pronounced short- and long-term variations of
radon daughter values in mines (e.g. (16)), it appears
rather optimistic to calculate an individual exposure
value in retrospect for each miner which is not based
on measurements in the mines in question, but on mea-
surements in other mines of similar location, depth,
or type and -grade and ventilation arrangements.

Furthermore it is unclear to what extent the pre-
vious hard rock mining experience of some of the miners
and the radon daughter exposure associated with it may
have modified the observed effect. This also concerns
the hitherto disregard of the exposure to external
gamma emitters, long-lived radon- and thoron daughters,
which may have resulted in a non-negligible dose com-
ponent (17, 18).

In view of the above uncertainties it is not sur-
prising that some of these educated guesses on the indi-
vidual exposures of US-uranium miners are revised from
time to time, e.g. the exposure of the same miner can
change by a factor of 2lt in different studies (12).

From the end of the 196O's until today individual
exposure is' assessed in US-uranium mines predominately
from area monitoring of radon daughter levels in terms
of "working level" measurements, together with occu-
pancy time as reported by the miner himself or the
foreman. This procedure is only valid, if the nuclide
concentration is assumed constant in time and space
during the stated period, together with knowledge of
the precision and accuracy of the measurement method
used. In order to determine a statistically signifi-
cant mean value for a given work site with grab samp-
ling methods it is necessary to take 10 to 30 measure-
ments at this given site in order to assess the meRn
with 5O!5 accuracy at the 95!? confidence level (12).
The largest source of uncertainty in exposure assess-
ment with grab sampling is temporal changes of con-
centration levels, which accounts for a range of the
coefficient of variation from typically 5% to 95% (19).

The site where the actual measurement is taken seems
to depend on the objective: whilst mine inspectors
appear to prefer high level areas mainly, concern
about compliance with regulations apparently influences
the choice of the site for company measurements. This
may be a possible exploration for the discrepancy bet-
ween results from different agencies and company re-
sults (20).

In view of methodological problems encountered with
intercalibration of radon and radon daughter measuring
equipment under laboratory conditions (21) another
source for variability is added in routine operational
survey programmes in mines, since frequently exposure
measurements are carried out by different personnel
using different instruments (22).

Due to the variety of different activities during
a shift day of a miner there is no mean exposure value
that can be assigned to a typical "uranium miner",
since values for miners in production are up to 30
times the exposure value for a miner with mainly shop
duties (23).

.But even assuming the unlikely absence of any of
the above sources of uncertainty area monitoring gene-
rally overestimates low individual exposures and under-
estimates high individual exposures {2h). The only
solution for the future appears to be to add indivi-
dual monitoring with personal dosimeters to operatio-
nal area monitoring as it is becoming common practice
in France, Poland and Canada.

The other group of miners used extensively for epi-
demiological research on lung cancer incidence, i.e.
the CSSE-uranium miners, is suffering from the lack of
some vital data which have remained unpublished; for
instance, the total number of miners investigated can
only be inferred indirectly from other Eastern bloc
publications as k36h men. However, information
essential for the quality control of the exposure data
such as the derivation of the F-value (the degree of
equilibrium between radon and its daughters) was only
estimated), the assessment of the occupational history
is missing. Also it has been noted that - despite of
the high variability of atmospheric nuclide concen-
tration values in underground mines - there is a sus-
piciously high degree of accuracy in the values pub-
lished, together with unsubstantiated confidence
levels (25, 26).

Data on Lung Cancer Incidence

Review articles on this subject have been published
by EISEHBUD and IVES et al. (27, 28).

Carcinomas of the lung may arise in any portion of
the lung. It is likely that noted geographical diffe-
rences in the site of the origin of lung cancer are
more a reflection of the quality and frequency with
which autopsies are carried out rather than due to
environmental factors. Also racial differences of
lung cancer types between Europeans and non-Europeans
have been observed (29). This limits the usefulness
of results from epidemiological studies on non-Euro-
pean population groups, e.g. in China, which have been
compared with results obtained from CSSR- or US-miners.

Various causes for lung cancer induction are known,
however, amongst the non-radiation factors the domi-
nating cause is smoking, e.g. it is estimated that
smoking is responsible for more than 75? of all lung
cancer cases in the general population (30). For an
epidemiological study of the carcinogenic effect of
radon daughters amongst smokers it is essential that
the impact of this carcinogen is quantified, i.e. the
daily number of cigarettes smoked, the degree of in-
halation and the age when smoking was begun (31).

Such information is only fragmentary and partially
even contradicting for the US- and CSSR-miners and
their controls. Despite the strong indication of
smoking as a decisive factor for lung cancer induction
non-mining controls for the US-study were matched
primarily for age at diagnosis and only secondarily on
smoking habits "... as smoking seemed less important"
(3). In the same report it is also stated that little
difference could be found between smoking habits of
the control group and the different US-uranium mining
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subgroups. This is in contrast to the fact that 70% of
the US-miners were smokers, but only kO% of the US-male
general population (32). Similar questionable state-
ments can be found for the CSSR-miners, where it is
stated that the population of cigarette smokers in the
uranium miners and in the control group are about the
same (33).

Quantitative information on the smoking character-
istics of the US-miners is limited to the "number of
cigarettes/day" and "cigarette pack years"; for the
CSSR-miners even these data are missing altogether. In
the US-study the definition of a "non-smoker" also in-
cludes persons who smoked occassionally. The low quails
ty of the input data is reflected in the results of a
study relating the frequency of bronchogenic carcinomas
with the cumulative cigarette consumption (31*): the
number of epidermoid cancers observed in "non-smokers"
is about 50% too high, respectively for small cell
undifferentiated cancers about 1*0% too low for the
corresponding number extrapolated down to zero ciga-
rette consumption from the "smoker" curve.

A subject of considerable, but generally disregarded
uncertainty is the medical diagnosis of lung cancer. In
case cancer registers are used error possibilities can
be due to the diagnostic method used to obtain the
actual input data (histology, cytology) as well as the
data recording system (data coding). A completeness and
reliability study of a European lung cancer registration
system showed rather discouraging results (35). The
situation is no better, if death certificates are used,
since about 20% are wrong, if not confirmed by autopsy
(36).

Already the initial phase of'obtaining the tissue
and its preparation is a source of considerable un-
certatiny: crush artifacts occur in about 25% of all
biopsies, causing misclassifications as "small cell
carcinomas" (37); the time between sampling and fix-
ation is decisive for the outcome; the type of histo-
chemical staining used influences the number of carci-
nomas diagnosed as adenoearcinomas by a factor 3 (38).

The next step, histological typing of lung tumours,
is also the source of many errors. The World Health
Organization has defined h categories with 2k types of
malignant lung cancer (39). This makes the possibilities
of misjudging high, e.g.: spindle cell type of
squamous cell carcinoma is frequently confused with
carcinosarcoma; in case of small cell carcinoma it is
difficult to distinguish subtypes even with cytological
methods; special care is needed to exclude metastases
from primary adenocarcinoma in other sites; poorly
differentiated adenocarcinoma cannot be readily dis-
tinguished from large cell carcinoma; it is often dif-
ficult to distinguish between epithelial mesotheliomas
and adenoearcinomas; several lesions resemble lung
tumours (mycoses, parasitic infections, vascular
malformations).

In addition to these methodological problems it has
to be taken into consideration that lung tumours are
heterogeneous with frequent mixing of all four major
categories of lung cancer, i.e. all types are actually
present, if the correct microscopic investigation
method is used (1(0).

In view of the above it is understandable that lung
cancer diagnosis generally has a low degree of relia-
bility: on an international level inter-observer agree-
ment between several pathologists using the same slides
is generally only about 50% (28, l»1, 1(2, U3). Even when
71% of the normal cases are excluded from the beginning,
this dissatisfactory result does not improve. In
addition, even intra-observer variability can be as
high as 20%. A particular problem is the recognition of
small cell carcinoma, where unanimity in the diagnosis
between pathologists can be as low as 25% (28).

There are conflicting reports on the association of
a certain carcinogen with a particular type of lung

cancer, e.g. smoking is found to have a positve rela-
tionship with small cell carcinoma (hk), or no con-
sistent pattern could be detected at all (1)5). Also in
the case of the uranium populations it has been
claimed that one or the other type of lung cancer was
prevailing. However, in addition to the above
mentioned uncertainties there are two reasons which
seriously question these findings (28, 3h):

- there has been pronounced observer variability in
classifying the same tissue slides: a panel of
pathologists identified twice as many small cell
carcinoma as compared to a single pathologist
participating

- there seems to be a source term-influence, since
almost 60% more small cell carcinoma were found
in slides from an autopsy series in comparison
to slides from a biopsy series.

Furthermore, in the US-study h% "possible" lung cancers
were included but not identified as such.

In the study of the CSSR-miners there is no pub-
lished information on the lung cancer diagnosis and
classification: neither the source of the specimen,
the age of the patients, nor data on the quality con-
trol of the diagnosis and classification are available.

LUNG DOSIMETRY AND RISK ASSESSMENT

Conceptual Differences in Dosimetric Modelling

Current concepts of lung dosimetry consider the
basal cells of the bronchial epithelium as the risk-
relevant target for lung cancer induction (^6). Basal
cell doses have been calculated by various authors
using different assumptions on
- the anatomical structure of the human respiratory
tract (lung models, age dependency)

- mucociliary clearance rates (slow vs. fast
clearance, smoking)

- the location of sensitive basal cells in bronchial
epithelium (shallow basal cells, depth distribution,
bifurcation sites).

Despite apparent differences in the model assumptions,
all dosimetric models agree surprisingly well with one
another, placing the bronchial epithelium exposure-to-
dose conversion factor at about 5 mGy/WLM for uranium
miners. We therefore want to extend the argument of
YU and DIU (1(7), that "differences in aerosol depo-
sition from various lung models reflect the intersub-
ject variability of the human morphology", to all
other parameters involved in lung dosinetry. "System-
atic" parameter variations are thus related to "random"
parameter variations which will be discussed in the
next section.

Cigarette smoke has been implicated in a causal
relationship with carcinoma of the lung. CROSS (48)
suggested that the major effect of cigarette smoke on
lung cancer induction is its promotional effect. Thus
the initial basal cell dose distribution should be
weighted by biological promotion factors, e.g. smoke,
dust, chemicals, etc. (1(9). The effect of such factors
on lung cancer incidence has already been accounted
for by the variation of the lung cancer incidence for
a given cumulative exposure.

Inter- and Intrasub.ject Variabilities of Model
Parameters

Inter- as well as intrasubject variabilities or
morphological and physiological data cause a substanti-
al variability in doses received by a single individual
within a group of exposed individuals as compared to
a calculated average value for all individuals..In
this study, uncertainties in model predictions are
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evaluated within the framework of current dosimetric
models and the present, though very limited, infor-
mation about experimentally observed parameter varia-
bilities (50). Statistical fluctuations and uncertain-
ties in parameter values are represented in terms of
truncated lognormal frequency distributions, derived
from experimental data available. Applying Monte Carlo
techniques, a set of parameter values is selected ran-
domly in an iterative manner from these prespecified
distributions. Such a stochastic procedure yields pro-
bability density distributions for the basal cell doses
in the different generations instead of single mean
values. In all cases, highly skewed frequency distri-
butions were obtained which could be approximated by
lognormal distributions. Figure 1 illustrates the indi-
vidual variability of basal cell doses in generation h
of the Weibel model (segmental bronchus) for inhaled
radon daughters (model assumptions: 2 2 2 ^ concentration
= 1 pCi/1, with 2 2 2 R n . R a A : R a B : R a C = 1 :o.9:0.6:0.1*;
AMD = 0.15 Wm with a- = 2.5; unattached fractions
f(RaA) = W% and f(RaB) = \%; RMV = 15 1 min"1, with
TV = 1 1 and RF = 15 min~ 1).

- many US-uranium miners had previous hard rock
mining experience where they were also exposed
to the above radiation components.

Frequently uranium mines were also exposed to
potential or known carcinogenic cofactors, e.g.:

- Zn, Pb and S from black powder fuse and
blasting primers

- organic diesel engine emissions with hydro-
carbons of the same type as cigarette smoke

- benzo(a)pyrene concentrations as high as
57 ng/m3 (52).

Considering only the low-level exposure groups in
the relevant epidemiological studies the following
results can be obtained:

- for the CSSR-miners (up to 100 W M ) :
no significant difference between observed and
expected lung cancer mortality

- for the US-miners (up to 119 WLM):
number of lung cancer observed: 3 (including
a 71-year old smoker (3));
number of cases expected: 3.96, i.e. no excess
number of lung cancer cases.

REL. FREQUENCY, %

10 " MEAN:
MEDIAN:
G.S.D.:
95th P.:

0.71*
0.58
2.03
1.91*

mGy/yr
mGy/yr

mGy/yr
99th P.: 3.21 mGy/yr

0.5 1.5 2.5 3 3.5
DOSE RATE, mGy/yr

FIGURE 1: RELATIVE FREQUENCY DISTRIBUTION OF THE BASAL
CELL DOSE IN GENERATION it OF THE WEIBEL MODEL
FOR THE INHALATION OF RADON DAUGHTERS UNDER
SPECIFIED INHALATION CONDITIONS (see text)

According to the statistical procedure suggested by
TSCHURLOVITS and BENINSON (51), we cut off the dose
distribution at the 95th percentile and interpret the
remaining distribution as a normal distribution. Al-
though this procedure neglects the small critical sub-
population receiving the highest doses (hatched area
in Figure 1), it permits on the other hand consistency
with our statistical analysis of human lung cancer
data and risk assessment.

REASONS WHY THE "PURE" RADON DAUGHTER RISK ESTIMATE
MAY BE TOO HIGH OR TOO LOW

The Risk Factor is overestimated

1. The individual radiation exposure of the miners may
have actually been higher than the value assigned
in the epidemiological studies:

- US- and CSSR-uranium miners were exposed - si-
multaneously with the short-lived radon
daughters - to external gamma radiation, thoron
daughters and long-lived radon daughters.

The Risk Factor is Underestimated

1. The final number of lung cancer cases in the two
study groups of the CSSR- and US-uranium miners may
continue to grow further:

- animal studies show that the cohort has to be
followed until extinction (53). This is parti-
cularly the case for low-level exposure as the
mean latency period is prolonged

- in uranium miners new lung cancer cases have
been detected up to 50 years after exposure •
(5*0. Since both CSSR- and US-mines have been
followed up to about 30 years only, they re-
present truncated cohorts and the standard
mortality ratio could increase further with
complete follow-up

- there is evidence that radon daughter induced
lung cancer may follow a supra-linear dose-
effect relationship (55).

2. The actual number of lung cancer cases may be
higher than the number observed hitherto:

- in US-miner studies more than 60% of the re-
sults are derived from autopsy material (28).
Since the bronchial sections are very small,
it is possible that lung tumours can be missed
(56).

- many of the US-miners had a "chronic cough"
for many years (3). This makes it possible
that some deaths attributed to tuberculosis,
silicosis or unspecified cancer were actually
lung cancer.

RANGE OF UNCERTAINTIES ASSOCIATED WITH LUNG CANCER
RISK ASSESSMENT

In the following assessment of radon daughter in-
duced lung cancer risk the absolute and relative risk
concept are used for the CSSR- and US-uranium miners.
In order to calculate the range of uncertainties
GAUSSian error propagation algorithm is used as a
first approximation for the mean error AR of the risk
R as a function of n variables x£:

V
i
£ (-
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Absolute Risk Concept

The total observed risk (Rotis (D)) is defined as
the sum of the expected lung cancer risk without radi-
ation (Eo) and the excess risk as a function of the
dose due to the radon daughter exposure (D):

Robs
aD (1)

where: a ... absolute risk factor.
Applying GAUSSian error propagation the variance of
the total observed risk (A^Robs (D)) ̂ s obtained as:

A2R obs (2)

Variance A2Rn denotes the "spontaneous" lung cancer
incidence and is dependent of the smoking character-
istics (A2sm), the dose resulting from the exposure to
the natural radiation environment (A2HRE) and air pol-
lution (A2AP). The assessment of A2R O is based on the
following assumptions:
• 1. The mean contribution from HRE-exposure to the

total observed number of lung cancer cases is
typically 3%.

2. Smoking is responsible for about 80$ of the lung
cancer cases observed amongst males. The maximum
variability of this parameter (equal to + 3
standard deviations) due to differences in the
degree of inhalation, cigarette consumption and
age when smoking was begun is assumed to be a
factor 3.

3. Air pollution accounts for about 15$ of all lung
cancer cases (57).

h. The total period required for the full expression
of the detriment induced is kO years.

5. Since uranium miners are males only data on the
male general population are used, i.e. the
annual age-adjusted death rates are 51.2/105 for
the USA (male) and 66.U/1O5 for the CSSR (male)
(30).

Using the numerical values for the above components of
2 the following results are obtained:

ARQ = +

for the US-general population:

(3)

cumulative exposure (E) and its variance (A2E), Aa is
calculated as follows;

Aa = + y(_|L)2 _ (-AjgE^
1
 w

for the US-miners: Aa = + 1.87-1O"5 (eases/WIM.UO yr)
for the CSSR-miners: Aa = _+ 5.65'1O"5 (eases/WLM,i*O yr)

Variance A D represents the stochastic variability
of the exposure-dose conversion for a given exposure
level due to the influence of individual biological
variability on the deposition of inhaled radionuclides
clearance and lung geometry (hs). The following assump-
tions are used for the calculation of A^D:

1. The variability of the basal cell dose distri-
bution in generation It, illustrated in Fig. 1, is
representative
- for all bronchial generations
- for a variety of exposure conditions (aerosol
properties, respiration standards) found in
uranium mines.

2. An exposure-dose conversion factor of 5 mGy/WIM
was used to convert the above dose variability
(mGy) into an exposure variability (WIM).

Under these assumptions the results are:

for the US-miners: AD = +, 520 WIM
for the CSSR-miners: AD = ± 1UO WIM.

Variance ARn,»,g (D) is calculated according to
Equation (2) for the total follow-up period of 1(0 years.

a) For 3300 US-miners: ARolDS (D) = + 253.
Based on a = 0.352/105 person-years, WIM the
resulting total number of lung cancer cases will
be 5 W + 253.

b) For 1(36U CSSR-miners: Robs (D) = + U66.
Using a = 1.9/10? person .years, Wl33 for these
miners the total number of lung cancer cases
will be 752 + 1(66.

Relative Risk Concept

Based on the assumption of a no-threshold, linear
increase of risk with dose D the integral observed risk
R'obs is calculated as follows:

ARO = ± 372/10% lt0 yr

for the CSSR-general population:

ARO = + VT2/1O
5, !»0 yr.

Variance Aga of the absolute risk factor is a
function of the uncertainties associated with the mean
exposure assessment (A2E ) , the medical diagnosis (A2M)
and demoscopical errors (A^D). Due to the lack of re-
levant quantitative information demoscopical errors
are assumed to be 2ero. For the assessment of A2a the
following assumptions are made:

1. The maximum variability (= + 3 standard devi-
ations) of the mean individual cumulative ex-
posure (E) to radon daughters is a factor 5
(E for 3300 US-uranium miners is 1180 WLM (58),
respectively 300 WIM for k36k CSSR-uranium
miners):

AE(US-miners)= [(1180-2.23)-(H80/2.23)1 :6=35O WIM
AE(CSSR-miners)*[(300-2.23)-(300/2.23)]:6= 89 WIM

2. On average only 6h% of lung cancer cases diag-
nosed over the past 20 - 30 years for the CSSH-
and US-miners are correct.

Using the total number of lung cancer cases observed
(M) and its variance (A2M ) , together with the mean

f(Ro,D) Ro(1 6D)
obs o

where B»--relative risk factor.

Variance A2R'r,-hc is determined by using GAUSSian
error propagation:

(5)

A2R- (1+BD)2A2Ro Ro (6)obs > • • — < 0 "o - o

Applying the above algorithm variance A2B is obtained
from the following equation:

(7)

for the US-miners: AB
for the CSSR-miners: A3

+ 0.03/S/WIM
i 0.10J5/WIM

Using equation (6) variance A2R'obs is calculated under
the assumptions and numerical input data as used for
the absolute risk calculation above:

a) For the US-miners: AR'obs * ± 178.
Based on B = 0.1(5 + 0.O3J5/WIM the kO yr-integral
observed number of lung cancer cases will be
1(27 + 178.

b) For the CSSR-miners: AR'ot,s » + 226.
With g « 1.8 i 0.1#/tfIM a total number of lung
cancer cases of V\h + 226 will be observed.
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DISCUSSION

It is emphasized that the above assessment of range
of uncertainties is based on conservative assumptions
for the variability of the various input data in order
to avoid extremes. However, it is unknown to what ex-
tent mutually superimposed uncertainties may lead to
a partial compensatory effect.

The results of the calculations show that indepen-
dent of the underlying risk concept the range of un-
certainties of the number of lung cancer cases due to
radon daughters (i.e. mean plus or minus one standard
deviation) is at least of the same order of magnitude
as the total number of lung cancer cases expected. The
main reason for this is due to the strong influence of
the uncertainties associated with (listed in the order
of importance): the individual exposure assessment, the
exposure-dose conversion and the histo-pathological
diagnosis of lung cancer. It is unlikely that the
missing or insufficient data on exposure can be im-
proved significantly in the future, since the past in-
dividual exposure conditions with its pronounced
spatial and temporal variations cannot be reconstructed
with sufficient accuracy.

The methodology for the conversion of exposure to
dose has made large improvements in recent years (59).
It is hoped that future re-analysis of the epidemiolo-
gical input data will make use of the results of these
relevant studies, in order to improve the comparability
of the results obtained in different epidemiological
studies on radon daughter induced lung cancer.

Also the third dominating group of input data,
histo-pathological diagnosis, can be improved, if in-
ternational standardization of tissue preparation and
tumour classification methods is aimed for. As an
essential part of any such epidemiological lung cancer
study a comprehensive quality control programme should
be incorporated for the participating medical research
institutions.

CONCLUSIONS

The scientific value of "epidemiology." consists of
its capability to test the significance of an associ-
ation between exposure to a suspected detriment and
potentially induced detriment (effect). However, it is
essential that the statistical significance of the out-
come can be no higher than the statistical validity of
the input data used for "exposure" as well as "effect".
Scientific malpractice has given reason for serious
criticism in several cases of epidemiological studies,
where shortcomings of high level - low level extrapo-
lation, inference of causality from correlation had
resulted in questionable "scientific" consequences
(60, 61). In the two studies discussed here, i.e. US-
and CSSR-uranium miners, for both groups of input data
("exposure" and "effect") the uncertainties associated
with them prohibit any claim for higher precision of
the risk assessment derived from them. This situation
cannot be improved in the future by refinement of the
mathematical analytical methods. The only improvements
could be on the parts concerning exposure-dose con-
version and histo-pathology. By accepting the above
stated shortcomings of these data it is obvious that
they are nevertheless needed for the risk assessment
of radon daughter induced lung cancer, since they are
the only data against which theoretical lung models
can be tested.
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DISCUSSION

Question (Swent): I have a coment, not a
question. You stated that in the U.S. uranium
mines natural ventilation was relied on until
1959. I believe that you may need to back that
date up.

Answer: It's 1952. If I said 1959, I was wrong.

Question (Cohen): If you are only interested in
the ratio of the percentage of small cell
(cancers) in miners to that in non-miners, the
hlstopathologlcal data are standardized. The same
pathologist classifies slides from miners and
non-miners, so all of the problems you mentioned
cancel out when you take the ratio.
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Answer: The information derived from the histo-
cytological assessment of lung tissue samples is
dependent on:

- the sampling procedure
- the staining technique
- the classification/analytical procedure.

The above argument is only valid, if steps 1 to 3
are all carried out by the same institution.
However, step 3, the analysis and classification,
is done frequently by a person not necessarily
involved in steps 1 and 2 (e.g., a review
committee of pathologists).

COMMENT (Jacobi): I fully agree with your demand
to consider more carefully the uncertainties
involved in the presently available epidemio-
logical data. Taking into account the statistical
95Z confidence limits, the derived risk factors
cover about one order of magnitude, in accordance
with your estimate. However some of the
systematic error* you mentioned might compensate
•ach other. This might explain why the mean risk
factors resulting from the larger studies
concerning uranium miners seem to differ by not
more than a factor of three. In any case wt
should provide a similar analysis to that of lung
dosimetry - a senstivlty analysis to recognize
more quantitatively Che combined Influence of all
systematic uncertainties In these epidemiological
studies.

COMMENT (Bernstein): I am pleased to see that
your analysis of the range of uncertainty In
assessing quantitatively the risks of radon
exposure includes the need to consider the
enormous variability In exposure assessments.
Generally, when the relationship of lung cancer
risk to radon exposures in underground miners is
presented graphically and analysed for extra-
polation of risks at low level* of exposure, the
variability In the outcome variable (occurrence of
lung cancer) is considered but the exposure Is
taken a* a point-estimate with no variability. By
considering variability In one parameter but not
in the other, there Is a bias toward* the null
(••king the estimated low-level exposure risk*
appear falsely diminished).
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STUDY Of MORTALITY OF ONTARIO MI HERS

J. MULLER,1 W.C. WHEELER,2 J.F. GENTLEMAN3
G. SORANYI,2 R. KUSIAK1

Technical Assistant: J. Barnicoat

1) Ontario Ministry of Labour
2) Ontario Workers' Compensation Board

3) Statistics Canada

The Mortality by cause of Ontario ainers over the
period 1955-1977 has been studied. The period of
follow up was extended in uranium miners to the end of
1981.

An increased risk of lung cancer was detected in
gold Miners and uranium Miners. The cause for the
increased lung cancer risk in gold miners is being
investigated. Data on the relation between exposure
to the short lived daughters of Radon-222 and lung
cancer risk are given.

MTUOOOCTIOM

A study of the health effects associated with
employment in the Mining industry should take into
account the nature of the industry. Market conditions
related to the individual ores or Mines can change
very rapidly and as a result those involved in mining
- both companies and Miners - have to adapt to these
pressures. Miners therefore frequently Move froM mine
to Mine, froa one Mining camp to another, and from
Mining one ore to Mining a different one, as
individual Mining companies increase or slow down the
rates of production.

Gold Mining presented a predominant mining
operation in Ontario prior to and during the early
years of World Mar II. In later years it started to
decline and this decline continued into the post war
years. As gold Mining declined, the nickel and copper
mining industry developed and employed an increasing
number of Miners.

Uranium Mining in Ontario started in 1955, reached
a peak in the late 1950's and early 1960's when an
equally fast decline of production and employment set
in. The restructuring of the Mining industry
contributed to the high Mobility of the Ontario Mining
population in the post war years.

It is usual to study individual groups of miners
(defined by the kind of ore Mined or by individual
Mining company), separately and in isolation. This
Mas done in a pilot Mortality study of Ontario uranium
Miners carried out by two of the present authors in
1974.('' Similarly, studies of Ontario uranium
Miners;*'. U.S. uranium Miners *„ C*
Miners1*"", and Swedish Miners
specific groups of Miners only.

:ech uranium
evaluated

'Sponsored byi Ontario Ministry of Labour
Ontario Workers' Compensation
Board
Atomic Energy control Board
of Canada

Most studies attempt to take certain confounding
factors into account such as age, smoking habits and
time since exposure. The importance of other factors,
not directly related to the physical or chemical agent
in the environment that is being actually studied, is
being recognized,^10' but very rarely taken into
account in a study. This is not so important when
studying an environmental factor that is truly
overwhelming so that other less important
environmental factors can be neglected. When studying
the effects of low doses of potential cancer causing
agents, however, other factors in the living and
working environment can no longer be neglected.

A demonstrated occupational risk in a given mine
environment can therefore not be simply attributed to
one single environmental factor in a mining environ-
ment, such as radon daughters. It is not unlikely that
observed health effects are the result of exposure to
physical and chemical agents not only in the present
but also in former working environments. It is
therefore desirable to know the complete work history
of the members of a study population when
investigating possible effects of exposure to a
specific work hazard. As miners generally change jobs
within Mining, a study of the total industry, as
opposed to the study of miners with a history of
employment in one selected company or type of mine, is
a useful step in this direction.

This study constitutes an attempt to analyze the
mortality pattern of the various groups of miners in
the context of the general mining population of
Ontario rather than individual groups of miners in
isolation as was dona previously.

Aims of the Study

As indicated earlier, the principal aims of the
study include the evaluation of:
1. the risk of dying by cause in non-uranium miners

by ore mined;
2. the dose-tiMe-response function for cancer of the

trachea, bronchus and lung from exposure to the
short-lived daughters of Radon-222;

3. the effect of other contaminants in the present or
former work enviroMent that might affect the lung
cancer risk in uranium Miners;

4. possible differences in relative frequencies of
lung cancer by cell type in the various groups of
miners.

Some of the results of this study, as available
up to the present, will be given.
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rce data and the methods used

MWHOPB OS«P

Details on the
were given earlier.

For the purpose of this study, a miner was defined
as a full-time or part-tine underground worker who had
a miner's examination at any time between January 1,
1955 and December 31, 1977. In addition to this
requirement, non-uranium miners were required to have
worked for sixty months or more in & mine including at
least one month in an Ontario nine. A complete mining
History was assembled for each member of the cohort. -

Men with any known exposure to asbestos were
separated, as well as nen who ever worked in a uranium
mine outside the Province of Ontario or in a uranium
processing plant as no exposure data to radiation and
radioactive materials were available to the authors.
The remainder of the cohort was grouped by ore mined
as indicated in Table 1. For details of rules used
for dividing the cohorts into sub-groups, see (11,
12). A uranium miner, for the purpose of this study,
was any full-time or part-time underground uranium
miner with one month or more of underground mining
experience. In addition, some men who worked- in
uranium mills ware included in the study.

Exposure History of Uranium Miners;

Th* exposure to the daughters of Radon-222 in
working level months (WLM) war* calculated for each
miner in each calendar year from 1955 to 1967 oy
multiplying a weighted mean radon concentration in
working levels (ML) with the number of months spent in
th* mine in the calendar year and a work history
factor (WHP) that corrects for overtime or work
stoppages during the year.

WUi - WL x months X WHF
Because of th* variability of th* radon daughter
concentrations in time and space within th* mine no
•xact determination of the true exposure can be made'
in any study relying on th* results of area
monitoring. Recognizing this fact, it was considered
advisable to use both an upper and lowir bast estimate
of the mean radon daughter concentration in each mine
and each year up to th* end of 1967. The upper and
lower beat estimate of exposure for each miner in each
year war* called special M M (WLH spec) and standard
tOM (WLM st) respectively. It is assumed that th*
true exposure of each man liee within this rang*. For
further details, see (12). For th* period 1968 and
later personal exposure records were used.

Death Information;

A death search for the total cohort of 50,201 men
was carried out over the period January 1, 1955 to
December 31, 1977. For uranium Miners the death search
was updated to December 31, 1981. A computerized
linkage procedure between identifying information
relating to the miners cohort and similar information
in th* Canadian Mortality Data Base was used. Tnis was
followed by manual resolution, making us* of
information not contained in the computerised Canadian
Mortality Data Base. For further details, see (11-
18).

Demographic Characteristics of the Cohortst

Table 2 gives median values of population
characteristics by ora mined. Uranium miners were on

the average the youngest and gold Miners the oldest
group. The average period of employment in uranium
mines was much shorter than in other types of mines.
Gold miners started mining in Ontario much earlier
than other groups of miners. Hie differences in
demographic data mentioned are the result of the
history of mining operations in Ontario over the last
several decades.

Mortality of Individual Cohorts of Minersi

For the purpose of this study, causes of death ware
accepted as coded on the death certificate. No attempt
was made to re-evaluate this coding, as re-coding
might affect comparability with the mortality of the
male population of Ontario. For the period 1955 to
1968, the seventh revision of the ICDA codes was used,
the eighth revision for the period 1969 to 1978, and
the ninth revision of the ICDA code was used for the
period 1979 to 1981. Causes of death ware grouped in
this report, but more detailed information is
available if needed. The individual ICDA codes for
the seventh and eighth revision for the individual
death cause groups are given in (12).

In th* tables of mortality data the expected number
of deaths was calculated using ag*, calendar and
period specific mortality rates for th* male
population of Ontario. The p-values shown are for a
one-sided test of the hypothesis of no increase in
risk for th* particular causa of death group and
cohort. The p-valu* appears in the tables only if it
is 0.05 (5E-2) or less. The tables give the number of
observed and expected deaths as well as the
standardized mortality ratio (SHR) for the various
death cause groups for the individual miners cohorts.

Full-time Underground Nickel-Copper Miners;

In this group of miners there was a small deficit
of deaths from all causes and a more marked deficit of
deaths from all disease causes. This is most likely
due to a 'healthy worker effect". No increase in the
frequencies of cancer of the respiratory tract, non-
specific lung disease or any other group of diseases
could be detected. Only th* number of violent deaths
is significantly greater than expected (see Table 3).

Full-time Underground Gold Minersi

Striking features of these data are the great
number of deaths from silico-tuberculosis that
occurred Mainly in th* earlier years of the study, th*
great number of deaths from non-specific lung disease,
a significant increase of deaths from cancer of the
stomach, which is more than offset by a deficit of
deaths from cancer of the intestine and rectum (see
Table 3). There is a highly significant excess of
deaths from cancer of the trachea, bronchus and lung .

Other Hard Rock Miners;

No significant increases in th* number of deaths
were found for any cause in iron ore Winers and in
"other ore miners". Only "mixed ore" underground
miners showed a similar pattern of mortality as full-
time underground gold miners. (See (12))

Two deaths from silico-tuberculosis were observed
among part-time underground gold miners and one death
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fro* the ' i«H cause in part-tiaa underground "mixed
or« Miners". Th« mortality data for part-tiita
underground miners showed no othar striking features
axcapt the "healthy workers" effect, for details, see
(12).

Underground Oranium Mineral

Table 3 gives Mortality data for uranium Miners for
the period 1955 to 197». Deaths that occurred in this
group ot Miners were ascertained up to the and of
1911. The laat three years of follow-up are not
included in the table as. at the ti*e of writing, the
expected number of deaths for seas of the grouped
causes of death were not available.

The MMber oC deaths fro» "all causes" Mas
significantly greater than expected. This was largely
due to a significant increase in violent deaths. As
anticipated, the nuMber of observed cancer deaths w i
significantly greater than expected due to a
significant increase in deaths fro* oanoer of the
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trachea bronchus and lung. On 11 death certificates,
silieosis and chronic interstitial pneumonia (Id*
codes 523-525 Kevision 6 c 7 and 515 - 517 Revision •)
were given as cause of death.

A series of weighted linear regression analyses
were carried out, using attributable risk* or excess
relative risk** as dependent variable and exposure in
units of standard Working i*vel Months (HIM st) or
special Norking Level Months (HIM spec) as Independent
variables. The result of these linear weighted
regressions are summarised in Table 4.

UraniUM Miners ware treated as one group ("all") in
Table 3. As however, gold Miners who never Mined
uraniuM, shewed an increased long oanoer risk (see
Table 3), uranium Miners were split into two
cohorts t one oonsisting of Men with no gold mining
experience prior to starting uranium Mining and one
cohort oonsisting of uranium miners with prior gold
mining experience.

As examples, figures 1-2 represent graphically the
weighted dose response functions for the total cohort
of uranium miners, for uranium miners with no prior
gold mining experience and for uranium miners with
prior gold mining experience.

Table 5 gives the appropriate raw data, that the
weighted regression is based on. Mo lag for exposure,
or rejection of person-years at risk and lung oanoer
deaths occurring in the first 5 or 10 years after
starting Mining have been applied in this calculation.

* Attributable risk •
(Obeerved-Bxpected)
Person-years at risk

** Ixoess relative risk •
(Observed-lxpected)

Expec
•Ixpect
ited"

m m Mara • * lialaf a n al«a> ta tka »aa»aat kalf-yaar, Mkar vaMa ara fl«aa
u tka limit ft.
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and rectum. No similar increase in risk of dying of
stoaach cancer was observed in any other cohort of
Ontario Miners. Uranium Miners with gold mining
experience have a similar tendency of increased
stomach cancer risk (observed 13; expected 8.28; SHR -
157), as compared to uranium miners with no former,
gold aining experience (observed 9, expected 9.55,
SMR-94). The increase of stomach cancer in uranium
miners with former gold mining experience is however•
not significant at the 5% level. Also, the deficit of
deaths from cancer of the intestine and rectum in
uranium miners with former gold aining experience is
noticeable.

In comparing the risk functions for uranium miners
with previous gold mining experience with those of
miners with no previous gold mining experience, the
nost striking feature is the high intercept in men
with previous gold mining experience. (See Fig. 1 and
2 and Table 4) This feature is independent of the
risk model used. In former gold miners there is a
significant risk even at zero exposure to radon
daughters in a uranium mine. This is wall compatible
with an increased lung cancer risk in gold miners who
have never mined uranium, as discussed earlier. The
slope of the relative risk function is generally lower
in former gold miners than in uranium miners who have
never mined gold.. This is Most likely due to the
interaction of two or more risks in former gold
Miners. When using the absolute risk approach, the
slope is generally somewhat higher in former gold
Winers than in uranium Miners who have never Mined
gold. The likely explanation is the higher age of
uranium Miners with previous gold aining experience.

The data in Table 4 also indicate, that the
relative risk function is hardly affected by lagging
the exposure by 0, 5 or 10 years. Both slope and
intercept remain practically unchanged in the cohort
of uranium Miners with no prior gold mining
experience. As can be expected, these parameters are
somewhat less stable in men with prior gold aining
experience. Mien using the absolute risk function,
the effect of lagging exposure by 5 or 10 years is
somewhat More pronounced.

For uranium miners with no prior gold Mining
experience the relative risk factor is between
0.5x10 "* and 1.3x10"2 j»er HLH. The attributable risk
factor for the same group of Miners, when lagging
exposure by 10 years is 3x10"* to 7x10"6 per person-
year at risk x M M .

The data Indicate that it was justified to
investigate the exposure-response relation in uranium
'. Miners in the context of the total mining population
of Ontario. It was shown, that former gold Mining
affects lung cancer risk in uranium Miners. This
approach also made it possible to identify Ontario
Miners who have also worked in an Eldorado mine
outside Ontario or in a uranium processing plant, in
this group 33 lung cancer deaths were observed and
7.21 deaths from this cause were expected (SMt 458).
These cases would have appreciably affected risk
assessment, if not excluded from the individual
cohorts. (For details see 12).

•oth the attributable risk model and the relative
risk model describe ' adequately the relationship
between exposure and risk. There is, however, the
question which of the two models allows a More
meaningful extrapolation to another population with an
age structure which is different from that of the
Ontario uranium miners. In order to answer this

question, person-years at risk, observed and expected
lung cancer deaths, as well as accummulated WLMs were
assigned to age groups 55 years and older and under 55
years. Exposure response functions were derived
independently for the two sets of data using both the
attributable risk and the relative risk models. The
results are summarised in Table 6 and Figure 3a and
3b.

The intercepts of the exposure-response functions
for both age groups and both risk models are
compatible with a xero intercept. Using the
attributable risk model, the slopes of the exposure-
response functions for the two age groups are
different and not compatible with the hypothesis of a
common slope. Higher age groups show a greater slope
of the exposure-response function.

Using the relative risk model, the slopes of the
exposure-response function for the two age groups are
compatible with a common slope. It should, however be
noted that the Colorado Plateau data indicate a
decrease in relative risk per unit exposure with
increasing age.'21' The data in this study are not
inconsistent with this observation (see Table S).
These findings are consistent with the assumption that
the effects of age and/or cigarettes smoked are more
than additive with the effects of Radon daughter
exposure, but likely less than multiplicative.

Nevertheless the relative risk Model appears to be
less sensitive to differences of aga distribution
between two populations than the attributable risk
model and might therefore be more appropriate for
extrapolation of risk factors from one population to
another.

In order to extrapolate risk in time, beyond a
truncated period of observation to lifetime risk, a
good understanding of the time response function is
needed. Up to the time of writing this report the
time response has not been adequately investigated in
this population.

Smoking histories are being assembled, but at the
time of writing, data are incomplete and no correction
for possible differences in smoking habits between the
individual cohorts of miners and also the male
•population of Ontario during the critical years of the
study could be carried out as yet.

It is difficult to postulate, that smoking habits
of gold miners differed sufficiently from that of'
other underground hard rock aining groups (e.g.
nickel-copper Miners) to explain the differences in
lung cancer risk.

In uranium Miners' with no previous gold Mining
experience, there is no detectable excess risk at sero
exposure. A risk in excess of that expected at sero
exposure would likely be detectable if the smoking
habits of these Miners differed dramatically from that
of the male population of Ontario during the critical
period.

Tissue blocks from Miners deceased of lung cancer
are being collected and the histology re-evaluated.
Results of this work are not available at this time.

CONCLUSION

1. The results of the study indicate that it is of
paramount importance to know as Much as possible
about the total work history of a cohort under
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investigation. Studying a cohort characterised by
employment in one plant or one company in
isolation might lead to serious errors in
assessing the risk from an environmental
contaminant.

2. Ontario gold miners have a significantly increased
lung cancer risk as compared to the age and period
matched male population of Ontario. Other Ontario
hardroclc miners, such as nickel-copper miners,
iron ore miner or "other ore miners" show no
increase in lung cancer risk. Only miners who
worked in various types of era ("Mixed Ore
Miners)" show a similar increase in lung cancer
risk as gold miners do, likely due to their gold
mining experience.

3. Uranium miners show an increased lung cancer
risk. In men who have not rained gold previous to
starting uranium mining the relative risk factor
is between 0.5 and 1.3 percent. The best estimate
of the relative risk factor for exposure to radon
daughters is 1 percent. The attributable risk in
this population is between 2x10"6 and 7x10"6 cases
per WLM x PYR (see Table 4). For comparison with
risk estimates derived from other populations, see
Table 7.

Uranium miners with prior gold mining
experience show a significantly increased risk at
zero exposure to radon daughters and the slope of
their exposure-response function is low. The
difference between the exposure response functions
in uranium miners with no previous gold mining
experience and those who have mined gold prior to
starting uranium mining confirms the earlier
finding of an increased risk in gold miners. It
also demonstrates the need to consider exposures
to contaminants other than radon daughters when
evaluating lung cancer risk in uraniun miners.

4. Both the attributable risk model and the relative
risk model describe the observed exposure-response
relationship about equally well. For extra- 2)
polation to another population, that might differ
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from the studied population oy its age
distribution, the relative risk Model, however,
appears to be preferable.

The time course of expression of the lung cancer
risk following exposure has not yet been fully
evaluated in this study. It has however been
demonstrated that using the relative risk model,
lagging exposure by 5 or 10 years does not affect,
the risk factor in uranium miners with no previous
gold mining experience in an appreciable way. The
attributable risk per unit exposure increases
however somewhat with increasing lag.

In order to express attributable risk or excess
relative risk in terms of lifetime risk, certain
assumptions have to be made 'as to the time course
of the expression of the lung cancer risk
following exposure. These data are not yet
available from this study and it is therefore not
considered appropriate to extrapolate at present
from the truncated period of observation to life-
time risk.

At this stage of the study no corrections of
possible differences in smoking habits between the
individual groups has been carried out. For
reasons stated earlier it is, however, felt that
correction for smoking will not introduce a
substantial difference in the risk estimates.

The results of a re-evaluation of lung cancers by
cell type of the various groups of miners are not
complete yet.
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ABSTRACT

A collaborative effort of the IPSN (CEA) and the medi-
cal staff of the mines (COGEMA) made possible the start
of an epidemiological study of the uranium miners in
France. At the present stage of the study an important
part of the dosimetric informations and the death sta-
tistics of the miners, having experienced for at least
three months of underground mining during the period
1947-1972, have been collected. The data need more
verification before being analysed. Even though 25 %
of the death causes are still unknown, an excess of
mortality by lung cancer appears in this cohort.

INTRODUCTION

An epidemiological study of uranium miners has
b,e.gu.n in France to study any excess mortalities due to
cancer in this group of workers. Principally, mortali-
ties by lung cancer are considered, so as to try to
correlate any excess mortalities to the miners exposure
to radon and radon daughters.

The protocol of this study was established by a
common agreement between the Service de Medecine du
Travail des Mines of the Compagnie Generale des Matie-
res Nucleaires (COGEMA) and the Departments of Protec-
tion Sanitaire as well as Protection Technique of the
Commissariat a l'Energie Atomique, Institut de Protec-
tion et de SuretS Nucldaire (IPSN).

The medical staff of the mines has had a very long
experience in the clinical survey of the uranium mi-
ners. During this study, they have been responsable
for the medical follow-up of those miners still in
activity and for the collection of the causes of death
of all the miners included in the cohort.

The Department of Protection Technique is in charge
of the dosimetric records of the miners by tabulating
their annual exposures to gamma radiation, radon
daughters and ore dust.

The Department of Protection Sanitaire has proposed
the project of the protocol of the study and is now
collecting and verifying the different dosimetric,
clinical and administrative data of each of the miners.
It will also, in the near future, analyze completely
the results of the collected data of this epidemiolo-
gical study.

METHODS

Definition of the population studied

The underground miners of the group followed in
this study have at least three months of underground
mining experience and started to work in the mines
between 1947 and 1972.

A second group of uranium surface workers including
those miners having only worked in open pits and
having begun to work during the same calendar periods
as the underground miners, will also be followed. They
may constitute, if numerous enough, an adequate con-
trol group for the group of underground miners. Indeed,
most of these surface workers are of the same social
class, live in the same areas and may have the same
eating and drinking habits as the underground miners.
Therefore, it could be possible to compare the causes
of mortality of these two groups of miners differing
essentially in their professional exposure to radon
daughters. The other confounding factors are supposed
to be comparable between these two groups.

The uranium mines that were opened in Prance during
the period 1947-1972 are : la Crouzille, Grury and le
Forez, three areas in the center of the country and la
Vendee near the western coast. Another mine, called
l'He"rault, located in the south of France was opened
later, in 1980. The personel of this Mine are excluded
from our study except if they had previously worked
in one of che four aforementioned mines, during the
period 1947-1972.

The areas around the four mines are mainly of the
agricultural type, with only a few industries and the
uranium miners may be considered as a rather fixed
population.

Some foreigners have worked in the French uranium
mines, mainly Italians and Poles. For many of them,
the uranium mining experience has been short ; if they
later returned to their own country, they have been
excluded, as it is impossible to follow their clini-
cal history and to be advised of their deaths or cau-
ses of death.

In a second step, the uranium miners population
having entered the mines after 1972 will be studied.
The present paper describes only the different steps
of the study limited to the 2442 underground uranium
miners who entered the mines before 1972 ; they are fol-
lowed from the first year of entry in the mine-mp to
1983, December 31 s t if they are still alive, or to their
death date, if they died during the follow-up period.

Recording of exposure to radon and radon daughters

For the period 1947-1955, there was no individual
survey of the exposure to radon and its short-lived
daughters. During the course of this epidemiological
study, a committee of experts estimated the monthly
exposure levels to radon by taking into account the
following parameters :

- the characteristics of the ore
- the conditions of ventilation in the different mines
- the working methods
- the few measurements of radon concentrations in the
air of the mines during that period.



6b EPIDEMIOLOGY 345

These committee conclusions are summarized in
Fig. 1. fln average monthly exposure level to radon and
its daughters, varying from 1-10 Working Level Month**
(WLM) according to the considered mine site and the
calender year, was determined.

daughters and ore dust, external gamma radiation doses,
is obtained. These data, expressed as annual values,
are added to the dosimetric ones of the period 1947-
1955, in order to recall year by year, the exposure
data of each miner. An example of this individual
recording is given in Fig. 2.
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In this study, the working history of each miner is
described year by year. We are currently attributing
to each of them, according to his working place, an
annual exposure value in-HLH, obtained by multiplying
the data of Fig. 1 by the corresponding months worked
at each mining site.

Since 1956, a systematic individual recording has
been set up ; it is based on ambient monitoring of
2 2 2Rn and radioactive ore dust concentrations in the
mine and duration of work in each place. In 1956,
7470 radon measurements were carried out at the mines.
From 1957 through 1970 about 20-30 measurements were
made by miner and per year. During the last ten years,
this number has doubled, reaching 57-70 measurements
of 222jjn concentrations by miner and per year. Radon
daughter levels were estimated from the present levels
of radon concentrations, the mean factor of equili-
brium in the French mines being : 0,22.

The measurements of radioactive ore dust concentra-
tions began in 1959 : 2000 measurements were made in
this first year. In 1979, this annual number of mea-
surements was about 10 000.

The external gamma radiation is measured since
1956, each miner wearing his own badge.

In this way, for each miner, an individual monthly
record of his exposure including besides radon
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In the same file, we are including, besides admi-
nistrative information every known data on the pre-
vious jobs occupied before entering the uranium mine,
which enables us to take into account any other poten-
tial carcinogenic factor.

Collection of death statistics and the causes of death

In Prance the national registry of death causes is
anonymous and does not allow individual identification.
Of course, if a miner dies during his working life,
the medical staff usually knows the cause of his death.
On the contrary, if he has left the mine, changing his
job location, or has retired, a local inquiry must be
organized to find out his last known address and
obtain medical information. A collaborative effort with
Institute Gustave Roussy, a cancer institute, which
was allowed to examine the national statistics, made it
possible to obtain periodical information about miners'
life status (dead or alive) . But it will be impossible
to obtain precise information on the histological pat-
tern of most of the cancers. Only those of lung can-
cers which are recognized as occupational-diseases,
have an histological verification. Nevertheless, we
often have to ask the family, the family physician
and local hospital to acquire and to check informa-
tions and to obtain, the most reliable diagnosis of
death causes.

Calculation of the number of expected deaths by a
known cause

Person-years at risk of dying (PYR) are calcula-
ted for each of the miners, from the day of entry in
the mine, until the date his death, or, if he is still
alive, until 1983, december 31s'. The sums of PYR for
the cohort are tabulated according to the calendar year
and five years age groups. The number of expected
lung cancer deaths, for instance, are obtained by
multiplying the number of PYR of each five years age
group and each calendar year, by the corresponding
national French death rates of lung cancer in the male
population. The sum gives the total number of expected deaths.

The statistical significance of the observed num-
bers of deaths is assessed by calculation of the pro-
bability of observing these data in Poisson distribu-
tions defined by the corresponding expected numbers.

The standardized mortality ratio (SHR) is the quo-
tient of the observed number of deaths to the expected
number, multiplied by 100.

At the present stage of our study we have only cal-
culated the SMR of lung cancer.

361 miners died during the follow-up and among them,
75 % have a recognized cause of death.

The dosimptric patternH presented in Fig. 3,4,5, and
the SMR calculated for lung cancer have been obtained
among these 1957 indentified miners and must be con-
sidered as preliminary results. The dosimetric data,
concerning the period 1956-1980 represent average
annual exposure respectively to gamma radiation (in
mSv) radon and its daughters (in WLM) and ore dust
(in Bq.h,m~3).

mSv

Gamma radiation I mSv)

Average annual exposure

1956 61 66 71

Fig. 3

The average annual gamma exposure in Fig. 3 is
always under 10 mSv, except for the period 1960-1963.
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The average annual radon daughters exposure in
Fig. 4 varies between 2.5 WLM and 4.3 WLM during the
period 1956-1970 and lies between 3.2 WLM and 1.6 KLM
during the following ten years.

PRELIMINARY RESULTS AND DISCUSSION

- 2442 miners worked for at least three months as
underground uranium miners in France during the
period 1947-1972.

- 245 of them were foreign born and are excluded for
the moment. A special investigation to determine
their current residence is in progress.

- In the remaining 2197, 240 have not yet been iden-
tified in the national statistical files. So, our
first results are limited to 1957 miners, identified
as dead or alive on 1983, december 31 s t.
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The average annual exposure to ore dust in Pig. 5
varies between 246 Bq.h.nr3 and 82,14 Bq.h.m-3 in 1980.

varying along with the social class with a factor of
2 to 3 (Fig. 7) / 8 / .

3000

2000

1000

PVR
Number of person - years (PYR)
in underground mining by calendar
periods.

HMTAUTY IY LUNG CMKEK (ICO n» I K • 1C3) IN 1J75

FRENCH MALE POTULATION AGED 2 5 - M
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During the period 1947-1980, these 1957 miners
accumulated 22394 years of underground mining, (Fig. 6),
that is an average number of 11.4 years of underground
mining per miner.

In this cohort followed up to 1983 december 31st,
we totalized 50784 PYR with an average of 25.9 years
of follow-up by miner. This duration of survey is at
least equivalent to that of the U.S. /I/, Czechoslo-
vakian /2/ /3/ and Canadian /A/ studies on uranium
miners, even though our population is less numerous.

On 1983, december 3ist, our cohort includes 1596
subjects alive, with a M a n age of 54 years and 20 %
of the* are still working in the mine. So, the cohort
has to be followed up for some more years to complete
the dosiaetric data, and for a longet tine to study
the risk of different cancers, mainly lung cancer,
among the older age groups (age 60-70) and to get a
chance to observe the maximum of latency for the can-
cers.

The analysis of the expected number of deaths by
lung cancer, based on the national statistics for male
French population, gives the following results :

- expected deaths of lung cancer : 18.77
- observed in our cohort : 36

(difference statistically significant at risk : 2x10-4)
consequently, the standardized mortality ratio is :
SHH • 191 for lung cancer.

These results of a cohort in which 80 % of the
subjects are still alive, confirm the observations
already made on Canadian /4/ /5/, Czechoslovakian
/2/ /3/ and U.S. uranium miners /6/ establishing a
relation between exposure to radon daughters and excess
of lung cancer deaths. The SMR of 191 observed in this
French cohort, corresponds to the one of the U.S.
miners having a cumulative exposure in the range of
120 to 239 WLM or to that of the Czechoslovakian miners,
being exposed to about 100 WLM. It is also close to
the one of the Ontario miners.

Nevertheless, it is also known that hard rock miners
in general are at higher risk of death from lung can-
cer fit /4/. Recent studies of mortality in France
showed that the mortality rate by lung cancer is
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One should not forget that the uranium miners cor-
respond to those classes having the highest rate of
mortality by lung cancer.

Anyway, the best argument for a strong association
of lung cancer and radon exposure is provided by the
observation of an increase in risk with an increase
in cumulative exposure. An other approach is the com-
parison of the mortality rate of two groups belonging
to the same social class, as for instance underground
and surface workers.

The role of tobacco in the etiology of lung cancer
cannot be ignored, and the importance of this co-factor
for uranium miners is largely emphasized /9/ /10/
/ll/ /12/ /13/. We intend to question all the miners
still active, in order to obtain satisfactory smo-
king histories. Information about the smoking habits
of those having died can be obtained by questioning
the family, but procedure is known to induce bias. We
shall verify the information upon tobacco consumption,
when possible, with the indications of smoking history
noticed in the medical file. Presently we cannot give
any information upon smoking habits, but we are col-
lecting every available data in near future.

The analysis of the frequency of death by other
cancers like larynx cancer, leukemia... is in pro-
gress. All our present efforts are to diminish the
percentage of unknown death causes, before giving
more precise results.
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DISCUSSION

COMMENT (Bernstein): In your Figure describing
the distribution of person-years at risk, the PYR
arc shown to begin Co accumulate at the time of
•ntry (1947) into the study population. I assume
that in your future analyses for this cohort of
•lners, you will not include PYR or cancer deaths
which occur during the minimum latency period of
the first 10 years after exposure begins, although
•xposure during these years should be
accuiaulated.

Question (Bernstein): Will you "lag" redundant
exposure in the 5 years or so preceding the
diagnosis of cancer? What were the geometric and
arithmetic average exposures of the cohort
(cumulative average) in 1980? What were the
average exposures among the 36 deaths due to lung
cancer?

Answer: At the present point of our study,
cumulative exposure can not be calculated.
Indeed, individual verification of dosimetrlc data
according to the working history of each miner
(essentially during the first ten years of our
study) has to be completed before giving precise
results on exposure. Concerning the PYR by
calendar year, I intend first to study the risk of
death by lung cancer without eliminating a minimum
latency period and secondly to compare these
results to those obtained by eliminating the data
on causes of death during, for instance, the first
S or 10 years.

Question (Bates): Do you have a sufficiently
large cohort of men employed only In surface
uranium mining to use them for comparison?

Answer: At the present stage of our study, I
can't give you a precise answer. We first
intend to complete the data on the underground
miners before collecting the data on the surface
workers.

Question (Jacobi): Your SMR value of 1.90 for the
French uranium miners is related to the age-
adjusted frequency in the male French population.
Your last Table indicates that the natural lung
cancer frequency seems to vary rather strongly
with the type of occupational category, showing
the highest value for "workers". Related to this
control population, the SMR value of the uranium
miners will be considerably lower. The question
arises as to which control population we should
use for the estimation of the excess lung cancer
risk of uranium miners.

Answer: The best control group would be a group
of workers not exposed to the factor wt want to
study. For instance, the group of surface workers
may be, if numerous enough, a good control group
for the uranium underground miners. Another
approach may be to calculate the expected number
of lung cancer deaths on the basis of national
statistics related to the same socio-professional
class as the miners.

Question (Stelnhausler): What were the criteria
for choosing the equilibrium value to be
F - 0.22?

Answer: We have found through several underground
studies (involving many measurements) Chat the
mean value of the equilibrium factor was equal to
0.17, in stopes, In granite-type ores. To take
into account various factors such as higher radon
"ages" in the earliest periods of mining and a
general underestimation of the ambient dosimetry,
we adopted an equilibrium factor of 0.22.
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Question (Steinhausler): Is this value valid:

a) for all sines;
b) for the total period of investigation?

Answer: This value was adopted for all mines for
the total period, of Investigation: 1956 - 1980.
All aines were in the same geological context.

Question (Steinhausler): Is this value in
agreement with previously used values, e.g., for
the CEA-personal dosimeter?

Answer: Comparison between ambient doslmetry in
1982 and Individual dosiaetry in 1983 is given in
the following calculation.

Mean exposure to 222Rn (1982):

E R n - 1*0 micro Ci.m"^

• 117 micro Ci.m"-^;

Mean exposure to alpha energy (1983):

E*lphe " I 2 ' 2 5 x 22. •J«»"3h •

4.9 mJm-V

If P is the "equilibrium factor" ,

one has E a l p h a - 0.208 x F x Eg,, ;

this gives F • 4.9 » 0.22 (approximately)
0.208 x 117

This means that the factor 0.22 Is still valid for
1982-1983.

Therefore, F it • global value which combines the
effective mean equilibrium factor and the
underestimation of the ambient doslmetry.

Question (Wheeler): As I understand It, there
were 2000 measurements of radon daughters In 1959
and 10,000 in 1979. How did they Increase:
linearly or suddenly?

Answer: The 2000 and 10,000 measurements
mentioned In the presentation rafar to airborne
long-lived uranium ore dust. The exposure to
radon daughters was evaluated through radon gas
measurements. From 1959 to 1979, the number of
radon gas measurements Increased from 30 par year
per worker in 1959 to about 60 in 1979. For both
long-lived dust and radon gas, the number of
measurements Increased linearly over the yeara.
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ABSTRACT

Lung cancer induction was studied in a group of
2.400 rats exposed to radon daughters between 20 and
50 WLH. The dosimetry was carried out with an active
track dosemeter measuring total potential a energy in
a subgroup of 600 control and 1.000 exposed rats.
Determination of equilibrium factors for different
conditions of exposure allowed to reassess the doses
to a former 800 rat subgroup. The updated results
suggest a linear no-threshold relationship for lung
cancer induction between 0 and 50 WLH. The doubling
dose for cancer induction in the group was 20 WLM.

INTRODUCTION

A first scries of experiments had demonstrated
that rats inhaling radon and its daughter products at
mean and high concentrations during exposure durations
corresponding to the same life-span fraction in both
nan and animals developed lung cancer (1).

The results thus obtained showed out several simi-
larities between the experimental effects of the inha-
led daughters and those observed in epidemiological
surveys of uranium miners. Two similarities appear
most essential : they respectively concern the tumor
quality and the dose-effect relationship, the experi-
mental cancers being either epidermoid, or adenocarci-
nomas, or mixed tumor* similar to human cancers.

The dose-effect relationship obtained experimen-
tally was very close that supplied by epidemiological
surveys of uranium miners. Others effects were also
found both in humans and animals viz, the effect of
age at the begining of exposure, the effect of dose on
the latency time, and the heightening effect of ciga-
rette smoke.

These similarities were all observed at mean or
high doses ; nothing allowed to think that they did
not exist at lower doses. Consequently, we undertook
a series of experiments with doses below 100 WLM.

The effect of low doses of radon and its daughters
is difficult to specify with the classical approach. At
all the doic levels, dosimetric studies are subject to
the criticism : the anatomical and physiological com-
plexicity of human lung is difficult to reproduce, the
dose distribution is not well known, the target cell is
unknown. Epidemiology does not allow the study of low
doses because of the uncertainty of individual dosime-
try and because radon is never inhaled alone but in
association with tobacco and the various polluants to
be found in mine atmospheres.

Consequently, even though animal investigation
remains liable to the criticism usually made to it in
spite of the guarantees given by the model, yet it can
supply further knowledge on the effects of low doses of
radon and its daughters, especially on the validity of
the linear dose-effect relationship established on the
basis of high doses and the existence of a threshold.
Neither dosimetric calculations nor epidemiology can
answer both these questions.

MATERIALS AND METHODS

The study of low doses implies two conditions :
1) an apparatus allowing the exposure of large groups
of animals, and 2) accurate dosimetry of the inhaled
potential energy.

MATERIAL

The device for radon inhalation has been described
previously ( 2,3 ) . It is made of 2 rooms, 10 m3 each,
containing up to 500 animals distributed into 50 cages
of 10. The radon source (circa 50 Ci) is urano-thoria-
nite milling residues. The radon concentrations reques-
ted are obtained by successive dilution of a factor 10.
Radon concentrations in the tank can thus range from
100 to 10,000 WL.

DOSIMETRY

In our previous experiments, the expos ire was eva-
luated from the measurement of the radon concentrations
in the inhalation chambers during the experiment. To
that purpose, radon samples were made every half-hour
by means of scintillation vials under vacuum. After 3
hr, radon being in equilibrium in the vials with its
daughters, the concentration could be evaluated by
counting, taking into account both the vial volume -
125 cm1 - and its yield estimated at 60 X. Equilibrium
measurements of radon and its daughters had showed that
equilibrium was practically reached after 1 hour and
remained stable during the experiment. During emptying
of the tank, radon decay approximately made up the
reaching of equilibrium during filling up so that for
exposures lasting 8 - 10 hr the exposures to a constant
potential a energy could be admitted to last from the
beginning of filling of the rooms 'until the beginning
of emptying.

For low levels exposures, below 100 WLM, the expo-
sures had to be limited to 1 - 2 hr and the radon
concentrations decreased, for such short times, concen-
trations in the rooms varying constantly from beginning
to end. In order to determine the potential a energy
inhaled radon samplings were therefore associated with
frequent measurements of the equilibrium state by Thomas
method, and individual dosemeters were used.
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The integrated doseroeters are those worn by ura-
nium miners (4). They allow two kinds of measures.
Short punctual measures give the equilibriun state in
the same way as Thomas'method by counting tracks cor-
responding to 222Rn,218,214,212po. Continuous measures
during inhalation give the potential a energy inhaled
during each session. For instance, in the experiment
when 500 rats together were delivered 25 - 50 WLM, in
each room and in each session, 3 dosemeters were set at
various heights and the exposure considered was that
corresponding to the mean value recorded at the 3
heights.

However, the exposure is difficult to assess accu-
rately. If the measurement of radon concentrations by
the technique of vial sampling is not difficult, yet
the high activities prevailing in the tanks make Tho-
mas 'measures and the use of the integrated dosemeter
delicate. Saturation of the counting devices requires
very quick sampling, which increases the error risks
in the former case. As to the dosemeter, it does not
work in optimal conditions and track reading in the
various areas is not easy. However, the data supplied
by the three dosinetric approaches can be considered as
affording greatest safety.

This new methodology led us to reassess the expo-
sure levels to potential « energy of previous experi-
ments. It had been observed that, if daughters equili-
brium remained stable throughout an exposure lasting
several hours, the equilibrium of radon with the daugh-
ter, however, could vary from 90 to 25 X according to
the number of animals exposed together and the exposure
duration.

EXPERIMENTAL METHODS

Five groups of animals were studied, a control
group of 600 rats, and 6 groups exposed to radon when
3 month old.

Group I : 500 rats divided into 2 lots of 250. Each lot
inhaled radon at a concentration of 1276 kBq, the M a n
equilibrium factor being 0,35. Inhalations lasted 2 hr.
14 sessions were distributed over 37 days between June
1st, 1978 and July 7, 1978. The total exposure was a-
bout 20 WLM. For these first two experiments, the in-
haled a energy was calculated from the radon concentra-
tion and the Mean equilibrium factor (see Appendix).

Group II : 300 rats inhaled together radon at concen-
tration of 1.367 kBq (equilibrium factor : 0,30).
Inhalations lasted 3 hr ; 25 sessions were distributed
over 45 days from March 18, 1975 to May 2nd, 1975, Man-
ning a total exposure of about 50 WLM.

Group III : 500 rats inhaled together radon at a concen-
tration of 1.110 kBq (Man equilibrium factor : 0,25).
Inhalations lasted 1 h. ; 42 sessions distributed over
114 days from December 17, 1980 to April 9, 1981.

Group IV : 500 rats inhaled radon ( I.110 kBq ; cquili-
brium factor : 0,25 ). Inhalations lasted 1 h. ; 82
•cssions were distributed over 191 days.

For the last two experiaents, the inhaled potential
a energy was given by the integrated doseMters. During
inhalation, the mean exposure was 1.8 mJ.mS.h ( 1.4 -
2.8 ). Total exposure was 71 mJ.3 «3.h for group III
and 141 nJ.m3.h for group IV, corresponding respective-
ly to 25 and 50 WLM for a collection efficiency of the
dosemeter of 80 Z.

Lifespan exposure of the animals was 6 mJ.m5,h in
the animal house.

HISTOLOGY

The animals were kept until moribund and observed
daily. All the organs were examined after exsanguina-
tion. The lungs were systematically fixed in Bouin-
Holland fluid when gross lesions were observed or when
more subtle granulomas were detected by palpation. 80
lungs in group I and 91 in group II were embedded in
paraffin blocks. Serial sections were performed on 20
*jm ribbons until conspicuous lesions were detected by
well trained technicians. 5 urn sections were taken
from these lesions and processed by conventional tech-
niques .

A few animals were lost, due to cannibalism or
autolysis in groups I, III, IV. 52 rats were lost in
group II.

RESULTS

- Life shortening

Average life spans for controls and treated rats
in both cases of cancerous and non cancerous rats
are given in table I.

Table I

Average survival time (days) in 3 month-old rats
(x) and standard deviation (a).

X

Controls 752

All the
rats

a

149

Rats with
lung cancer

x o

901 97

Treated

I
II
III
IV

640
639
727
734

25
22

712
742
762
742

53
92
123
92

There were no positive trends for life span shor-
tening due to radon daughters exposure. Noticeable
differences could be detected between groups I and III
on one hand and groups III and IV on the other hand.
This was due to the limited space formerly given to
the animals during housing in groups I and II. Inte-
restingly, it did not affect the survival of cancerous
rats.

Lung cancer Incidence

Results are shown in Table II and Table III.

Table II

Number (N) of cancerous rats in the different
groups i Controls (C).

Exposed rats 20 - 25 WLM groups I and III
50 WLM groups II and IV
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(

Rats

(N)

600

Table

C
2 WLH )

Rats
with
tumors

(N)

5

HI

I

III

20 -

Rats

00

500

500

25 WLM

Rate
with
tuaort

00

14

11

II

IV

50

Rats

00

300

500

WLH

Rats
with
tuaor*

00

11

19

Lung cancer incidence in Z ( Cancerous rats / all
the rats ) .

Controls

20 - 25 WLM

50 WLM

Raw incidence

0,83

2,50

3,75

Cancer

t.

2,

excess *

7

9

* without correction Cor age adjustment.

The values given in table III lead to a risk coef-
ficient R for induction to lung cancer in the rat :
850 > R > 580 .10~6 for low dose exposures.

- Tumor site and invasiveness

Ho extra pulaonary Metastasis was observed in any
group. However, tuaor sixe, extension to the pleura
or atdiastinus) and invasion to the lyaph nodes were
different in the various groups as shown in table IV.

Table IV

Site and invasiveness of lung tuaors.

Site (diaaeter, d, in am) Pleural Hode

Controls

20 - 25
WLM

50 WLM

0< d

4

3

1

< 2,5<d <
00

1

10

10

5 < d <50
(N)

0

12

19

Extension
00

0

8

14

Invasion
(N)

0

2

5

HISTOPATHOLOGY :

Lung tumors were diagnosed following WHO criteria
as previously determined in ref.3 .

The results are given in table V.

Table V

Differential distribution of lung tumor types in
controls and exposed rats :

Squamous (Sq), Mucus secreting adenocarcinoma (AdK),
Bronchiolar and alveolar carcinoma (BA), Mixed AdK+Sq
are given as Sq.

Sq AdK BA

Controls

20 - 25 WLM

50 WLM

1

8

15

3

9

11

1

8

4

- Tiae of tutor onset

Latency periods "sensu *trieto" are difficult to
determine accurately in the rat, however it can be ob-
served from Table I that survival of cancerous rats in
shorter in treated than in control rats. Since tumors
were larger in treated than in controls (Table IV) and
since aoit radio-induced lung tuaors are incidental in
the rat (5) it can be postulated that time to tuaors
was shortened in treated as compared to controls. No
difference related to a dose dependence of the latency
tiae could be detected.

DISCUSSIOM

The reassessment of the radon and the progeny
equilibrium state in former experiment! allowed to
strcngthten our previous conclusions on induction of
lung cancer in rats after exposure at low doses (3).
The reassessed values for WLM are given in the Appen-
dix Cable which supersedes the values given in ref.1.

The reassessed risk coefficients (R) differ signi-
ficantly from the previous one but the shape of the
curve for dose dependence of X is not affected as com-
pared to ref.6 . As stated in ref.3 it appears rather
clearly that R is constant for induction of lung can-
cer in rats between 20 and 50 WLM. In other words, it
means that the dose relationship of X reaches a pla-
teau below 100 WLM at 600 - 700 '.10-6 lung cancers
per WLM.

Ho evidence of a threshold below 20 WLM can be
infercd from our results.

The contribution of indoor radon exposure ( < 2
WLM ) to lung cancer incidence controls would not re-
sults in more than 15 X of the observed rate if a li-
near no threshold dose-effect relationship was assumed.
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Comparison of risk coefficients for lung cancer
induction in rats and in ainers indicate a strong simi-
larity. At 100 WLM lovel, R was found to be about 500
• 10*6 . WLH-1 in Swedish miners. This is quite consis-
tent with our 600 • 10"6 . WLM"I for R in rats exposed
at 50 WLM and our 300 • 10~6 • WUT 1 for rats exposed at
300 WLM. This is also consistent with the 360 • 10-6 •
N U T 1 risk coefficient for Czechoslovakian miners expo-
sed at doses averaging 400-500 WLM. It cannot be
excluded, however, that unexpectedly high indoor expo-
sure of miners should play some decisive role in the
actual delivered doses and it Bust be remembered that
important cofactors are involved in humans, namely on
tobacco smoking and exposure to chemical pollutants in
the mines atmospheres.

For all these reasons, rats have to be considered
as more sensitive to lung cancer induction than man and
direct extrapolation of results in rats for prediction
of lung cancer induction by indoor exposure in non-
smokers remains questionable.
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APPENDIX

Revised values for dose effect relationships
corrected from ref. 1 .

Previout
doses

65
170
290
860

1.470
3.000
3.800
3.900
4.500
6.000
6.000
8.000

Revised
dose*

21
50
290
860

1.470
3.000
1.900
1.800
4.500
2.100
2.100
2.800

Rata
(N)

500
394
21
20
20
40
20
50
40
29
25
180

Rats with
lung cancers
( excess )

7
8
2
4
5
17
7
17
29
12
11
74

Revised
incidence/

WLM/106 rats

650
550
330
280
170
140
180
180
160
200
210
150

DISCUSSION

Question (Gincvan): What Is the value of the
unattached fraction for radon daughters in your
study?

Answer: The air Introduced In the radon exposure
chamber la the air from the open atmosphere. The
unattached fraction depends upon the concentration
of condensation particles In the air. On average,
the unattached fraction could be In the vicinity
of 10Z.

Question (Bates): I was very Impressed with this
work when I saw It in 1979. At that time, you
shoved me evidence that rate, which were not
developing lung cancers but which were exposed to
radon, had changes of squamous metaplasia In the
airway. I* that still true?

Answer: Yes. Depending on Che dose, metaplasic
areas were frequently observed In our rats. They
can be considered as • very sensitive Index of
exposure to radon but much less specific than
tumour induction.

Question (Harley): Were any particle sice
measurements made in the animal exposure
chambers?

Answer: Animals were exposed to clean air and the
aerosol slse 1* supposed to be identical to that
of an environmental atmosphere. Previous in situ
measurements indicate sixes below 0.5 micro
metres.

Question (Cohen): Row does the doee (in reds),
from 1 WLM, compare between rate and humans?

Answer: A difficult question. You have to take
Into account the quantity of energy deposited In
bronchi, distal bronchioles and parenchyma. From
recent published data (James, A.C., Radlat. Prot.
Doe. 1984; Desroslera et al., Health Phys., 1978)
It seems that the doee expressed in rade should be
higher In the distal bronchioles of the rodents.
This could explain Che origin of some peripheral
tumours which arc only seldom observed In humane.

Question (Harley): This Is a comment rather than
a question and in answer to a question asked of
you by Dr. Cohen. We ere currently calculating
the radon daughter dose to the rat lung using
detailed Yeh - Schum morphometry. The dose per
WLM Is about the same for rat and man. Particle
slse affects the doee distribution along the
airways, but rat/human alpha doses are comparable.
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MORTALITY EXPERIENCE AMONG WORKERS III THE URANIUM INDUSTRY
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AUTKACT

A restrospective cohort study of tha employees
of Eldorado Resource* Limited la bains conducted.
Tha worker* were employed at two uranium mines, a
radius and uraniuai refinery and several service
groups. Tbia preliminary report examines tha
Mortality experience of It,424 Bale workers
between 1*50 and 19B0. Both mining caaps showed
increased Mortality due to lung cancer and
external causes. These cauaaa of death ware not
elevated In tha refinery troop, which showed an
overall healthy worker offact. Study problaaa and
future work are dlacuaaad.

INTRODUCTION

Eldorado, originally incorporated aa a cold
mining company, started mining pitchblende at Port
Radium In tha Northwest Territories in 1*32. At
tha sane time a refinery was built at Port Hop*.
Ontario, to extract radius) from tha ore. Tha mine
operated until 1940, whan It closed for lack of a
market, but It re-opened In 1942 to produce
uraniuai. loth radium and uranium were refined at
Port Mope until 1954, whan radium work ended.
tinea than Port Hope has continued to refine
uranium and convert it to metal, uranium dioxlda
and uraniuai mexsfluoride. Zn 19S3 a new mine at
•eaverlodge Lake in northern Saskatchewan waa
brought into production and in 1 M 0 tha Port
Radium mine closed down. In addition to tha staff
at these three sites, Eldorado operated an
Aviation 01vision to service tha mine aitaa, a
Research and Development Divialon in Ottawa, an
Exploration Division with field personnel in many
•arts of tha country and of fleas in Edmonton,
Saskatoon and Ottawa.

In 197a a retrospective cohort study of all
Eldorado employees was initiated (1,2). A nominal
roll of all peat employees with identifying
information was assembled by Eldorado. Radiation
exposure records were collected and where these
did not axlat, estimates of radiation exposure
were made. Tha nominal roll waa matched against
tha Statistics Canada national Mortality Data Baaa
and tha resultant data are bains analysed by tha
National Cancer Inatituta of Canada. Dose/effect
relationships are still bains examined. This
report presents preliminary findings with respect
to mortality.

M H H O M

Tha nominal roll included full names, sex,
place and data of birth, parents' names and places
of birth, name* of spouses and children, and laat
year known alive. Tha pre-1940 records at Port
Radium did not have sufficient identifying
information and therefore this portion of tha

nominal roll atarta with tha 1942 re-opening of
the mine.

Tha nominal rolls for tha other locations start
with tha first operations at each location. Tha
cut-off data for the nominal roll was 31 December
19S0. A work history was developed for each
person on the nominal roll, listing hiring and
leaving dates, all joba held and tha dataa of
transfers between joba. The work histories formed
tha basis for tha radiation exposure estimates,
where individual exposure records did not exist
(3).

Tha nominal roll waa matched againat tha
National Mortality Data less using tha GIRU
program (4). Tha Data Baaa ia only available in
machine readable fora from 1950 onwards. A Manual
search was conducted for deaths in the 1940-49
period, which yielded only 45 deaths, including
one lung canear. To avoid possible problama
caused by non-uniformity In the two Matching
methods and becauae the loaa of information waa
small, only the computer-matched data ware uaad In
thia analysis.

Individuals entered the study 1 January 1950,
or on tha data of employment with Eldorado,
whichever waa later. Person-years at risk were
calculated from tha data of entry into the study
and accumulated to the data of death or 31
December 19C0, whichever was earlier. The
person-years ware classified into age-specific
(0-19, 20-24, 25-29, . . . «0->4, «5+) and
calendar year specific (1950-54, 1955-59 . . .
1975-79, 19*0) groups and the expected number of
deaths in each group due to each specific cauaa
waa computed based on the Canadian population
mortality rate for that asa and calendar year of
death. Tha causes of death ware grouped into (4
categories aa used by tha Rational Canear
tnatitute of Canada. Since the International
Classification of Diseases used in the National
Mortality Data Base has undergone four revisions
during tha period of the study, appropriate
translations ware performed for the causes of
death Identified in the study.

The Standardised Mortality Ratioa (SNR) ware
calculated, together with tha 95% confidence
intervals and statistical significance in a
one-tall teat using tha Po!«aon distribution.
When expected rataa ware higher than observed, a
two-tail teat waa applied. Directly standardised
Mortality ratea (DBMR) ware also calculated using
the Canadian Mala population aa tha standard.

Separate analyses were performed for Port
Radium, Beavarlodge, Port Hope and the remaining
aitaa combined. The site cohorts ware further
broken down by occupation. In this report the
only occupational breakdown used ia the aeparatlon



6b EPIDEMIOLOGY 355

of Mining sit* personnel into surface and
underground worker*. A worker was considered an
underground worker if be ever worked underground
and all others were considered to be surface
workers.

MSULTS

The Bldorado nominal roll consisted of 20,7*5
records. Of these 1,395 were females and ware
eliminated froa this analysis; analysis of the
female Mortality experience is being done
separately. SoMe eMployees worked at More than
one site, resulting in duplicate records on the
noMinal roll. Elimination of these duplicates
yielded IS,42* actual persons on the noMinal
roll. A further 4,402 persons were excluded
because the year of birth was- not available,
because they ware last known to be alive before
the starting date of the analysis or because the
starting year was Missing, Making calculation of
the person-years or the age-specific expectation
of death impossible. Table 1 shows details of the
study population. Including the rejections fro*
the analysis.

Figure 1 shows the distribution of starting
years of employment for the lldorado Male cohort.
It is apparent that *0» of the cohort had joined
the lldorado workforce 20 or More years before the
study date.

Tables 2 to 5 show the cause-specific Mortality
for workers at Port ladiuM, Beaverlodge, Port Hope
and other sites. In each case, the table gives
the nuMber of deaths observed, the expected nuaber
of deaths based on the Mortality rates of the
Canadian Male population, the M R and the directly
standardised Mortality based on the Canadian Male
population distribution. Those MR's Which are
significant at the 5% level are Indicated.

Port Radium had the poorest Mortality
experience of the four sites with Mat's generally
higher than for the other three. Principal causes
of death with significantly elevated H ' i ware
ischaemle heart disease (flat 120), external causes
(Ml 237) in particular Motor vehicle accidents
<Mt 1 « ) , suicides (Mat 2«2) and other external
causes (MR 31*), and lung cancer (MR 271).
Other significantly elevated causes were
non-tubercular infectious disease (MR 3 M ) ,
chronic rheumatic heart disease (MR 202),
cirrhosis (MR 1«9), alcohollsM <MR 2*5), and all
other causes (Ml 141). Death due to cancer of
the liver (MR 2t«> and chronic Myelold leukeala
(MR *71) were significantly elevated, but
represented very few actual deaths (S and 2
observed, respectively). The overall Mortality
rate of the Port RedlUM workers was significantly
elevated (MR 14S) and the healthy worker effect
generally noticed In occupational cohorts was
absent.

At leaverlodgo lung cancer (MR 1S4) was
significantly elevated, as were external causes
(MR 204), in particular non-motor vehicle
transport accidents (Ml 22S), suicides (MR 2 M ) ,
and other external causes (MR 2*1). Hodgkins
disease (MR 44) and isehaemlc heart disease (MR
74) were significantly reduced. Overall there was
a significantly Increased mortality (MR 110) with
all of the increase being accounted for by lung
cancer and external causes.

At Port Hope general Mortality was lower than
expected, exhibiting a significant healthy worker
effect (MR S4). The only causes of death which
•bowed a statistically significant excess were
anemias, non-motor vehicle transport accidents and
cancer of the rectum, but all of these were based
on very few observed deaths, 3, S and 7
respectively. Prostate cancer showed a
statistically significant reduction. Lung cancer
also had a low SMR of S2, although this was not
statistically significant.

For all other sites combined, the observed
numbers of deaths were not significantly different
from the expected nuaber, except for the unlikely
occurrence of one breast cancer and the complete
absence of cerebrovaseular disease. Overall
mortality was lower than expected (MR 12} but not
statistically significant (p > 0.0*2).

The separation of the Port Radium cohort into
surface (Table *s> and underground (Table tb)
workers showed that the underground workers were
at higher risk, although both groups had
significantly elevated MR's (surface 131,
underground 1*0). The surface workers continued
to show a significant excess of lung cancer (MR
175). Ischaoalc heart disease (131), cirrhosis
(242), and external causes (1«4), comprised of
motor vehicle accidents (172), suicides (1M) and
other external causes (197), all showed
significantly elevated MR*s. Chronic myeloid
leukemia wes also significantly elevated but egaln
only 2 deaths were observed. The underground
workers showed a significant increase in lung
cancer (MR 375), external causes (MR 305),
comprising motor vehicle accidents (Mat 193),
suicide (MR 332) and other external causes (MR
435), and all other causes (MR 177).
Non-tubercular infectious diseases, other
malignant neoplasms and alcoholism were also
significantly elevated, but represented only 5, •
and 5 deaths respectively. Isehaemle heart
disease waa virtually equal to expectation in the
underground group (MR 99).

At Beaverlodge the surface workers (Table 7a)
showed a non-significant reduction in overall
mortality (SWt 97) while the underground workers
(Table 7b) continued to show a significant excess
mortality (MR 123). The surf see workers showed a
significant excess mortality due to external
causes (MR 17«), in particular non-motor vehicle
transport accidents (MR 247), suicides (MR 225)
and other external causes (MR 214), while
lschaealc heart disease (MR «4) was significantly
reduced. In the underground group, lung cancer
(MR 290) and external causes (MR 22t),
principally non-motor vehicle transport accidents
(MR 20*), suicides (MR 192) and other external
causes (MR 3*4), were all significantly
elevated. Cerebrovascular disease (MR *0) and
Hodgkins disease (MR 23) were significantly lowsr
than expected.

DItCUtSION

The preliminary analysis of this retrospective
cohort study of Eldorado workers generally
confirms the pattern of excess mortality shown in
other studies (5,*). Underground uranium miners
have an increased risk of death due to lung cancer
and violent causes which is not observed among the
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surface workers.
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A notable exception to this is the apparent
elevation in lung cancer risk among Port Radium
surface workers. This anomaly is still under
investigation but it appears that it may be in
part an artifact of the data coding technique
employed. In examining dose/affect relationships,
it was discovered that of the 28 lung cancers in
the Port Radium' surface workers, 27 occurred in
the unexposed group and only one in the group with
radiation exposure. Investigation showed that
individuals with unknown work history had been
arbitrarily assigned to the surface group.
Further, since they had no work history as a basis
for radiation exposure estimation, a default value
of zero exposure was given. Hence, it appears
that the Port Radium surface worker cohort
actually contains individuals with underground
exposure. Further work is now being done to
improve the work histories to eliminate this
potential source of bias.

Both mining operations exhibited excesses of
alcohol-related deaths and deaths due to external
causes, which were not found in the refinery
cohort nor in other operations. A portion of
these deaths, found in the other external causes
category, would undoubtedly be due to industrial
accidents. At both mines the underground cohort
showed a substantially higher SHR in this category
than did the surface cohort, reflecting the
greater dangers of underground mining. However,
an equal number of deaths at both sites fell into
the alcohol-related, transport accident and
suicide categories, which are more likely
life-style related. Both mines were at isolated
northern sites, regularly accessible only by air,
and more likely to suffer morale problems. While
this could account for some of the alcohol-related
deaths and suicides, the excess transport deaths,
in particular the motor vehicle deaths, must have
occurred at other locations. Port Radium was a
very compact community with no public roads and no
privately owned motor vehicles. While the
Beaverlodge area boasted forty miles of public
roads, cars had to be brought in by barge or plane
and were definitely not as widely used as in
southern communities.

The American uranium miner study has reported a
significant excess of deaths due to kidney •
problems, i.e. chronic nephritis and renal
sclerosis (5). At both Port Radium and
Beaverlodge the surface workers were deficient in
kidney problems and the underground workers showed
non-significant excesses resulting from only one
excess death at each location.

Similarly, a Czechoslovakian study has reported
an excess incidence of skin cancer in underground
uranium miners (7), which has not been observed in
any of the cohorts in this study. However, since
skin cancer is less likely to be fatal, more may
be learned about this from the cancer incidence
studies being conducted through the provincial
cancer registries.

As noted earlier some individuals worked at
more than one site, resulting in 19,370 male
records representing only 18,424 individuals. In
the present site by site examination, these
duplicates have not been eliminated, so that an
individual death may be recorded against more than
one site. Thus, the true number of deaths is less

than would be obtained by adding Tables 2 to S.
The effect is to slightly reduce the differences
in mortality rates between sites.

Two other shortcomings of the present analysis
should be mentioned. The exclusion of a large
fraction (4,402 of 18,424 or 24%) of the study
cohort from the analysis may introduce a bias
(8). Half of these Individuals were excluded
because the birth year was missing, making a death
match extremely unlikely. Most of the rest had
left Eldorado employment before the first date of
entry to the study and were not known to be alive
on 1 January, 1950. Extending the study backwards
in time would pick up this latter group, but only
additional personal identifying information could
help resolve the first group of exclusions.
Nevertheless, the excluded group should be
re-examined to identify possible biases.

The other problem is the lack of information on
life styles, notably smoking habits. Smoking is a
confounding factor for many causes of death,
especially for lung cancer. It would be virtually
impossible to obtain smoking histories on these
workers now. Elevated incidence of cardiovascular
disease is associated with smoking. The excess
mortality due to ischaemic heart disease at Port
Radium could be indicative of smoking habits
there. It is known that smoking was banned at the
Port Hope refinery during World War II and only
allowed on a very restricted basis after 1953,
which may account for the lower lung cancer
mortality at Port Hope.

It is Important to note that while SHR gives a
useful index of mortality, the comparison of Sid's
between populations, such as underground versus
surface workers can lead to erroneous conclusions
(9). The SHR is an indirect method of
standardization wherein the observed number of
deaths in the study cohort is compared with an
expected number of deaths calculated from the
rates adjusted for age and calendar year of death
in some standard population, in this case the
Canadian male population. A more reasonable index
for comparison of populations is the directly
standardized mortality rate (DSHR), whereby the
mortality rates in two or more study cohorts are
applied to a standard population for comparison.
Accordingly, the results given here have also
included the DSMR's. In this study comparison of
these rates leads to essentially the came
conclusions as the comparison of SHR'*.

The numerous statistical comparisons could lead
to spurious associations being declared
statistically significant. However, most of the
causes of death with excess deaths have already
been identified in other studies. Even suicide
has shown an elevated SMS in the American study,
although not quite statistically significant (5).

Subsequent analysis of the data should include
an examination of the effects of length of
employment, radiation exposures, latency period,
differences between the two mining camps and a
more detailed review of occupational
classifications. Work is proceeding on
dose/effect relationships for lung cancer
mortality.

In conclusion, with this large retrospective
cohort study, several causes of death have been
identified, which show excess mortality When
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compared with the Canadian male population.
Further analysis is needed to identify groups who
may be at higher risk than the rest of the
cohort. The effects of confounding factors such
as smoking and potential biases due to exclusions
from the analysis also need to be examined.
Nevertheless with the strong and consistent
associations observed, especially in the case of
lung cancer among the underground miners, it is
reasonable to conclude that there was an increased
risk in the two mining camps, similar to that
shown in other studies.
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FIGURE 1
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TABLE 1 - Size of the Male Population for SMR Analysis

Rejections, by Reason

Site Total
in

Study

birth*
year

missing

last*
known
alive 1950

start*
year

missing

Total
rejec-
tions

Total
in

Analysis

Deaths Person
in Years

Analysis At Risk

Port Hope

Port Radium

Beaverlodge

Other Sites

Total Records

Total People

2977

4155

10979

1259

19370

18424

169

615

1409

139

2332

2269

967

1139

1

2108

2057

10

69

38

24

141

76

1146

1823

1448

164

4581

4402

1831

2332

9531

1095

14789

14022

249

701

1115

66

2131

1934

25080

55226

135816

10414

22536

211146

* Records with more than one reason for elimination are counted only once, the eliminations being
in the above order.
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Causa of Death

Table 2: Cause-Specific Mortality - Port Radium

,1Observed Expected SMR DSMR

Respiratory TB
Other TB
Other Infectious disease
All malignant neoplasms
Buccal cavity £ pharynx
Esophagus
Stomach
Intestine except rectum
Rectum
Larynx
Trachea, bronchus, lung
Bone
Skin
Breast
Prostate
Kidney
Bladder £ urinary tract
Brain
Other nervous system
Liver < biliary system
Pancreas
Lymphatic £ Kematopoletic
Acute lymphatic leukemia
Chronic lymphatic leukemia
Unspecified lymphatic leukemia
Acute ayeloid leukemia
Chronic myeloid leukemia
Unspecified nyelold leukemia
Monocytic leukemia
Other £ unspecified leukemia
Hodglclne disease
Hon-ffodgkins lymphoma
Myeloma

Other malignant neoplasms
Benign neoplasms
Diabetes mellitus
Anemias
Chronic rheumatic heart disease
Hypertensive disease
Ischaenlc heart disease
Other heart disease
Cerebrovascular disease

Influenza
Pneumonia
Bronchitis
Emphysema
Asthma

Cirrhosis
Alcoholism

Nephritis £ nephrosis
Hyperplasia of prostate
Congenital anomalies
External causes
Motor vehicle accidents
Other transport accidents
Suicide
Homicide
Other external

All other causes

Totals

xDirectly Standardised Mortality Rate - deaths/100,000

•Statistically significant at 5«

3
0
8

167
0
1
7
7
2
1
83
0
1
0
8
3
2
4
0
5
6
24
0
0
0
0
2
0
0
3
15
2
2
13
2
6
0
8
2

195
14
23

0
11
5
5
1

24
8

2
0
2

147
33
4
31
2
77

63

701

2.99
0.59
2.25

114.84
2.97
2.35
9.36
9.21
4.29
1.62

30.63
0.60
1.39
0.14
5.72
2.65
2.79
3.62
0.43
1.83
5.94
20.96
0.45
a.4i
0.11
0.99
0.30
0.10
0.14
1.49

12.56
3.15
1.26
8.35
0.90
6.05
0.60
3.97
3.78

162.56
12.33
27.34

0.77
8.59
4.50
4.35
1.14

12.70
3.02

2.18
0.53
1.24

62.11
20.87
3.40

11.85
1.65

24.34

44.66

484.04

100
0

356 *
145 *
0
43
75
76
47
62

271 *
0
72
0

140
113
72
111
0

266 *
101
115
0
0
0
0

671 *
0
0

202
119
64
159
156
222
99
0

202 *
53
120
114
84

0
128
111
115
88

189 *
265 *

92
0

162
237 *
182 *
118
262 * 1
121
316 *

141 * ]

145 *

3.3
0
9.8

0
1.9
8.4
11.8
5.4
4.6

108.1
0
0.4
0

53.9
5.9
4.6
3.5
0
6.3
8.0

0
0
0
0
3.6
0
0
2.1

36.2
2.5
3.7
18.5
1.5
9.1
0
6.6
1.6

354.1
21.6
44.8

0
18.9
8.3
8.3
0.5

26.6
5.5

1.2
0
2.2

56.7
3.3

L12.9
1.7

63.1

L04.1
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Table 3: Cause-Specific Mortality - Beaverlodge

Cause of Death Observed Expected SHE

359

Respiratory TB
Other TB
Other infectious disease
All malignant neoplasms
Buccal cavity £ pharynx
Esophagus
Stomach
Intestine except rectum
Kectum
Larynx
Trachea, bronchus, lung
Bone
Skin
Breast
Prostate
Kidney
Bladder £ urinary tract
Brain
Other nervous system
Liver & biliary system
Pancreas
Lymphatic i Hematopoietic
Acute lymphatic leukemia
Chronic lymphatic leukemia
Unspecified lymphatic leukemia
Acute myeloid leukemia
Chronic myeloid leukemia
Unspecified myeloid leukemia
Konocytic leukemia
Other & unspecified leukemia
Hodgkins disease
Kon-Hodgkln* lymphoma
Myeloma

Other malignant neoplasms
Benign neoplasms
Diabetes mellitus
Anemias
Chronic rheumatic heart disease
Hypertensive disease
Ischaemic heart disease
Other heart disease
Cerebrovascular disease

Influence
Pneumonia
Bronchitis
Emphysema
Asthma

Cirrhosis
Alcoholism

Nephritis & nephrosis
Hyperplasia of prostate
Congenital anomalies
External causes
Motor vehicle accidents
Other transport accidents
Suicide
Homicide
Other external

All other causes

Totals

2
2
6

246
3
3
18
18
8
1

112
1
2
0
10
3
4
6
0
7
7
22
1
0
0
0
0
1
0
2
9
7
2
21
1
14
0
6
3

235
18
44

1
23
10
4
1

33
11

4
1
4

359
70
23
77
8

181

87

1115

4.70
1.07
4.47

226.79
6.14
4.63
17.87
18.28
8.41
3.22

60.87
1.31
3.21
0.27
10.72
5.29
5.26
7.85
1.07
3.77
11.71
38.74
0.93
0.83
0.23
2.27
0.80
0.23
0.28
3.24
20.70
6.75
2.47

18.19
2.04

12.48
1.20
8.04
7.15

316.41
25.57
53.16

1.49
17.33
8.48
8.28
2.29

28.47
7.33

4.42
0.97
3.38

176.40
61.04
10.21
37.06
5.79

62.30

93.41

1015.34

43
188
134
108
49
65
101
99
95
31

184 *
76
62
0
93
57
76
76
0

186
60
57 *
107
0
0
0
0

430
0
62
44 *
104
81
115
49
112
0
75
42
74 *
70
83

67
133
118
48
44

116
ISO

90
103
118
204 *
115
225 *
208 *
138
291 *

93

110 *

2.1
1.8
6.5

1.7
1.2
9.1
17.0
4.3
0.3
64.6
0.6
0.7
0
9.1
2.7
3.0
4.4
0
3.3
3.8

0.4
0
0
0
0
0.9
0
0.9
8.4
4.7
1.1
9.8
0.3
18.9
0
3.4
2.6

189.9
19.2
37.6

0.6
25.0
13.7
2.2
0.4

15.3
5.1

1.8
0.9

28.5

39.8
24.9
73.5
2.7

107.6

97.5

1Directly Standardised Mortality Rat* - deaths/100,000
"•Statistically significant at 5%
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Table 4: Cause-Specific Mortality - Port Hop*

Cause of Doth Observed Expected SMR

Respiratory TB
Other TB
Other Infectious disease
All iwlisnsnt neoplasus
Buccal cavity £ pharynx
Esophagus
Stomach
Intestine except rectum
Rectum
Larynx
Trachea, bronchus, lung
Bone
Skin
Breast
Prostate
Kidney
Bladder t urinary tract
Brain
Other nervous system
Liver & biliary system
Pancreas
Lymphatic 4 Hematopoietic
Acute lymphatic leukemia
Chronic lymphatic leukemia
Unspecified lymphatic leukemia
Acute myelold leukemia
Chronic myaloid leukemia
Unspecified xyeloid leukemia
Monocytlc leukemia
Other & unspecified leukemia
Hodgkins disease
Mon-Hodgkin* lymphoma
Myeloma
Other malignant neoplasms

Benign neoplasms
Diabetes mellitus
Anemias
Chronic rheumatic heart disease
Hypertensive disease
Ischaemic heart disease
Other heart disease
Cerebrovascular disease

Influence
Pneumonia
Bronchitis
emphysema
Asthma

Cirrhosis
Alcoholism

Nephritis t nephrosis
Hyperplsiia of prostate
Congenital anomalies
External causes
Motor vehicle accidents
Other transport accidents
Suicide
Homicide
Other external

All other causes

Totals

0
1
0
59
1
2
5
3
7
1
14
0
0
1
0
1
1
1
0
2
S
9
0
0
0
0
0
0
0
0
7
2
0
6
0
1
3
0
4
98
5
14

0
4
0
0
0

8
1

3
0
0
28
12
5
4
0
7

20

249

1.57
0.30
1.22

70.9*
1.74
1.41
5.87
5.62
2.41
0.91
17.16
0.36
0.79
0.08
4.34
1.47
1.84
1.80
0.23
1.11
3.41
15.53
0.29
0.25
0.07
0.5*
0.18
0.06
0.08
0.80
10.87
1.69
0.71
4.73
0.49
3.54
0.43
1.98
2.63

98.63
9.93
18.61

0.59
6.15
2.82
2.59
0.64

6.42
1.54

1.2*
0.58
0.61
33.70
11.34
1.67
6.75
0.98
12.96

28.41

295.71

0
335
0
83
58
142
85
53

268 *
110
82
0
0

1248
0 *
68
54
56
0

ISO
144
58
0
0
0
0
0
0
0
0
64
119
0

127
0
28

692 *
0

152
99
50
75

0
65
0
0
0

1.25
0.65

2.39
0
0
83
106
300 *
59
0
54

70

84 *

0
1.5
0

4.0
3.1

22.5
9.1
17.9
6.5

36.0
0
0
4.2
0
1.3
2.1
2.0
0
5.1
14.1

0
0
0
0
0
0
0
0

32.8
11.2
0
21.8
0
3.2

14.7
0
14.0
299.2
24.9
44.0

0
28.4
0
0
0

18.5
3.9

6.9
0
0

40.0
10.5
6.9
0
18.8

71.5

1Directly Standardised Mortality Rate - deaths/100,000
•Statistically significant at 5%
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Table 5: Cause-Specific Mortality - Other Sites

Cause of Death Observed toected SH» DSMf.1

Kespiratory TB
Other TB
Other infectious disease
All malignant neoplaias
Buccal cavity t pharynx
esophagus
Stomach
Intestine except rectum
Jtectum
Larynx
Trachea, bronchus, lung
Bone
Skin
Breast
Prostate
Kidney
Bladder £ urinary tract

Brain
Other nervous systea
Liver * biliary systea
Pancreas
Lymphatic & Hsmatopoietic
Acute lymphatic leukemia

Chronic lymphatic leukemia
Unspecified lymphatic leukemia
Acute ayeloid leukemia
Chronic myeloid leukemia
Unspecified myeloid leukemia
Nonocytic leukemia
Other & unspecified leukemia
Hodgkins disease
•on-Hodgklns lyaphome
Myeloma
Other malignant neoplasms
Benign neoplasms
Diabetes aellitus
Anemias
Chronic rheumatic heart disease
Hypertensive disease
Ischaemlc heart disease

Other heart disease
Cerebrovatcular disease

Influensa
Pneumonia
Bronchitis
Emphysema
Asthma

Cirrhosis
Alcoholism

Nephritis 6 nephrosis
Hyperplasla of prostate
Congenital anomalies
External causes
Motor vehicle accidents
Other transport accidents
Suicide
Homicide
Other external

0
0
1
18
0
0
2
1
0
0
5
1
0
1
1
0
0
0
1
1
1
4
0
0
0
0
1
0
0
0
1
1
1
0
0
0
0
1
0
2t
0
0

0
1
0
0
1

0
0

0
0
0
11
4
1
2
0
4

0.34
O.OS
0.35
17.24
0.47
0.3*
1.34
1.40
O.«3
0.24
4.53
0.11
0.25
0.02
0.S9
0.39
0.41
O.SB
0.0»
0.21

O.BB
2.97
O.OB
O.OC
0.02
O.lf
0.07
0.02
0.02
0.25
1.57
0.51
0.1B
1.40
0.1*
0.95
0.10
0.57
O.*O
23.97
2.13
4.31

0.13
1.50
O.*4
O.'l
0.17

2.12
0.5*

0.34
0.11
0.3*
15.47
5.5B
0.B4
3.2<
0.53
5.24

0
0

2S4
104
0
0

149
72
0
0

110
•IS
0

5037 *
113
0
0
0

1157
350
114
135
0
0
0
0

1530
0
0
0
•4
197
544
0
0
0
0

175
0

109
0
0 *

0
•7
0
0

577

0
0

0
0
0
71
72
119
*1
0

7*

0
0
4.4

0
0
15.1
11.0
0
0
42.9
7.5
0
24.2
9.4
0
0
0
2.9
9.9
4.0

0
0
0
0
4.3B
0
0
0
4.5
«.«
3.4
0
0
0
0
5.5
0

2*3.4
0
0

0
24.1
0
0
2.0

0
0

0
0
0

37.3
4.4
5.5
0
22.1

All other causes

Totals «i

7.*9

«0.S«

91 1*9.9

•2

directly Standardised Mortality Rate - deaths/100,000
'Statistically significant at 5*
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Table «:

Cause of Death

Respiratory IB
Other TB
Other infect disease
All malignant neoplasms
Buccal cavity 4 pharynx
Esophagus
Stomach
Intestine except rectum
Rectum
Larynx
Trachea, bronchus, lung
Bone
Skin
Breast
Prostate
Kidney
Bladder 4 urinary tract
Brain
Other nervous system
Liver 4 biliary system
Pancreas
Lymphatic 4 Hematopoletic
Acute lymphatic leukemia
Chronic lymphatic leukemia
Unspecified lymphatic leukemia
Acute myeloid leukemia
Chronic myelold leukemia
Unspecified myelold leukemia
Monocytlc leukemia
Other 4 unspecified leukemia
Hodgkins disease
Mon-Hodgkins lympboma
Myeloma

Other malignant neoplasms
Benign neoplasms
Diabetes mellitus
Anamiaa
Chronic rheumatic heart disease
Hypertensive disease
Ischaemic heart disease
Other heart disease
Cerebrovaseular disease

Influence
Pneumonia
Bronchitis
emphysema
Aathma

Cirrhosis
Alcoholism

Nephritis 4 nephroals
Myperplaaia of prostate
Congenital anomalies
External causes
Motor vehicle accidents
Other transport accidents
Suicide
Homicide
Other external

All other causes

Totals

Cause-Specific

a) Surface
Obs'd Exp'd

0
0
3
*7
0
0
2
2
1
0
28
0
0
0
5
2
2
1
0
2
3
14
0
0
0
0
2
0
0
2
•
1
0
5
2
2
0
3
2

121
5
15

0
9
4
4
0

15
3

0
0
1
57
IB
3
11
1
24

27

340

1.54
0.30
1.18

tl.53
1.54
1.25
5.1*
4.97
2.33
0.84
15.97
0.32
0.71
0.07
3.42
1.38
1.58
1.79
0.21
1.01
3.1*
11.55
0.25
0.22
0.0*
0.51
0.15
0.05
0.08
0.78
7.1*
l.tl
O.«7
4.37
0.4*
3.28
0.34
2.00
2.1*

87.58
7.04
15.55

0.45
4.88
2.54
2.41
O.«2

ft.20
1.4*

1.17
0.35
O.«2
30.99
10.50
l.*8
5.84
0,82
12.1*

24.10

259.03

fat
0
0

254
109
0
0
39
40
43
0

175 *
0
0
0

14*
145
12*
5*
0

198
95
121
0 '
0
0
0

1331 *
0
0

255
12*
«2
0

115
432
•1
0

150
93
138 *
71
9*

0
185
157
1*(
0

242 *
20*

0
0

1*0
184 *
172 «
179
189 *
123
197 *

111

131 *

Mortality

DBMB1

0
0
10.1

0
0
4.9
8.4
t.O
0
84.5
0
0
0

tt.8
9.2
8.5
2.*
0
5.9

10.8

0
0
0
0
ft.t
0
0
2.8
38.9
3.8
0
14.*
3.*
4.*
0
*.l
4.1

450.1
19.7
50.5

0
28.9
14.8
12.7
0

40.9
5.4

0
0
2.8

32.3
5.0

137.4
1.5

4*.9

78.9

- Port Badium

Obs'd

3
0
5

100
0
1
5
5
1
1
55
0
1
0
3
1
0
3
0
3
3
10
0
0
0
0
0
0
0
1
*
1
2
8
0
4
0
5
0
74
9
•

0
2
1
1
1

9
5

2
0
1
95
20
1
20
1
S3

3*

3*1

b) Underground

1.45
0.29
1.07
53.22
1.43
1.11
4.20
4.24
1.9*
0.77
14.47
0.28
O.«8
0.0*
2.30
1.27
1.20
1.83
0.22
0.87
2.78
9.3*
0.20
0.19
0.05
0.48
0.15
0.05
0.07
0.70
5.40
1.53
0.59
3.99
0.44
2.78
0.2*
1.97
l.*2
74.99
5.28
11.79

0.32
3.71
1.9*
1.94
0.52

«.S1
1.57

1.01
0.18
0.(1
31.12
10.38
1.72
«.02
0.83
12.18

20.35

225.01

m
207
0

4*8 *
188 *
0
90
119
118
51
129
375 *
0

147
0

130
79
0

1*4
0

343
108
107
0
0
0
0
0
0
0

142
111
eS
338
201 *
0

144
0

254
0
99
170
ta

0
5'.
51
52
192

138
319 *

198
0

1*3
305 *
193 *
58
332 *
120
435 *

177 *

1*0 *

pjtfR.1

7.2
0
9.1

0
4.7
12.4
18.4
5.4
10.3
154.3
0
0.8
0
13.*
0.9
0
5.0
0
7.8
5.1

0
0
0
0
0
0
0
1.*

30.*
0.9
7.4

24.*
0
It. 4
0
7.8
0

222.4
27.3
40.8

0
10.1
1.4
2.2
0.9

lt.l
7.0

2.3
0
2.0

185.1
2.2
37.3
2.2

87.8

235.5

^Directly Standardised Mortality Rate - deaths/100,000
'Statistically significant at 51
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Tabu 7: Cause-Specific Mortality - •eaverlodge

Cause of Death

Respiratory TS
Othar TS
Other infect disease
All malignant neoplasms
Suceal cavity 4 pharynx
Esophagus
Stomach
Intestine except rectum
Sec turn
Larynx
Trachea, bronchus, lung
•one
Skin
Breast
Prostate
Kidney
Bladder 4 urinary tract
train
Othar nervous system
Liver 4 biliary system
Pancreas
Lymphatic * Meaetopeietlc
Acute lymphatic leukemia
Chronic lymphatic leukemia
Unspecified lymphatic leukemia
Acute myelold leukemia
Chronic myeleid leukemia
Unspecified myeleid leukemia
Monocytlc leukemia
Othar 4 unspaclfiad leukemia
Undglrlns dieeeee
•on Woegklna lyaphoma
Myeloma

Othar malignant neoplasms
Benign neoplasms
Dlebetee mallitua
Anemias
Chronic rheumatie heart dissssa

Ischaemle heart diaaasa
Other haart diaeaae
Cerehrovasculsr disease •

Influansa
Pneumonia
Bronchitis
•sfhysimi
Asthma

Cirrhosis
Alcoholism

Nephritis 4 nephrosls
Myperplasia of prostate
Congenital anomalies
Internal causes
Motor vehicle accidents
Other tranaport accidants
Suicide
Homicide
Other external

All other causes

Totals

a) Surface
Obs'd fold.

1
2
3

102
0
2
•

4
1
2t
1
2
0
7
1
4
4
0
4
2
13
0
0
0
0
0
0
0
1
7
4
1
14
0
5
0
5
2

10*
a,
30

0
14
5
3
1

M

7

1
0
2

153
32
12
40
4
ts
49

515

2.42
0.54
2.31

lit.43
3.01
2.39
9.53
9.5S
4.43
1.(2
30.S3
O.tt
1.57
0.14
(.40
2.(7
2.93
3.75
0.51
1.9*
(.05
21.15
0.50
0.45
0.12
1.13
0.39
0.12
0.14
i.ts
12.03
3.35
1.2t
9.It
1.01
(.5*
0.(7
3.92
3.97

l*(.O7
14.19
29.13

O.M
9.79
4.73
4.51
1.19

13.33
3.41

2.2t

o.ts
1.75

M.I*
30.31
4.M

17.7t
2.T9

30.42

49.9*

52t.S*

as
41
373
130
S*
0
S4
S4
73
90
(2
91
14t
127
0

109
3t
137
107
0

204
33
(1
0
0
0
0
0
0
0
«1
5t
120
71
1S3
0
7(
0

121
50
«4 *
5*
101

0
143
10*
(7
B4

120
20*

44
0

114
17t *
10*
247 •
225 *
144
214 *

9t

97

2.*
3.3
*.O

0
1.5
7.t
11.5
3.(
O.t
37.5
1.3
1.4
0
11.t
l.t
5.3
5.3
0
3.9
3 1

0
0
0
0
0
0
0
1.0
11.0
4.2
l.t
13.2
0
7.5
0
S.t
2.*

112.2
15.t
41.*

0
24.9
15.9
3.4
0.9

17.0
(.3

0.9
0
1.7

42.*
34.1
49.*
3.4
91.3

9*.7

ObsM

1
0
3

144
3
1
10
11
4
0
t4
0
0
0
3
2
0
2
0
3
5
9
1
0
0
0
0
1
0
1
2
3
1
7
1
9
0
1
1

129
10
14

1
9
5
1
0

17
4

3
1
2

20*
3t
11
37
4

11*

31

too

b) Underground
1 to'd

2.2t
0.53
2.1*

lOt.3*
3.0*
2.24
1.35
S.70
S.M
l.tO
30.04
O.«4
1.44
0.13
4.32
2.*2
2.33
4.10
0.55
1.12
S.M
17.59
0.43
0.39
0.11
1.14
0.41
0.11
0.14
1.59
t.«7
3.40
1.20
9.01
1.03
5.92
0.52
4.12
3.It

150.34
11. M
23.34

0.(1
7.53
3.7*
3.77
1.10

15.14
3.92

2.14
0.33
1.(3
90.24
30.73
5.35
19.2t
3.01
31.17

43.45

4M.7t

mat

44
0

139
133 *
M
45
120
127
100
0

2tO *
0
0
0
70
7*
0
49
0

1*5
M
51 *
234
0
0
0
0

MO
0
(3
23 *
M
S4
7t
97
152
0
24
32
M
M
(0 *

1*3
120
133
27
0

112
102

140
307
123
22t *
124
20* *
192 *
133
3*4 *

M

123 *

Qfjgl

O.t
0
*.2

3.4
1.2
11.7
25.3
5.4
0
9*. 5
0
0
0
3>t
4.0
0
3.2
0
2.5
4.3

1.0
0
0
0
0
2.3
0
O.t
(.4
4.*
0.4
• •3

0.4
41.3
0
0.4
2.0

ltS.3
34.t
52.0

1.1
12.*
7.4
0.7
0

12.*
3.7

2.3
2.1

M.(

30.•
(.9

132.4
2.1

114. S

10*.*

directly Stanaarcleae Mortality Sata - daatha/100,000
•Statistically significant at 3%
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DISCUSSION

Quaatlon (Brown): What attpa war* taken to
Investigate the extent to which workers Included
In the study had also experienced periods of
exposure when working at other operations?

Answer: First, we have anecdotal information,
from job application forms, but more formally, we
have data on their experience in mining In
Ontario. However, we have not used this
Information for our present, preliminary
analysis.

Question (Bernstein): Did you exclude cancer
deaths and person-years at risk (FIR) In the first
10 years after exposure began for your analysis of
cancer? If the data are analysed with these
considerations of latency, are the results
different?

Comment (Frost): I have a comment on excess
deaths due to external causes and suicides and
self-inflicted Injuries in the two mining groups.

Some of these deaths ware no doubt due to
Industrial accidents but others wsre life-style
related, such as motor vehicle aecidente. Hsny
miners would work for approximately a year and
quit, only returning when they had run out of
money. This itinerant life-style probably
contributed to the exceas deaths due to various
external causes, looking at crude mortality for
Canada in 1980, one notices that external causes
and suicides are both elevated in the Yukon and
Northwest Territories, relative to the Canadian
average. Hence these excess death rates also seem
to be related to isolated northern locations.

Answeri No, we have not used the latency period
In our analysis• Ms are currently doing
dose-response analysis, and In this effort,
latency Is being considered.

Question (Bates): Were exclusion ratee similar in
surface and underground workers?

Answer: Generally, they ware the same. In Port
Radium underground miners, there was a higher rate
of exclusion.

Comment (latss)t Ie is worth pointing out that,
although In many Instances our calculation* of
past exposure are vary approximate (as for
sabestoe during World Mar II, for example),
nevertheless the general dose-response
relationship holds remarkably well.

Answer) I quite agree. Mast studies, In spite of
all the problems, come up consistently with the
same results. From a statistical point of view,
this Is quite reassuring.

Question (Wheeler): Do you feel that the violent
deaths are related to the Isolation of the mines?

Answer: Quite possibly. It has been observed
from other studies that Northern populations do
have a higher Incidence of deaths due to external
causes, which could vary wsll be related to the
Isolation. Some other causes are speculated In
the paper.
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LUNG CANCER MORTALITY AND RADIATION EXPOSURE AMONG THE NEWFOUNDLAND FLUORSPAR MINERS

Morrisoni H.I., Semenciw! R.M , Mao! Y,, Corkill, D.A.. Dory,
deVilliers, A.J., Stocker, H., Uigle! D.T.

A.B.,

INTRODUCTION
Health & Welfare Canada
Atomic Energy Control Board

The mining of fluorspar (calcium fluoride) In St.
Lawrence, Newfoundland began In 1933. Operations
were converted to standard underground mining
procedures In 1936. In 1942 wet drilling was first
introduced into general use. Ventilation in the
mines was mainly by natural draft, occasionally
supplemented by small blowers. The amount of
ventilation varied greatly between mines as well as
over time. Hines also varied by the amount of
ground water which seeped into them.

While over a dozen different mines were developed
in the vicinity of St. Lawrence, the great majority
of ore was obtained from only two mines. Iron
Springs and Director. Ventilation is known to have
been substandard In Iron Springs, which had only a
single small raise to the surface 185 metres from
the main shaft and no supplementary blowers.
Director mine, in contrast, had multiple raises to
the surface and, from 19SS onward, some forced air
ventilation on one level. Both mines were extremely
wet.

In the early 1950's an unusually large number of
lung cancer cases were diagnosed among the fluorspar
miners. As a result, in 1956 and 1957, the
Department of National Health and Welfare sent J.P.
Hindish to test for possible causative agents, which
unfortunately did not include radiation. In 1959
and 1960, Windish and the A.D. Little Company
documented high levels of radiation from radon and
Its daughter products 1n the Director mine. The
source of the radon was shown to be the ground water
which continually poured into the mine. As a result
of the high radon levels found, mechanical
ventilation was introduced into all mine levels 1n
I960, and radon daughter levels fell well below 1
working level (WL).

METHODS

The study cohort consists of 2120 miners, millers
and surface workers. Occupational histories were
compiled from company records except for the period
1933 to 1936, where, because a fire had destroyed
company records, histories were reconstructed from
census records and by Interviewing company officials
and ex-employees.

Personal Identifying information was available
from work histories, from smoking survtys ami from
Unemployment Insurance Commission files for those
miners who supplied social Insurance numbers on one
of the smoking surveys. Five-hundred and ninety-one
workers who lacked adequate personal Identifying
Information (name and year of birth) were dropped
from the present analysis.

Surveys were conducted In I960, 1966 and 1970 by
the Department of National Health and Welfare, and
In 1978 by the Atomic Energy Control Board 1n order
to ascertain the Individual smoking habits of

miners. Four groups were identified: those who had
never smoked, ex-smokers, light smokers (less than
20 cigarettes per day) and heavy smokers (20 or more
cigarettes per day). Those who smoked pipes or
cigars exclusively, with no history of cigarette
smoking were included for the purpose of this
analysis with those who had never smoked. In all
870 of the cohort were surveyed at least once.

Mortality data were obtained from medical
certificates of death. An attempt was made to trace
all ex-employees through a National Death Index
operated by Statistics Canada. Individuals not
found were assumed to be alive for the purposes of
analysis.

We analysed mortality from the beginning of 1933
to the end of 1981, the cut-off date for follow-up.
A modified life-table technique was used to obtain
person-years at risk, with Individual miners
contributing varying numbers of person-years defined
by calendar year smoking status, cumulative
exposure, age at first exposure and age, until death
or the end of 1981. Because lung cancer is believed
to have a minimum latency of at least 10 years from
the onset of carcinogenic exposure, person-years at
risk of lung cancer during the first 10 years after
underground exposure were excluded. Years In which
death occurred were counted as half years.

The mortality rates of underground workers were
age standardized based on tne age distribution of
the unexposed. Expected numbers of deaths among
underground miners were calculated by indirect
adjustment from age and time period and disease
specific mortality rates of surface workers.

Occupational histories up to 1960 Included the
type, place and hours of work by year for Individual
miners. From 1960 onward, radon daughter exposure
estimates were available for individual miners by
calendar year.

The earliest measurements of radon and radon
daughters in the fluorspar mines were made 1n late
1959 and early I960 1n the Director Mine. Measured
levels varied tremendously, from below levels of
detection to almost 200 working levels 1n a
non-worked area. Pre 1960 levels have been
re-estimated based on a review of environmental
working conditions in the mines by the Atomic Energy
Control Board of Canada (1). Taken Into
consideration has been the ventilation history of
the mines, the year, type of work and conditions
under which the first measurements were made 1n 1959
and 1960. For each year previous to 1960, hours of
work were converted Into working months (1 WM * 170
hours) and multiplied by the estimated year,mine and
occupation specific radon daughter level In working
levels to yield annual radon daughter exposures in
working level months (WLM).
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RESULTS

The present study examines the mortality
experience of 2120 Miners, Millers and surface
workers employed during the period 1933 to 1978.
Allowing for a 10 year latency, this resulted in an
estimated 37,730 person-years of observation (Table
1)" . liklr I
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The frequency of lung cancer deaths among exposed
workers by period first exposed and length of latent
period Is presented In figure 1.
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The mode of the frequency distributions for men
first exposed during the years 1933 to 1941 was 10
years less than those first exposed during the
period 1951 to 1959, although the distributions did
not differ significantly at the 0.05 level using the
Kolmogorov-Smirnov two sample test (2). The
distributions of latent periods for miners first
exposed after 1950 are incomplete, as there has not
yet been a sufficient period of observation.

Lung cancer mean latency by age at first exposure
and cigarette smoking status is found in table 2.
The overall latency was found to be 25.9 years. The
length of latency decreased with increasing age at
first exposure. The latency period for smokers was
found to be longer than for non-smokers, but the
difference, tested by a two-way analysis of variance
was not statistically significant.
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The risk of death due to lung cancer as a
function of lifetime cumulative radiation exposure
Is presented in table 3. Lung cancer Mortality Is
elevated for ntry exposure category, although a
statistically significant increase (at the .05
level) was not found until the 600+ WLM range. The
test for trend was highly significant (p < .001).
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A linear regression on the directly standardized
rates is found in figure 2.
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LUNG CANCER MORTALITY VERSUS WLM
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FIGURE 2

Although the linear fit 1$ not perfect, It cannot
be rejected as can be seen in table 4 which gives
the lack-of-fit of several dose-response models.

The estimated number of excess lung cancer deaths
per WLM per million person-years by smoking status
is presented in table 6. No differences were found
between smokers and non-smokers.
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The estimated number of excess lung cancer deaths
per WLH per million person-years by age at first
exposure is given 1n table 5. Excess number of
deaths climb as the age at first exposure Increases,
although the differences are not statistically
significant.
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DISCUSSION

Analysis of the length of Induction-latency by
period first exposed revealed non-s1gn1f1cantly
shorter Induction-latency periods for men exposed
during the earliest period when radon daughter
levels were believed to have been at their highest
(1). The Induction-latent period was found to be
shortened by high exposure rates among the Colorado
plateau miners (3). Induction-latency was Inversely
related to age at first exposure, in agreement with
previously reported findings for the Colorado
Plateau and Swedish metal miners (3). The
Induction-latent period was found to be longer for
smokers than for non-smokers. Other studies
examining this issue (3, 4) have found the opposite;
however, the present findings were not statistically
significant.
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Risk of dying of lung cancer was found to be
strongly associated with cumulative radon daughter
exposure. Lung cancer mortality, elevated among
every exposure category, did not attain statistical
significance until 600 WLM, higher than reported for
other studies (5-7). This is likely to be, at least
partially, a reflection of the small cohort size.

Assuming a linear model, and based on crude
rates, the excess lung cancer deaths per million
person-years per WLH increased with age at first
exposure. This finding is in agreement with the
Colorado plateau (8) and Swedish metal miners
studies (9). A similar approach revealed no
difference in excess lung cancer deaths between
smokers and non-smokers. Lung cancer mortality
rates for cigarette smoking Colorado Plateau uranium
miners were almost six times higher than for those
who did not smoke (10). The present findings, based
on the very small numbers of non-smokers in the
cohort are subject to considerable variability and
should be viewed cautiously.

CONCLUSIONS

New dose estimates, based on a retrospective
study by the Atomic Energy Control Board, were used
in the analysis of a cohort of 2100 fluorspar
miners. Risk of lung cancer mortality was related
to cumulative radon daughter exposure.
Induction-latency was found to vary inversely with
age. Excess number of deaths per million
person-years per WLM varied between 5.5 and 6.0,
depending on smoking status.
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DISCU8SIOII

Question (Sttfnhausler): What Is the exposure
received, taking Into consideration the Indoor
exposure (non-occupational) by the "cero" HIM
group and the "1-9" WLM group?

Answer: The WLM categories are for occupational
exposures only. Obviously, all Individuals In the
study were subject to trace amounts of radiation
from radon daughters (the aean value of radon
daughters In homes In St. Lawrence, Nfld. was
0.005 WLM), and as such, there Is no truly
unexposed group. Given the msgnltude of
occupational compared to home exposure, however,
It is reasonable to call those we were unexposed
occupational!* as unexposed. Radon daughter
levels prior to 1960 were typically of the ordsr
of 10-30 tfL In the mines conparsd to 0.005 WL In
the homes.

Question (Bernstein): Have there been Industrial
hygiene surveys to determine whether fibrous
asbestos or other aabestlform minerals were
present In these mines?

Answer: In the 1956 survey of possible
carcinogens, no aabsstot or asbsttlform Minerals
were reported.

Question (Bernstein): Were the excess risks for
smokers, ex-smokers, and never smokers (which were
numerically very similar) expressed as excess
relative or absolute risks?

Answer: The excess risks ars expressed as
absolute risks.
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PHYSICAL AND ENVIHONMKM'L'AL SURVEILLANCE IN URANI'JM EXPLORATION GALLERIE:1.

A. BASSIGNANI* A. FENZI° D. IPPOLITO* C M . PESSINA**

*AGIP S.p.A. Health Physics Department - Milan
"University of Milan - Institute of Human Physiology II - Milan

**AGIP S.p.A. Mining activities - Milan

ABSTRACT

Uranium prospection, carried out in Italy
by AGIP and now completed, has had the aim of
defining national resources. Research has
been carried out along all the Alpine re-
gions, Sardinia, Latiutn and Basilicata. At
the presente stage two areas of economic
interest have been located, at Novazza in
Val Seriana and in Val Vedello (Province of
Sondrio). The general strategy adopted in the
exploration phase to avoid, whenever possi-
ble, undue handling of a radioactive mate-,
rials, has been that of excavating tunnels
in sterile zones parallel to the minerali-
zed body, and of carrying out quantitative
evaluation by drilling. The practical re-
sults obtained to date in Val Vedello have
already established the existence of 5000
tonnes of U 0 and additional 2300 tonnes
from Novazza. Mining activities employed
about 150 workers for about five years are
now closed because of the low price of ura-
nium and of the delay in the nuclear Italian
program. This work summarizes all signifi-
cant data concerning heal th physics activi-
ties connected with mining operations. A com
plete evaluation of the total dose (exter-
nal +. internal) received by the workers is
presented as well as the forumula adopted as
a radioprotection standard. External doses
have been evaluated on the basis of indivi-
dual TLD dosimeters, while evaluation of in-
ternal doses are mainly achieved by an envi-
ronmental surveillance program of radon
daughter air concentration inside the mines.
The external dose received by the workers is
lower than 0.2 m Sv/month and internal expo-
sure is less than 6.4 10-3 j.h.irr3 /year
(or, using the old units, 2 WLM/year). An en
vironmental control, program has been also
carried out in a wide area surrounding the
galleries in order to evidence eventual ra-
diometric alteration due to mining activi-
ties. No significant evidence has been found
The data are presented together with their
geological correlation.

OUTLINE OF THE GEOI.OCY AMD
LIZATION OF VAL VEDELLO

-•i-.A-.'IUM MINERA-

The Val Vedello uranium deposit occurs in
the Eastern Orobic Alps, about 12 Km South of
the Insubric Line, which divides the Austroal_
pine Domain from the Southern Alps Domain.

Very different tectonic styles characteri-
ze the two Domains: nappe structures with lar
ge overthrusts define the former, while the
latter generally results deformed and split
up by numerous dislocations and is character^
zed by only minor overthrusts.

From a regional 1ithostratigraphic point
of view,this vein type deposit is related to
a normal fault delimiting a lower Permian vol_
cano-clastic sequence (Formazione di Collio)
from a metamorphic basement with prevailing
pre-Carboniferous metamorphism (Gneiss di Mor
begno).

The host rocks are old mylinites
(and cataclasites) of basement whose move-
ments, time active, affected consistently the
deposition of pre-Hercynian volcano-cla
stic series producing additional tectonisa-
tions.

Along these lines of crustal weackness por
phyritic events of andesitic ehemism frequen-
tly occured,final expression of the hercynic
magmatic cycle.

The uranium mineralization, emplaced at
the end of the hercynian orogeny, is mainly-
represented by disseminated pitchblende in a
micaceous(sericitic) matrix or in veins along
formational beds.

The alpine diastrophism in addition to di-
slocate the ore body, caused a partial remobj_
lisation of uranium modifying the original
setting ( E-W trending mineralizations).

Very poor paragenesis characterizes the mi-
neralization: pitchblende, pyrite and arseno-
pyrite tied to the same depositional. phase,
whereas chalcopyrite and tetrahedrite belong
to a later phase. Characteristic is the pre
sence of carbonates of Ca, Fe and Mg. Val Ve-
dello uranium mineralisation are clearly stru£
turally controlled; they have been followed in
depth for-about 700 m. A major dislocation (Li_
nea del Gro) cuts and downthrows the deposit.

Two formations caracterize radiometrically
the area:

a) Metamorphic rocks represented by "Gneiss
di Morbegno" and "Filladi di Ambria" both
with a low uranium content and radiometric
background of 80-100 c.p.s. (SRAT SPP2).
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The "Gneiss di Morbegno" are mineralized in
the mylonitic and catac]astic band separating
them from the Formazione di Collio.
b) Permian volcano-clastic sequence, "Forma-
zione di Collio" here represented by polyge-
nic (mainly volcanic) conglomerate of allu-
via] fan (fang!omerates). The presence of
scattered pyroclastic breccias with higher
uranium content causes a general increase of
radiometric background from 150 to 300 c.p.s.
(SRAT SPP2) and of geochemicaJ background
(average 100 ppm).

ADOPTED RADIOPROTECTION STANDARD (PART 1)

Since the beginning of the activities, in
1978, two main factors were considered to
determine the overall dosage received by ura-
nium mining workers:
i) lung dose from radon daughters and thoron
daughters and skeleton dose (osteocy-r
tes) from 210Pb _210Po.
ii) external gamma dose.

Taking that into consideration,a standard was
defined which seemed to give the correct
weight to the dose received by the critical
organs relating with the enounced way of expo
sition. Because of the non existance at that
time of an official relationship between WLM
and rem, reported only in 1981 by ICRP 32, in
order to achieve a cautelative approach of
the problem,we thought necessary to proceed
also in the determination of skeleton
dose from Pb 2 1 0 - Po 2 1 0. This program was
carried out on the base of an experimental
correlation suggested by Clemente et al (12)
which shows a relationship between the pulmo-
nary exposure levels of RnD with the Pb 2 1 0

activity deposited in the skeleton as follows:
20-30 fCi of Pb210/g bone per 3,2.10"3

J.h.m"3 of RnD. Than the former standard was
the fallowing:

C* RnDexp + Ds + D
1+ 0.0128 07l5 0.05

—3
radon daughter exposure in J.h.m
(0.0123 annual RnD level acceptable);
skeleton dose in Sv (0.15 an-
nual dose acceptable)
deep total body dose in Sv (0.05 an-
nual dose acceptable).

In effect the Ds resulting data, have shown
in any time, very little imputation of dose,
really negligible compared with that to the
lung also according to the further considera-
tion of Jacoby at al. (4) (1980). For that
in conclusion, we thought rasonable to simpli_
fy the standard and it was therefore decided
to apply the radiation protection criteria
established by ICRP Publication a e ^ ) , and
IAEA(2) establishing a relationship taking in
to account the additivity of risk from indivi_
dual components of exposure.

RnDexp:

Ds :

Of :

The formula adopted as a radioprotection stan
dard for personnel working at the uranium gaj_
Jeries is then changed as follows:
Ep

Ep: radon daughter exposure measured in
J.h.m -3 -1 (0,0128 maximun annual limit of
exposure to potential alpha-energy)
Db-: deep gamma total-body dose in Sv y
(0.05 maximum annual acceptable dose),
or in the older units:
Ep (WLM) Dby(rem) ^ ( .

-1

,(3)4 5
According to ICRP Publication 3 2 X " sugge-
stions, the intention is to raise the annual
limit of exposure to potential alpha-energy
to 0.016 J.h.m"3 y"1 (5 WLM). ICRP Publica-
tion 32, in deriving ALEp's for occupational
exposure to radon and thoron daughters, ie.
0.017 and 0.05 h.h.nr3, respectively, already
takes into account the contributions of dose
to tissue other than the lung resulting from
intake of potential alpha-energy. As well
seen in the case of radon daughters, bone do-
se is negligible compared with that to the
lung (4K For thoron daughters, bone, kidney
and lung receive similar doses. These additio-
nal tissues doses arise from translocation of
the short-lived daughters 212Pb - 2 : 2Bi. In
uranium mining the predominant parameter for
the definition of working exposure is taken
to the average concentration of radon
daughters, the external dose, though at pre-
sent of no importance, might become signifi-
cant as mining activity is intensified, and
has therefore not been disregarded. The formu
la used has the undoubted advantage of simply
city, and seems to be sufficiently conservati^
ve even if since 1976 other authors^'have
suggested unlike solutions of which, on the
other hand,appeared to be not enough conservati_
ve. It is evident that an increase or decrea-
se of any one of the oversigned factors must
or may be balanced by the decrease or increa-
se of the others, the principle of optimiza-
tion remaining in any case the foundamental
criterion in a real radioprotection practice.
Pratically, the optimization criteria can es-
sentially be applied by acting on the parame-
ters which may influence RnD levels. The coun
termeasures, aimed at ensuring observance of
the standard by accentuation of the minerali-
zation levels, therefore consist mainly in
the modification of the ventilation system or
in other action tending to reduce the contri-
bution from radon dissolved in the surroun-
ding waters (6"7). All the data are plotted
in the following grafics.
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fig. 1
DATA OF GLOBAL EXPOSITION OF MINERS IN THE ITALIAN URANIUM EXPLORATION GALLERIES
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EVALUATION OF RADON-DAUGHTER EXPOSURE LEVELS

From 1977 to 1980 the evaluation of the
exposure levels was carried out by measure-
ment of samples representative of air inhaled
by workers and by control of exposure times.
For this purpose use was made of registers re
cording, specifically for each operative
area, the on-the job time spent by each wor-
kers in the mine environment. The results of
the measurements, expressed in J.h.nr3, are
referred to the hours spent by each employee
on the job and then integrated over the year.
The minimum frequency of radon daughters sur-
veys is daily for each site, and is carried
out at the time of the most critical working
conditions. Measurements are repeated to
check the different working situations and
are also recorded so as to allow for a corre£
tion in order to estimate exposure, taking in
to account variations in the condizions of .
the working environment. If jobs exist in a
site which lead to a different radon daughters
exposure, taking into account possible displa
cements of workers in the group, further mea-
surements are made and the most conservative
are attributed to the whole group. This ensu-
res most conservative representativity of the
measurements. Galleries are mapped on the ba-
sis of the radon and radon daughter concentra
tions so as to define specific risk areas^6).
Tunnels are divided into controlled areas and
free areas. The access to the former (concen-
tration levels of radon daughter 0.63-10"^
J.h/m3) is regulated by means of a "work per-
mit" granted from time to time in accordance
with the activity to be carried out. Entry to
the controlled areas - which are blocked and
signaled - is allowed for short periods which
in any case do not exceed the reference lung
exposure levels. Before allowing a stay -
even temporary - in these zones, the Health
Physics Dept. repeats and up-dates the radon
daughter surveys, recording the new informa-
tion in registers. Ventilation is the princi-
pal mean to avoid classifying positions
where transit of personnel cannot be avoided
as controlled areas; however, in most cases,
the controlled areas are blind alleys which,
whenever possible, are physically closed. On
the basis of this working progamme a series
of finding has been obtained which made it
possible to elaborate the distribution func-
tions of exposure levels shown in fig. 1. The
measurement programme in general provides for
the radon daughter determination by the Mar-
kov (8) method, and estimation of the alpha/
beta ratio of the filtered air by mean of
the Instant Working Level Meter (IWLM) ( 9 ).
For radon gas measurements the scintillation-
flask method is used as well as the two-fij_
ter method'10'. However, greater importance

is given to the radon daughters measurements.
Radon measurements, unlike the radon daughters
are carried out weekly or following any possji,
ble increase in the radon daughters values.
This is found to be acceptable because indica
tions - even if approximate - of this parame-
ter are obtained periodically by means of the
IWLM transformation graphs.

EVALUATION OF ABSORBED EXTERNAL GAMMA DOSE

From the outset of prospection activity
the AGIP Health Physics Dept. has extended in
dividual control for the measurement of exter
nal gamma dose to all workers employed in the
tunnels. External dose is monitored by TLD
thermoluminescent dosimeters. The same dosirae
ters are used both for personal monitoring
and for radiological surveillance of the env£
ronment inside and outside the gal leriesdl).
Each dosimeter contains two teflon tablets
with Dy activated CaSO^, which are preselec-
ted and have homogeneous characteristics.
These dosimeters have been found to be suffi-
ciently sensitive and suitable for the purpo-
se. Such dosimeters made it in fact possible
to determine the dose limit of 10 ~2mSv with
an associated error of 12J4 within the confi-
dence margin of 2. When environmental dosime-
try is carried out with particular care, the
error associated with measurement can be redu
ce<3 to 5%. Worker dose is - on overage - of
the order of 0.15 - 0.2 mSv/month above natu-
ral background. Such increase of dose is just
about the same for all workers because it is
mainly due to the altitude (about 2,000 m)
and to the environment characterized by fre-
quent outcroppings of mineral and thus by ra-
diometric anomalies. Investigations of envi-
ronmental radioactivity have shown dose inten
sity values up to 15 mSv/year in areas limi-
ted in size but frequent in number ^31^. This
result is in good agreement with the gamma do
ae shown by the individual records fo the per
sonnel which in fact are not plotted in the"
histogram because they are homogeneous. As a
zero reference point,the environmental exposu
re dose at the bottom of the valley is used.

CONCLUSIONS OF PART ONE

For practical application of the optimiza-
tion criteria suggested by ICRP 26, an at-
tempt was made to evaluate what measures
would be particularly suitable to achieve a
considerable reduction in the exposure of wor
kers to radon daughters. In our case it has
been confirmed experimentally that the follo-
wing three parameters must be considered to
have most importance in effective exposure re
duetion.
1) Piping of mine waters (the most onerous
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operation financially);
2) working conditions of the ventilation sy-
stem. The possibilities of acting on this pa
rameter are limited by the need to provide a
globally healthy working environment;
3) the physical closure of unused tunnels.
It was considered unnecessary to restrict the
duration of the exposure of the workers. The
modifications mentioned have made it possi-
ble, since the end of 1979 (the year in which
they were completed), to achieve a reduction
of about half in the overall dose absorbed by
the miners, as can be seen in the histograms
giving the effective results of the applica-
tion of the standard (fig. 1). This reduction
is mainly due to piping ot waters. The colle£
t.ive dose in 1980 (0.09 man.Sv y~l) was asses
sed at about 50% of the dose to miners in
1979 (0.19 man.Sv y-1) and in 1978 (0.17 man.
Sv y' 1). Furthermore it was in the range bet-
ween 0.1 and 0.2 for more than half the mi-
ners in 1980. The cost of achieving these re-
sults was z\ of the total annual budget. Howe
ver these same results will be useful in the
future to plan working interventions with rea
sonable confidence in their effectiveness. It
will also be possible to estimate probable
costs for the obtainment of better radiopro-
tectionistic conditions, by multiplying costs
present in proportion to the planned increase
in mining activity.

ENVIRONMENT DOSEMETER SURVEY (PART 2)

In order to obtain an environmen
tal radio-geologic characterization, the in-
vestigation programme was subdivided into two
main branches: geologic and geographic. While
the first allows a relationship between the
exposition dose intensity found and the rocks
nature, the second takes into consideration
the radiometric trends according to altitudes
and currents of air with a basic assumption
that said currents develop on a preferential
path along the Val Vedello axis which actual-
ly constitutes the main study interest. The
dosimeters have been set starting from
Agneda village (1200 m.a.s.l.) up to 2100 m.
a.s.l. where the last operation fields are
located, for a total of 13 points. The geolo-
gic formations Involved are 4:
Ambria phyllites, Collio conglomerate, Morbe-
gno Gneiss, Mylonite (mineralization). The
special characteristics of these formations
have been clarified in the chapter "geological
considerations". Some dosimeters have been
set where the valley widen out in order to ob
tain Informations on the air currents in-
fluence on the dosimeters response.These have
been set on supports at about 1 meter from
the ground in order to represent an effective

indication in terms of significant dose to
the critical organ and to whole body as re-
gards the possible population dose estimation;
the exposition time for each measurement <~y-
cle was developed during 1 month. For this
program observation cycles have been carried
out from July to October 1980 included: the
results are summarized in table 1.

FINAL CONSIDERATIONS

The results of the radiometric surveillan-
ce come up very well to the expectations be-
cause they translate into consistent numeri-
co-experimenta] terms,well known geologic and
environment situations which could not other-
wise have an analitic individuation concer-
ning the radio-geologic parameters that distin
guish them. It has so stressed an unlvocal
correspondence between geologic formations
and the corresponding environment doses. In
other words the dosimeters response has been
perfectly corresponding to the expectations
deriving from the knowledge of local geogra-
fic and geologic characteristics but, what is
more important, it allowed to establish a nu-
merical dimension between the said environment
tal parameters which define the environment
and the anomalous radioactivity which charac-
terizes it as a whole. This is important in
the frame in which the work has been underta-
ken because it allows to establish in a credi.
ble way a sufficently exact reference on the
conditions of an environment in which could,
in a near future, be installed some mining
and industrial concerns. First of all, it is
necessary to stress that the exposition dose
values found,under the same geological condi-
tions, are tending to increase with altitude
because of the more intense activity of co-
smic rays. On these data it was also possible
to verify the influence of atmospheric condi-
tions, the wind In this case, which leading a
dilution of the radon concentrations in air
menaged so that the exposition doses seemed
lower for omogeneouspoints. Genera] observa-
tions concerning the monthly trends of the
exposition dose Intensity the higher dose va-
lues found in all points during the month of
August (first cycle) perfectly reflect the
trend of the cosmic activity generally higher
In summer. Morover, the hot and dry cllma
te which characterized the August 1980, did ~
favour the radon natural emanation from the
earth thus giving a significant contribution
to the month integrated total dose. On the
other hand, the dose values concerning Octo-
ber 1980, considerably lower, are explained
by the very different climatic conditions cha
racterlzed by a plentiful snow which produced
a waterproofing effect on the earth as to ra-
dloemanation and a shelding effect on the
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direct radiation coming from the earth itself
and due to the natural presence of radioacti-
ve nuclides (uranium, etc.}. Moreover, the va
Iu?^1increase seemed we)) correlated with the
mineralization )eve]s*increase; because these
are not exactly valuable, at least in this
contest, the whole of the obtained values al-
low us only to define by data an environment
radio]ogically non homogenous with relevant
discrepancies in developping sense from those
which are the normal trends of environmental
radioactivity in general. A clear evidence of
the above are the results obtained in the
points 11 and 12 which constitute on absolu-
te maximum radiometric in the big area invol-
ved in the survey. These points which are re-
ferred to areas with outcop mineralizations
in big concentrations are in no way spoiled
by the mining. Apart from that, the pretence
of such anomalies help to define a population
dose, if existing, higher than normal for na-
tural reasons not referred to any activity.
On the contrary, the environmental mining ef-
fect led to results which can first seem
strange but which appear perfectly logic af-
ter a brief analysis. The dumps, which are
the mining effect on the environment gave in
fact dose values much lower than those concer
ning the surrounding territories. Furthermo-
re, it must be taken into consideration that
the further contribution of barren rock co-
ming from mining works did cause a general
and high decrease of natural radioactivity
(compare point 10 with readings made in 1980
and 1981).

The location of the surveillance station are
reported in fig. 2 and 3.
The rock conformation Is reported In fig. 4.
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TABLE 1

DESTRJCTION OF THE MEASURE
POINTS

GEOLOGICAL FORMATION

EXPOSURE INTERVAL

AUGUST SEPTEMBER OCTOBER

Altitude 1200 m. near Agneda vil-
lage. Data of normal background

Flood plain made up of mate-
rials from baseatent netamor-
phic rocks and "formafcione d
Col)>o". ie

I A31 i tucje ] 600 tr. r.<r an art i f i c i al
jscais lake. Data are K Jf-r than

2 |those at point 1 because
treasures hmvv been carried out
on Phylladic rock.

Filladi di Ambna (raetamorph
rocks usually without any si-
gnificant uranium content).

Al 11 tuae J600 r..near COSNASC:0
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fical environment chara-**r:-
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lus scree with t-oiilders fror.
the mineralized horizon.

16

Altiludf ;60Cim.nt
hutft* Place with no n.:r*ir>f '*?:
vity. Kaia givi »i«ti tn«' g»oir

aj *nvir'ir:B«r,* charac'-ri-
sties.

80 S3

Ell ie

Altitude js?o m. H:n<- - l i rJ le
vel m i , Ji the n.iuj;- >: •>
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waste fonr-eo t-y d̂ mp. Tft«- r*
i f a (hield effect of thf r.itu-
ral radioactivity of cutcrop-
pint ninrralized rrcks.

Gneiss di Morceeno and polygc
njc conglomerates of "fnrm&si
ne di Collio".

18

Altitude 194S. •'.. L-rfc.i|TE . ?v̂
Th«- measured drsrs agree Ki-.h
the lurruundirig rnvircrjr.^n.ft:
characteripcicp toth for ai^iti
<tf and minera

Gneiss dl Mer&egnc.

AUJtud* 19ay
*v»l on* yara partly fonwd
>y wan*».

All at point e.
80 30

ei ie II
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'ott high value* are due u
he outcropping

and cata
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ei

• *
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11 tltuflt-UK' it-.n
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y<r,g horizon.

160 160

140 160

100
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• 1 170 1*0 :t>o
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NEW CAPABILITIES FOR THE MEASUREMENT OF NATURAL RADIOACTIVITY
USING LOW ENERGY PHOTONS

S. D. Schery

Physio Dept. and Geophysical Research Ctnter
New Mexico Institute of Mining and Technology, Socorro, NM

ABSTRACT

The new generation of co-axial N-type germanium
detectors is characterized by improved sensitivity to
low-energy photons and offers some new possibilities
for measurement of natural radioactivity. Direct
acasureaent of Pb-210, Th-234, and Th-230 in ore or
tailings samples it one exaaple where such detectors
offer enhanced capability. Present detector designs
could be iaproved further by Baking the entire
housing from low Attenuation Materials. For
detectors sensitive to photons below 25 keV it aay be
possible to use L x-rays to assay certain aeabers of
the radioactivity series that ealt essentially no
higher energy photons. In this paper are reported
prototype aeasureaents of a mono-isotoplc sample and
of U-238, U-234, U-235, and Th-234 in a sample of
uranium oxide.

1. INTRODUCTION

A number of Isotopes of the natural radioactivity
series have traditionally been diff icult or
Impossible to assay directly In environmental samples
using conventional gamma ray techniques. For
example, U-238, Th-232, and U-234 are Isotopes that
emit essentially no high energy photons and are
customarily assayed by alpha particle measurement
following chemical processing, or Indirectly from
gamma emitting daughter Isotopes using assumptions
concerning the state of equilibrium. Effective
measurement of the Isotopes Pb-210, Th-234, and
Th-230 has often been difficult with conventional
lithium drifted co-axial detectors slnca their
detection efficiency can fall off significantly In
the energy region below 100 keV where the major
photons from these nuclldes are emitted.

The new generation, of co-axial N-type germanium
detectors offers some new capabilities for attacking
these measurement problems. These detectors are
characterised by a significantly improved sensitivity
to photons in the low-energy region (10 to 100 keV)
due to the combination of low attenuation loss In
their thinner outer contact and the large outer sur-
face area characteristic of co-axial detectors.

In this paper the capability of commercially
available N-type eo-axlal detectors for measurement
of natural radioactivity and environmental samples
will first be addressed. Certain design and oper-
ating faaturas will than be considered in more
detail. The final section will dlseuss research at
this laboratory exploring the feas ibi l i ty of
measuring natural radioactivity using the low energy
L x-rays that accompany alpha-particle decay of many
natural sarles nuclldas.

2 . ASSAY OP OKI AND TAILINGS

The capabil i ty of N-type co-axlal detectors can be

illustrated with the Important case of assay of
aoderate level activity such as encountered with ores
or radioactive tailing:;. For the measureaents
reported here a prototype N-type detector optimized
for low-level assay of natural radioactivity was
used. This detector consists of a right-circular
cylinder geraanlua crystal 5.5 ca dlaaeter by 5.3 cm
height mounted In a cup and vacuum can of magnesium
(thicknesses -lmm each) with a top window of
berylllua (-0.5 mm thick). Energy resolution varies
from about 0.8 keV at 22 keV to 2.1 keV at 1330 keV
and relative efficiency by the Co-60 convention Is
30*. This detector was developed by EGC Ortec (Oak
Ridge, TN) and production versions are now available
from the company.

Table 1 shows the results of a measurement using a
sample In the standard 450 ml Harlnelll configuration
for a uranium ore (1 pCi»O.O37 Bq). Major Identified
nuclides are listed along with the peak energy used
for assay. No sample preparation was involved and
counting time was 106 minutes. In addition to the
easily detectable nuclides, such as 11-214 and Pb-214
with higher energy photons, the more difficult to
measure nuclides Pb-210, Th-234, and Th-230 are also
measurable In spite of the lower energy of their
photons. Even a low level contribution from the Th-
232 series (Ac-228) Is detectable although the
counting statistics are poor due to the high back-
ground from the members of the uranium series.

TABU 1
URANIUM OH ANALYSIS*

Isotope

Pb-210
•i-214
Pb-214
Ka-226
Th-230
Th-234
U-235
Ac-228
X-40

Deduced
Activity
(pCl/gm)

130
119
123
140
112
113
10.4
0.39
17.5

Counting
Errors**
(X>

1.2
0.31
0.27
1.4
9.2
0.S7
2.9
45.
0.9S

Peak
Bnergy
(keV)

46.5
609.3
351.9
1S6.2***
67.7
63.3
143. S
911.0
1460.1

* 450 ml Marinelll configuration, 106 mln counting
time

** absolute error for each nucllde is an additional
ilOX

*** corrected for Interference due to U-235

The ability to measure individual nuclldes in the
natural series is of importance in many applications
since assumptions of equilibrium are often not valid.
Environmental monitoring of tailings and waste water
from them are examples where significant die-
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equilibrium may ex i s t and measurements must focus on
spec i f i c Isotopes of concern.

3. DESIGN AND OPERATING CONSIDERATIONS

Attention i s focused In this section on soae
cons iderat ions relevant Co assay of natural
radioactivity In unprocessed staples where typically
there i s ample sample available. This i s a frequent
situation in envlronaental monitoring. The iapoctant
feature of N-type co-axlal detectors i s their en-
hanced sens i t iv i ty at the lower photon energies. At
higher energies the voluae of a detector's crystal i s
an Important feature and the N-type detectors offer
no special advantage over conventional co-axlal
detectors. However at lower energies where the siean
free path of photons i s less than the distensions of
the crystal the efficiency i s controlled sore by the
surface area, and the aaount of surface area that is
sensitive to low energy photons becomes an important
fac tor . Unfortunately, conventional co-axlal
detectors often have significant dead space on the
outer surface retarding their effectiveness for lower
energies. The N-type junction at the outer surface,
on the other hand, can yield very thin dead layers
leading to enhanced sensitivity.

In Table 2 are compared the surface area and cost
per unit area for selected types of detectors that
are sens i t ive to x-rays. Unless otherwise stated
data are based on information supplied by manu-
facturers in 1984. There are many sizes and types of
x-ray sensitive detectors and the l i s t i s quite
se l ec t ive focusing on the question of cost per unit
area. It should be emphasized that prices are
constantly changing and there are many other criteria

TABLE 2
SURFACE AREA COMPARISON FOR SELECTED X-RAY DETECTORS

Type

planar,
Si(Li)
LEPS

planar,
high
purity
germanium
LEPS

planar,
passivated
ion
implanted
silicon
junction

Surface
Area
(•a2)

200

2000

100

Resolution
(keV)

0.25 at 5.9
(cooled)

0.60 at 5.9
(cooled)

5.0 at 14.4
(no cooling)

Cost
(SUS)*

8000

11500

2950

Cost Per
Unit Area
($/mm2)

40

5.8

29

planar Hgl2

co-axial,
high
purity
N-type
geraanlua

<100 0.6 at 5.9 5000 >50
(esti- (no cooling) (esti-
mated) mated)

7000 0.7 at 5.9 12500 1.8
(cooled)

Important tr selection of an x-ray detector,
especially lar applications different from the
present one, so no general evaluation or
recommendation is implied. However, Table 2 does
make the point that in terms of cost per unit sensi-
tive surface area the N-type detector is potentially
very cost effective for applications requiring a
large surface area although there are other questions
involved such as resolution and the sensitivity for
the specific x-ray energies of interest.

In judging sensitivity for detecting low-level
activity it is informative to look at the parameter

D • (WB)l/2/K

where W Is the width of a peak, B is the background
under the peak, and E is the efficiency of the
detector at the energy of the peak. Camp et al.
discuss how minimization of D is an important
criterion for maximizing sensitivity. Due to the
square root dependence on U and B and a straight
inverse dependence on E, as Increase in E i s
relatively more effective for enhancing sensitivity
than reduction in H. Thus if one is working with a
peak that is resolved by all detectors and efficiency
is proportional to surface area, large surface area
is particularly important in choice of detector for
enhancing sensitivity. On the debit side, if the
resolution is poor the peak may not be resolvable and
if a detector has enhanced sensitivity to higher
energy photons (typically true for a co-axlaJ
detector), this will somewhat increase background
under the peak.

In Figure 1 are shown measured efficiency curves
for the N-type detector described in Section 2 for
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FIGURE 1
EFFICIENCY CURVES FOR DIFFERENT COUNTING GEOMETRIES
AND SAMPLE MATRICES. SAMPLE VOLUME AND SURFACE AREA
NEXT TO THE DETECTOR ARE L I S T E D FOR EACH
CONFIGURATION. THE MARINELLI CONFIGURATION SURROUNDS
BOTH THE TOP AND SIDES OF THE DETECTOR. SAMPLE
CONTAINERS WERE THIN PLASTIC.
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various counting geoaetries. All cases show good
efficiency In comparison with higher energies down to
an energy of about 30 keV. Below 30 JceV there Is
considerable variation depending on counting geometry
and saaple matrix. Self-absorption in the saaple Is
an important factor for the larger 450 al configura-
tion for energies below 40 keV. In contrast a thin
sample in a low-Z aatrlx on the top berylliua window
aaintains good efficiency to below 15 keV. Kote,
though, that these e f f ic ienc ies do not translate
direct ly into sens i t iv i ty for low-level detection.
While a larger saaple aay have a saaller percentage
of emitted photons detected, i t ealts a greater total
number of photons which can s t i l l lead to a greater
nuaber of counts. For example, of the counting con-
figurations shown, at 50 keV the 450 al configuration
w i l l give the greatest sens i t iv i ty . Other things
equal, saaple thickness should be coaparable to the
aean free path In the saaple matrix for the photon
energy of Interest to optimize sensitivity. Greater
alze leads to unnecessary background froa other
photons and saaller size does not produce as large a
signal froa the photons of interest . Simultaneous
aeasureaent of a range of energies necessitates
selection of a compromise thickness. If sensitivity
i s not an issue, thinner samples do have the advan-
tage that due to less self-absorption calibration for
different saaple Matrices aay be simpler.

The drop in low energy efficiency seen in Figure 1
i s not entirely due to self absorption in the sample.
Below about 25 keV attenuation in the magnesium cup
and vacuua can surrounding the crystal i s a aajor
factor. For energies below 25 keV only the top
beryllium window i s ef fect ively useful for x-ray
detection and much of the advantage of the large
surface area of the crystal Is lost . This i s a
l imitat ion which would be desirable to overcome in
future designs. In our laboratory we are exploring
the poss ib i l i ty of making the cup and can out of
carbon fiber composite with perhaps a thin evapora-
tive coat of oetal to iaprove vacuua and electrical
properties. Conventional cups and cans are usually
of aluainum of about lmm thickness as required for
mechanical strength. In Table 3 are compared atten-
uation properties for 15 keV photons for some
possible materials. It i s Been that both beryllium
and carbon provide less attenuation. Beryllium is a
possible material but complicated shapes are di f f i -
cult and expensive to make with this fragile and
hazardous-to-fabricate material. Carbon fiber may
offer a useful alternative i f problems with vacuum
and electrical properties can be overcome.

TABLE 3
THICKNESS FOR 502 ATTENUATION OF 15 KEV PHOTONS

Element Thickness
(cm)

for Density
( g a / c a 3 )

Be
C
Mg
Al

1 .2
0.4
0.06
0.03

1.85
2.25
1.74
2.7

For counting very low-level act iv i ty , early
versions of H-type co-axial detector tested by our
lab had an unexpected problea of internal contamina-
tion of construction materials with natural radio-
activity. This problem is apparently exasperated for
N-type detectors due to their enhanced sensitivity to

x-r.iys. The typical trace content of natural radio-
activity la materials close to the detector, such as
the aluainum aountlng cup or vacuua can, can be
sufficient to give a significant effect especially In
the x-ray region. The proxlaity of such aaterials to
the crystal aakes the detector cxtreaely sensitive to
such contamination since detection efficiency will be
especially high. At higher energies or for standard
co-axial detector* only sensitive to higher energies
the saae construction aater ia ls w i l l provide l e s s
effect since a saaller portion of emitted gammas will
be detected, especial ly in proportion to thorn*
•aitted by environmental samples which can be large
for higher energies. Early detector version* with
aluainua cup* and cans tested at our lab had a
typical internal background for Pb-210 of about 0.4
cpa at 46.5 keV corresponding to about 0.3 pCl/ga for
s o i l s in the 450 al Marlnelli configuration. Our
present detector built with specially selected aagne-
slum and activated charcoal for a aolecular sieve ha*
signif icantly leas background, although soae s t i l l
ex is ts in the energy region below 20 kev". Trace
amounts of natural radioactivity exist in aost mater-
i a l s and i t i s probably not cost-effect ive to use
highly purified aater ia ls unless very low-level
counting i s required.

4 . MEASUREMENT OF NATURAL RADIOACTIVITY USING L
X-RAYS

Work s e v e r a l y e a r s ago by our l a b 2 and o t h e r s
deaonstrated the effectiveness of H-type co-axial
detectors for direct aaaay in environaental samples
for nuclides ea i t t ing photons in the 30 keV to 100
keV region such as Pb-210 (46.5 keV). Proapted by
the usefulness in this energy region, recent research
at our lab has focused on using even lower energy
photons for measurement probleas involving natural
radioactivity. For exaaple, U-238, Th-232, and 0-234
are nuclides that ealt essentially no aajor photons
above 25 keV but do ealt significant L x-rays in the
energy region 10 to 20 keV. In s p i t e of the
intensity of x-ray eaiss ions these and s i a i l a r
nuclides are difficult to measure in arbitrary envir-
onmental samples due to both the problea of x-ray
detection and perhaps more iaportantly due to d i f f i -
cul t ies of interferences fro*, several nuclides
emitting photons at the saae energy.

Because of the lower energy of these photons and
the limits of present N-type co-axial detectors below
25 keV, i t i s not clear what detector would be
optiaua for such measurements. However, H-type co-
axial detectors, particularly i f improved for this
lower energy region, reaain a poss ib i l i ty , so soae
discussion will be done here.

Focusing priaarily on assay of anthropogenic
Plutonium, Strauss et a l . 3 ' 4 have looked Into the
question of direct assay with L x-ray* in environ-
mental saaples using a custom designed plaaar
detector system with soae promising results. Koaura
et al. also discuss measurement of plutonium in
environmental samples using a combination of L x-rays
with a planar detector and alpha spectrometry. Oar
research has concentrated on natural emitters per se
where the probleas of interferences are even more
severe. Even with ideal resolution there cam be
interferences since L x-rays are the saae for a gives
parent atom regardless of the particular isotope.
e.g., alpha-particle decay of both U-238 sad U-234 i s
accoapanled by the saae energy L x-rays, those comlmg
froa the atoaic levels of Thoriua. Heace, oar
In i t i a l efforts have focused on special s i taat loas
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involving a limited nuaber of nuclides where the
problem of interferences nay not be so severe. A
discussion of a tew experiments follows.

Mono-jgotoplc Sanple

A known aono-isotopic sample was prepared by
adding isotoplcal ly pure U-234 to a matrix of sand
(primarily silicon dioxide). Fro* the known Bass of
the purified U-234 the resulting activity concentra-
tion was calculated: 54'5 pCi/gm. Using 16 gm In a
petri-dlsh placed on the beryllium window for the
detector described in Section 2 the sample was
counted for twelve hours. Three major L x-ray groups
were resolved at about 13, 16, and 19 keV. Using the
16 keV group and the L x-ray intens i t ies calculated
by Strauss et a l . 3 a result of 53*3 pCi/ga was
obtained. The agreement i s surprisingly good and
suggests not only was the detector efficency calibra-
tion good but the calculations by Strauss et al. for
x-ray intensities for U-234 are accurate.* For the
counting geometry in this case we are able to project
sens i t iv ies for lower concentrations. Under ideal
conditions (negligible background) a 1 pCi/gm sample
counted for twelve hours would have a s t a t i s t i c a l
counting error of about 15 percent using the 16 keV
group. However, for this particular detector there
is background in the 16 keV group corresponding to
about 6 pCi/gm for this geometry so practical assay
below this concentration would become increasingly
inefficient. Other sources of background, such as the
Compton background from higher energy photons if they
were present in the sample, would also reduce
sensitivity.

Multiple Isotope Sample

Cases where there would be a single L x-ray
emitter by i tse l f or only in combination with other
radioactive isotopes that do not emit L x-rays are
probably rather limited although they can occur. For
example, due to various geochemical processes,
groundwater can sonetimes have members of the natural
s e r i e s far out of equil ibrium and i n d u s t r i a l
processes involving purified materials might lead to
such situations. However, the aore common situation
would involve a mixture of several L x-ray emitters
and i t i s important to explore to what extent L x-
rays might be useful in such situations.

To investigate a more complicated s i tuation, a
chemically (but not Isotopically) purified uranium
oxide sample was studied. This sample was two years
old and hence in terns of important act ivi ty could
potential ly contain U-238, U-234, U-235, and Th-234
since the age was sufficient to permit ingrowth of
Th-234. In terms of mass i t was known to contain
primarily U-238. A 20 al sample, prepared by
dissolving some oxide in nitric acid, was counted in
the petri-dish configuration for 55 min. Figure 2
shows the resulting spectrum and analysis of i t s
peaks yielded the results in table 4. Th-234 could
be determined directly from i ts 63 keV line and since

•Intens i t ies of L x-rays for natural radioactivity
are not well studied and are not generally available
by specif ic energy in the standard compilations.
Although not complete (for exanple, no calculations
exist for the U-235 series) or yet ful ly verified
experimentally, the paper by Strauss i s one of the
few sources of specific intensity information for L
x-rays.

the sample was two years old U-238 would be in equil-
ibrium with i t . U-235 was determined directly from
i t s 185 keV gamma line* The contributions to the L
x-ray groups from these isotopes were then calculated
using the intens i t ies from Strauss et a l . (inten-
s i t i e s for U-235, a small contributor, were
estimated) and subtracted from the observed L x-ray
counts to deduce the concentration of U-234.
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FIGURE 2
SPECTRUM FROM URANIUM OXIDE

The large uncertainty for U-234 i s not due to
s t a t i s t i c a l counting error which was only a few
percent but due to uncertainties in peak shape, back-
ground shape, and L x-ray in tens i t i e s . Since this
was a feasibility study, precision was not pursued,
but the above mentioned difficulties could be circum-
vented by calibration with a known standard mixture.
An error of under 10Z should have been possible in
the present case. Higher concentrations of U-234
relat ive to the interfering nuclides U-238, U-235,
Th-234 would have been easier to measure while lower
concentrations would have become increasingly di f f i -
cult . Independent assay for the oxide was not
available but from stoichioaetry the U-238 activity
should be (2.79+0.15) x 104 pCi. A very weak 53 keV
gamma line i s present from U-234 which provides an
independent estimate for i t of 10000±5000 pCl.
Hence, there i s some confirmation that the analysis
of Table 4 i s valid.

TABLE 4
ISOTOPIC ANALYSIS OF URANIUM OXIDE

Isotope Act iv i ty (pCi)* Comment

U-238 (Th-234)
U-235
U-234

(2.3±0.4)xl0*
444±70

0 to 7000
3900 to 17000

from 63 keV line
from 144 keV line
from 16 keV group
from 19 keV group

*Errors listed are total, due to primarily systematic
e f f e c t s such as ca l ibra t ion and peak shape
uncertainties. Errors due to counting s t a t i s t i c s
were a few percent.

Although t h i s part icular application 1* not
without complications i t gives some encouragement.
Using the combination of lower energy gamma rays and
L x-rays we have here a direct isotopic assay in
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less than an hour of a sanple that night be difficult
to analyze In nany traditional chemical laboratories.
Although this oxide sanple was dissolved in acid
solution to be compatible with pre-exiting calibra-
tions, such a step would not be generally necessary.

5. CONCLUSIONS

The use of photon energies below 100 keV can
greatly improve the abi l i ty to directly measure
individual isotopes in the natural radioactive series
in environmental samples. Where sufficient sample i s
available the sensitive area of the detector surface
becomes an important factor for improving low-energy
efficiency and increasing sens i t iv i ty . Co-axial
detectors having a thin outer contact are a cost-
effective means of obtaining large surface area and
o f f e r enhanced c a p a b i l i t y for low-energy
measureaents. Pb-210, Th-234, and Th-230 are
examples of nuclides more effectively measured with
such detectors. Below 25 keV sens i t iv i ty i s s t i l l
limited due to absorption in the housing that
surrounds the crys ta l . Improved designs are
possible and could further enhance the usefulness of
these detectors at these lower energies. Carbon
fiber composite might be one p)ss ib l i ty for an
improved detector housing. It is also desirable that
construction materials for the detector housing be
low i s trace contaminates of natural radioactivity
for measurement of low levels of activity.

Many members of the natural radioactivity series
emit essentially no significant photons above 25 keV
and have traditionally been especially difficult to
measure in environmental samples. However, in some
cases, decay of these nuclides i s accompanied by
emission of low energy L x-rays that potentially
could be used for their measurement. Even using
detectors with improved sens i t iv i ty in this low
energy region there are d i f f i c u l t i e s due to
interferences from several isotopes emitting x-rays
at the same energy. Simultaneous use of higher
energy photons to unfold respective contributions and
restriction to cases where only a limited number of
isotopes are known to be present can reduce this
problem. For example, as reported here i t i s
possible to measure U-234, U-235, and U-238 in a
sample of chemically pure uranium oxide. The
information on L x-ray i t e n s i t i e s i s limited and
needs to be expanded to fac i l i t a t e quantitative
determinations. Future research in the use of L x-
rays should include development of improved
detectors, identification of specific applications,
and expansion of fundamental data for L x-rays.
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ABSTRACT

Two different types of passive radon dosemeters
developed at Karlsruhe Nuclear Research Center have
been tested for their applicability in mines and min-
ing areas. The passive radon diffusion chamber used
in the national survey in German houses and outside
air has been tested as a working place monitor in
mines and as an environmental monitor. The new per-
sonal radon dosemeter is applied for miners. For
application in mines the data are compared with
measurements using the MDA-IWLM 811 and the CEA dose-
•ncter and arc correlated to activities in uranium test
mines. The radon concentration in the environment of
several mines has been determined for several months
and correlated to mining activities and meteorologi-
cal parameters.

INTRODUCTION

The radioactive climate in an uranium mine and its
environment is very complex. In addition to the direct
radiation exposure from the ore and the host rock, the
exposure by the air path i.e. by ore dust and radon
and its daughters is of severe importance. This should
be considered not only for the employees of the mine
or mill site but as well for the public living in the
neighbourhood of these installations (1).

While for the dosimetry of the external radiation
the instrumentation is well approved to a high stan-
dard, the measurement of internal exposure by radon
and its daughters is relative laborious and unprecise.
There are several instruments available for grab
sampling and continuous monitoring of radon and its
daughters in mines and in the environment. Best esti-
mation of exposure, however, is done by integrating
measuring equipment and integrating personal dose-
meters. They especially in the field of environmental
monitoring exclude the difficulties with momentary
radon concentrations, which may arise due to vari-
ations in concentration of an order of magnitude or
more during a day.

There are two different techniques used today for
radon measurements, active and passive systems. Active
techniques need an external power supply for pumps and
electronics. Passive devices do not need such a power
supply. They use thermoluminescence detectors such as
CaS04: Dy or LiF or track etch detectors as cellulose
nitrate, polycarbonate or CR 39. More detailed infor-
mation is available from literature (2).

Radon dosemeters making use of a passive alpha de-
tector are constructed in 3 different ways:

- active devices with an air gas flow where radon
daughters are collected on a filter in front of
the detector ( e.g. the CEA-dosemeter (3) )

- passive devices without gas flow in which radon
diffuses in a closed chamber and in which alpha
particles from radon / daughters from a given air

volume or after plateout from the chamber surface
are detected,

- passive devices using a bare detector which reg-
isters radon and daughter products in the ambient
air.

The CEA dosemeter (3) is an approved instrument for
miners, if the environment in the mine is rather clean
and the content of dust and humidity in the air is
small. Otherwise there will arise problems with Che
filter and in consequence the air stream through the
filter, which is assumed to be constant, will de-
crease. This results in errors estimating the exposure.
For the research measurements reported in this pa-
per the radon diffusion chamber (2) and the passive
environmental and personal radon dosemeter (4) devel-
oped at Karlsruhe Nuclear Research Center were used.
The design of the diffusion chamber and the cross
section are shown in Fig. 1.

The diffusion chamber contains one detector foil at
the bottom. It is closed by a hydrophobic fibreglas
filter. A special cover on the chamber avoids contami-
nation by largerdust particles on the filter. The de-
sign of the chamber ensures that all aerosols and
radon decay products are deposited on the filter and
that only radon and thoron diffuse through the filter
into the sensitive volume of the chamber. The detector
foil is located in the conical shaped wall of the
chamber in special recesses. The cover of the chamber
holds a plastic ring and the filter. The chamber is
made from LURAN S,produced by BASF, Ludwigshafen, as
a pressure decasting product.

The design and the cross section of the passive
environmental and personal radon dosemeter are shown
in Fig. 2. This dosemeter is much smaller than thu
above mentioned diffusion chamber. It was designed to
be used also as an open dosemeter to detect radon and
its daughters as well as thoron. In addition it can be
supplied with two TLD chips to measure the external
radiation, tt is produced by pressure decasting from
electrical conductive plastic. As detector MAKROFOL E
is used covered with a thin conductive foil. The rea-
son is to ensure that there are no differences in sur-
face charges in any part of the dosemeter. There is
also the possibility to use it with a filter as a
diffusion chamber to detect the nobel gas isotopes
only. This can be necessary in mines with high humid-
ity and dust concentration, where it is impossible to
use open dosemeters.

The diffusion chamber (2) has been used for some
years in the German national radon survey and in sev-
eral environmental programs, especially monitoring in
the environment of uranium exploration mines and for
radioecological purposes. In addition it has been
used to determine the radon concentration in German
mines. In total more than 25 00 radon measurements
have been performed. In contrast to this proved ex-
perience the very promising test of the small passive
personal dosemeter is still in progress.
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FIGURE 2: CROSS SECTION OF THE KfK PERSONAL DOSEMETER

ENVIRONMENTAL MONITORING

Since 1979 the environment of several German explo-
ration mines was controlled for Radon using the KfK
passive Diffusion Chamber for more than two years each.
In Sg. 3 the temporal variations of the mean radon
concentration at the fence of the mining area and in
a distance of up to 300 m from it are plotted. The
mine is situated in a flat rural country site. Each
plotted concentration is a mean value of 20 single
measurements.

' The two curves are nearly parallel. From the dif-
ference of both the source strength of the mine as a
radon emitter for the environment can be estimated.
The decrease of the radon concentration in 1983 was
not due to the closing of the mine in december 1982
as could be assumed. The reason for the decrease were
very different weather conditions in 1982 and 1983
especially wind and rain. Also other data from radon
measurements in outside air integrated over periods up
to one year indicate a strong dependence on meteoro-
logical parameters- as amount of rain, number of days
with rain and calm.

In Fig. 4 the seasonal variations of the mean rador.
. concentration in and around an uranium mining area,in
contrast to the previous one in a mountain valley,are
presented. The radon concentrations are strongly af-
fected by wind, as the main wind direction is down
hill. According to that the uphill radon concentration
can be regarded as background. The variations with the
seasons are coherent uphill and downhill. So that

VARIATION OF RAOON CONCENTRATIONS
AT THE eOUMDARV AND IN THE ENVMONMENT
OF AN EXPLORATION MINE

S t 7 » 1 1 0 1 1 1 2 1 2

1 1 1 2

FIGURE 3: SEASONAL VARIATIONS OF THE MEAN RADON CON-
CENTRATION AT THE FENCE OF A MINING AREA AND
IN A DISTANCE UP TO 300 M FROM IT; FLAT
COUNTRY SIDE
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FIGURE 4; SEASONAL VARIATION OF THE MEAN RADON CON-
CENTRATION IN AND AROUND AN URANIUM EXPLO-
RATION MINE, MOUNTAIN VALLEY
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downhill concentrations are apparently affected by the
mine. Within the mine boundaries there is a dump of
cut-off ore. The exhalation of radon from this dump is
influence! by seasonal weather conditions. In winter
it is ci>\ j-ed by snow. The exhalation is then very
poor compared to summer data, so the winter values can
be dedicated to the rather constant emission of the
mine exhaust.

APPLICATION IN MINE MONITORING

While excavating side stopes into
ramp like uranium exploration mine, in addition to the
official IWLM measurements radon monitoring with
passive dosemeters was performed in monthly time in-
tervalls. Fig. 5 shows the monitoring scheme and the
measuring positions at the ramp and outside with re-
sults from August 1982. Having a radon concentration
of the entering ventilation air of 20 Bqnr3 a monthly
mean output of about 2300 Bqm"3 in a specially
ventilated lower part of the ramp was achieved, while
in the main part of the mine the concentration rose
from 400 up to 1500 Bqm"3 at the mouth of tunnel. On
t..e mine site in open air the radon concentration is
increased by mine ventilation by a factor of 6. The
monthly integrating measurements assured the mining
company that the ventilation technique was sufficient
with respect to international dose limitations.

MUM CDWCEKTBATIOM III All KAI I IM EXUMMIM MINE
- unmount muss SECTION -

RADON CONCENTRATION IN BqirT3

AUGUST 19«2

FIGURE 5: MEAN RADON CONCENTRATIONS IN AN URANIUM
EXPLORATION MINE, AUGUST 1982

The passive dosemeters were also tested as a short
time i.e. daily monitor in a high exposedgallery.lt
could be shown that the radon concentrations deviated
from the three times per shift performed IWLM measure-
ments. These results were remarkably lower than the
results from the dosemeters. While the results from
the IWLM measurements varied from 0.3 to 24 Wl, within
five days, the integrating dosemeters showed results
from 66 to 420 kBqnT3. These results indicate that
from a few IWLM measurements in a mining area with
probably strong variations in radon concentration one
may underestimate by Ear the lung exposure of the
workers.

PERSONAL DOSIMETRY

1983 resulted in an extreme doubt on the reliability
of the measurements done with an Instant Working
Level Meter to determine the exposure of individual
miners to radon daughter products. There was for
example no correlation found betweei. output of ore
and exposure. The monthly lung exposure of all miners,
presented in Fig. 6, results in a strong joirted loga-
rithmic distribution. In consequence some of the
miners were equipped with CEA personal radon dose-
meters. In addition each working place was monitored
twice a day using an Instant Working Level Meter (Fig.
7,8). There was no correlation found between these
measurements and the CEA dosemeter (Fig. 9). The same
miners recently got also the new developed KiK per-
sonal dosemeter. These dosemeters are integrated in
miners helmets (Fig. 10).
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FIGURE 6: EXPOSURE OF MINERS TO RADON DAUGHTERS IN
1979 TO 1982
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FIGURE 10: KfK PASSIVE PERSONAL RADON DOSEMETER INTE-
GRATED IN MINERS HELMETS

CONCLUSION

The use of passive integrating dosemeters is an
excellent tool for environmental radon monitoring.This
is true for both types of dosemeters, which were de-
veloped at KfK, the diffusion chamber and the small
(personal) dosemeter.

The three applied methods for personal radon moni-
toring show remarkable difficulties under extreme
mining conditions. The few results obtained up to now
with the KfK personal dosemeter do not allow reliable
intercomparison of these three methods. The measure-
ments will be continued. If we can prove that the
passive KfK personal dosemeters integrated in helmets
give reliable results in mines and mills it would be
much easier and cheaper to determine radiation expo-
sure of the workers.
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THE PYLON 190 STANDARD: A NOVEL FILTER CALIBRATION STANDARD FOR ALPHA SPECTROMETRY

G. VANDRISH, K. THERIAULT, F. RYAN

Pylon Electronic Development Co.
Ottawa, Ontario

ABSTRACT

The suitability of the Pylon Type 190 Standard for
the calibration of Alpha Spectrometers and working
level meters is described. An analysis has been made
of the factors which influence the deposition of radon
and thoron progeny within a closed cavity. With
proper system design the madnitude and uniformity of
deposition on a filter are predictable to +/-57». In
addition, reference peak energies are ideal for the
calibration and alignment of alpha measuring
instrumentation.

ALPHA PARTICLE CALIBRATION NEEDS AND OBJECTIVES (1,2)

Standards for Spectroscopic Systems Employing Air
Filters Such as High Volume Samplers and Instrumen-
tation for Radon/Thoron Analysis

The ideal standard would have radon or thoron
daughters deposited on the surface of the filter
typically used for sampling. This would ensure that
the counting geometry and alpha energy degradation
features are the same for both the calibration source
and the sample under all sampling conditions. Common
procedure is to use a calibration source such as
Am(241) uniformly deposited on a metal disk. These
standards are adequate in most cases where investi-
gators are concerned with the long term stability of
detectors. Calibration by uniformly emitting mono-
energetic sources, however, does not provide
information on the extent of the deviation of the
determined values from the actual values. The ideal
standard would also provide a spectrum of reference
energies over the typical range from 5 to 10 MeV.
Peak resolution and peak position would be the same
for both the sample being measured and the calibration
source. Traditionally used are monoenergetic
standards such as Am(241), plated or deposited on a
metal backing, with or without a monoatomic surface
coating. Reference energies are 6 MeV or less, peaks
suffer resolution losses due to surface coatings or
oxide formation and peak shapes do not reflect the
experimental situation (measurement of alpha emitters
in precipitates for example).

Large Area Standards for Surface Contamination
Measurements (2)

The ideal standard would have the reference alpha
activity deposited uniformly on a surface resembling
the contaminated surface. The counting geometry and
alpha degradation features would thus be the same for
the calibration standard and the contaminated surface
under all measurement conditions.

Alpha Standards for Low Level Measuring Instrumen-

tation (2)

The ideal standard would incorporate the features
mentioned above and in addition leave no permanent
contamination on the detector in the event of
accidental loss of activity from the standard.

A SATISFACTORY SOLUTION:
DEPOSITION STANDARDS

THE 190 SERIES OF ALPHA

The Pylon 190 series of standards are simple
mechanical systems which deposit radon or thoron
daughter progeny on materials inserted into the
cavity of the source (Figure 1, 2a, 2b).

The deposit serves as a calibration source with
several unique characteristics;
(i) It is predictable reproducible and quantita-
tively defined by the duration of exposure in the
source chamber*

(ii) Peak position, resolution and energy degrada-
tion resemble that of an air sample. Reference peaks
span a suitable range for the calibration of most
alpha spectrometers and are simply determined by
appropriate choice of source material, either Ra(226)
or Th(228) Figure 2a,2b.

Ciii) The deposit is distributed over the entire
filter surface and the active diameter is simply
determined by the diameter of the filter inserted
into the chamber. Large area sources can be prepared
by this procedure.

(iv) There is no danger of permanent detector
contamination, a feature important for low level
measurements.

DESCRIPTION OF 190 SERIES OF STANDARDS/OPERATION
AND THEORY

The Th(228) or Ra(226) dry source emanates Rn(220)
and or Rn(222) gas into the source chamber (Figure 1,
2a, 2b). Radon progeny then grows into equilibrium
with the parent gas and deposits on the filter and
chamber walls. In Figures 2a and 2b the nature of
the progeny depositing in the chamber is illustrated.
The ingrowth curves are presented in Figures 3a and
3b and are described by equations. For the Ra(226)
based standards, the equilibrium deposit follows the
ingrowth of Rn(222) and requires one month to come
to final equilibrium. The Th(228) based standards
reach complete equilibrium after 4000 minutes.

The filter is removed after a suitable period,
normally one day for Ra(226) and two days for the
Th(228) based sources. The deposit then decays
following the equations in Figures 4a, 4b. Since
the level of activity is well characterized at any
time after opening, the deposit may be utilized
continuously as a reference source for alpha calib-
ration.

The counting efficiency of a detector calibrated
with a Th(228) based standard, for example, is given
by
E=(C(T2,T3)/(T3-T2)*100)/Qo*R(Tl)*M(TM)*A)) %
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where:
-C(T2,T3) is the measured count over the interval
T2, T3
-Qo is the equilibrium deposit expressed in Bq/cm**
2
-R(T1) is the fraction of equilibrium attained in
time (To,Tl) (the period the source was closed)

-M(TM) is the fraction of activity remaining after
TM minutes (midpoint of counting interval T2, T3)
-A is the surface area of the filter exposed to the
detector in square cm.

The deposit provides reference peaks suitable for
spectroscopic studies for the alignment and calibra-
tion of spectrometers. In Figure 5 the effects of
smoke loading on the spectroscopic characteristics of
a Th(228) based deposit is presented. Peak shifts,
decreased resolution and increased overlap result from
increased loading on a millipore filter.

DISCUSSION

Significant general features of the Pylon 190
series of deposition standards are presented above.
Features of particular interest include

1) the ultra high resolution sources produced by
deposition on smooth surfaces such as stainless
steel discs

2) the variable width, variable strength sources
produced by deposition on filters of selected
diameters for selected periods of time

3) the standards with degraded spectra produced by
deposition on the same filters used for air
sampling

4) the decaying nature of the deposit; no permanent
contamination of low level measuring instru-
mentation will occur

5) the wide range of peak energies available for
calibrating alpha spectrometers.

Results for the 190 series of standards are
listed in the Performance Table and in Figures 3 to
5. In general, the results indicate that the Radon
progeny standards meet the calibration needs docu-
mented. At the present time the 190 series are the
only commercially available systems which meet these
needs.

FIGURE 1
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PERFORMANCE DATA

Standard Standard

Parameter RNU90)

-source material Rn(226)

-half life

-emanation rate

-construction

-chamber size
current
projected

-dimensions

1622 yr

1007.

Th(190)

ThC228)

698 daya

1007.

(a)

25 6. 47 ran D
75 & 90 mm D

-ratio of activities
(minimum ingrowth
period)

Po(218):Po(214) - lfl

-adhesion of deposit
(qualitative)

Bi(212):Po(212) - 111

excellent

uniformity of deposit across filter

Filter Standard % change
type size centre:edge

•Nuclepore 25 mm 157.
•Millipore, 47 mm 57.
SS, Nuclepore
-SS, glass 25 mm 57.

15%
57.

5V.

-location on surface and in filtration pores

-deposition ratios for
different filter materials

no observable difference
for millipore, nuclepore,
glass fibre, SS disc or
plastic filters

-reproducibility +1-2% +I-VI,

-accuracy +/-47.

-typical activity
levels (optional)

-typical ingrowth
periods (b)

10-3O0Bq/cm**2

one day to one month

-deposition vs ingrowth
period (c) follows theoretical curve

-deposition vs decay
period (d) follows theoretical curve

half
35 min 10.0 hrs

-useable calibration
period per run 60 min 20 hrs

-source lifetime unlimited limited by half life
of Th(228) parent

-approx.
life

Parameter

temperature
pressure
humidity

RNU90)

recommended operating

0-40 (C)
0-300 kpa
0-1007.

TH(190)

ranges

0-40 (C)
0-300 kpa
0-1007.

-aerosols

-ingrowth period

undefined

one day two days

size
weight

Nuclide

Po(218)
Po(214)

10

nature

Tl/2 i
3.05 m 6
1.6E-4s 7

lMe\

.00

.69

cm

of

D x 10 en
0.5 kg

H

deposit (tO
Nuclide

Bi(212)
Po(212)

Tl/2

60.5 m
3E-7s

E(MeV)

6.04
8.78 •

typical resolution

surface

SS dies
millipore
glass fibre
nuclepore

air

3 7.
4
5.5
3.5

(FWHM/E)

-92 kpa

0.9 7.
1.5
1.3
1.2

silicon surface barrier

air

3 7.
3
3
5

-92 kpa

0.9 7.
1.8
1
1.4

-long term stability
1981-1984 . ., . .

+1-11. of quoted source value
adjusted for decay in case of
Th(228) based standards

** (a) see Figure 1; (b) see Figure 2a, 2b;
(c) see Figure 3a, 3b; (d) see Figure 4a, 4b
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THE TRANSlfc'HT RESPONSK OF RADON AND THORON CHAMBERS

STEPHEN POGORSKI AND COLIN R. PHILLIPS

Department of Chemical Engineering and Applied Chemistry
University of Toronto

ABSTRACT

A transient model was developed to evaluate the
time-dependent response oC a radon/thoron chamber.
Such a model has important applications when the
atmosphere in the chamber is initially set up or
varied for the purpose of calibrating and testing
instruments or dosimeters. The experimental data
collected show that a theoretical model can be used
to predict the tine-dependent radon gas and airborne
radon daughter concentrations in a radon chamber*
For the flow conditions used in the chamber, the
unattached deposition velocity was estimated to lie
between 0.07 and 0.15 cm a"1, and the attached depo-
sition velocity to be less than 0.002 cm s~-*. A sen-
sitivity analysis of the theoretical model indicated
that for a room of surface area to volume ratio less
than 1:25 cm2/cra3, RaB and RaC values predicted by
the theoretical model are relatively insensitive to
the wall detachment probability chosen for recoiling
RaB. The theoretical model was also used to show
that radon daughter concentrations are moat affected
by changes in aerosol concentration when the aerosol
concentration is low (between 1,000 to 10,000
particles/cc). The spatial concentration distribu-
tion in the chamber was measured and, although the
variance was larger than can be explained by the
inherent variance of the measurement technique, it
was not large enough to warrant the inclusion of spa-
tial parameters in the model.

INTRODUCTION

The Transient Response of Radon and Thoron Chambers

Radon and thoron chambers have been developed to
simulate mine atmosphere conditions in a laboratory
setting. Their primary use has been to calibrate
instruments which are used to monitor radioactivity
associated from radon daughters in uranium mines.
Radon chambers have also been used to estimate fun-
damental parameters related to the behaviour of radon
daughters under various mine conditions.

Several theoretical models have been developed
which can be used directly or modified to predict
steady-state airborne radon daughter concentrations
and attached and unattached fractions in a radon
chamber (1-4). These models have typically been
applied to predicting steady-state concentrations of
radon daughters in rooms of houses or in underground
uranium mines.

A comparison of these models shows ambiguities in
the values reported by several authors for the
attached and unattached deposition velocities and for
the detachment probability of recoiling RaB from wall
surfaces. The present model was developed to predict
the unsteady-state concentration profile of airborne,
attached and unattached daughters in a radon chamber.
Experiments were conducted to verify the model and to
provide further experimental information concerning

wall deposition velocities and detachment probabili-
ties.

The Face of Radon Daughter* in a Radon Chamber

The fate of radon decay products formed in • radon
chamber is extremely complex. The problem is
illustrated schematically in Figure 1.

FIC. 1. RADON CHAMBER MODEL DECAY MECHANISM. 1
removal by ventilation; 2 plate out onto surfaces; 3
attachment to aerosols; 4 decay with recoil detach-
ment; 5 decay to RaD. {RaC* is considered to be in
equilibrium with RaC,)

Radon gas is continuously introduced into the
at a fixed rate through an inlet port. The radon gas
entering the chamber consequently decay* by alpha
emission, with a half-life of 3.825 days, to 2l°Po
(RaA). At the instant the RaA atom is formed, it
exists as a free ion. Immediately, the ions begin Co
coalesce with active trace gases forming s very small
(from about 0.002 urn to perhaps M* much as 0.02 m)
molecular cluster which may still be ionized (4).
The ion and cluster state is commonly referred to as
the "free state" although some authors refer to
larger diameter clusters as "ultrafine particles".
In this state, RaA is highly mobile with a diffusion
coefficient in the range 0.005-0.1 cm2 s""1 with a
mean of about 0.05 cm2 s"1 (5). The free RaA
daughter may then remain free and decay to Ral, may
become attached to surrounding aerosols, or may
become attached to the walls of the radon chamber as
illustrated in Fig. I. Upon attachment to (0.01 to
0.1 urn) aerosols, commonly used in simulating mine
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atmospheres, the Mobility of the RaA atoas becomes
significantly reduced. Fuch* (6) reported diffusion
coefficients ranging froa 5*24 x 10"1* ca2 s""1 to 6.82
x 10"6 ca2 s"1 for 0.01 and 0.1 pa aerosols respec-
tively. The attached RaA atoas, being less mobile,
also plate out onto the chaaber walls, but with a
auch lover frequency than the unattached laA atoas.
The rate at which attached and unattached RaA atoas
plate out onto - wall surfaces has generally been
related to the geoaetry (surface area of the wall to
air voluae ratio) and to a tern defined as the depo-
sition velocity. Deposition velocities for unat-
tached RaA reported in the literature range froa
0.033 ca s-i (3) to 1.0 ca s"1 (1). Deposition velo-
cities for attached RaA atoas reported in the litera-
ture range froa 0.0005 ca •'* (3) to 0.01 ca s~* (1).

Radiua-A in the attached or unattached state aay
decay by alpha eaission to 2l<*Pb (RaB) with a half-
life of 3.05 ainutes. RaB is formed as a recoiling
ion with a recoil energy of about 100 KeV and a range
in air of about 50 ta, and *n aluainua about 0.02 ua
(7). If a RaA atoa is attached to an aerosol, the
recoiling RaB atoas may have sufficient energy to
becoae detached. Mercer (8) estiaated the probabi-
lity of detachaent of recoiling RaB for aerosols with
different diaaeters and densities. For aerosols
typically used in radon chambers with diaaeters of
0.1 ira or leas, Mercer shows that the detachaent pro-
bability is unity. For aerosols of diaaeters greater
than 0.1 un, the detachaent probability is less than
one. Consequently, depending on the aerosol size
used, attached RaA aay decay to fora either attached
or free RaB, as illustrated in Fig. 1. Siailarly,
RaA attached to wall surfaces aay decay to fora free
RaB atoas or aay fora RaB atoas which reaain attached
to the walls. The aaxiaua theoretical wall detach-
aent probability is 50Z since half of the recoiling
atoas will recoil into the wall and will subsequently
reaain attached. The dynamic behaviour of RaB and
RaC atoas is generally considered to be siailar to
that of RaA, due to the siailarity in molecular
weight of all three daughters. As illustrated in
Fig. 1, RaB atoas decay to 2i"Bi (RaC) atoas by beta
emission with a half-life of 26.8 ainutes. The pro-
bability of detachaent of recoiling RaC atoas is
generally taken to be zero since the maximum recoil
energy is only about 4 ev. Radiua-C atom* con-
sequently decay by beta emission to 2ihPo (RaC)
atoas with a half-life of 19.7 ainutes. The recoil
energy is also very low and therefore detachaent pro-
babilities froa aerosols and surfaces are also
assuaed to be zero.

PREVIOUS MODELS

One of the first theoretical aodels to predict
airborne and attached concentrations of radon
daughters was developed bv Raabe (7). He developed a
transient aodel, with au analytical solution, for a
well aixed atmosphere and assuaed that the radon gas
concentration was constant over the period of
interest. A further limitation to his aodel was that
losses of radon daughters to fixed surfaces (such as
walls) were not included in the aodel. He did
however state that plate out onto walls would reduce
the airborne concentrations and would primarily
affect the unattached fraction.

Jacobi (1) extended Raabe'a aodel to estiaate the
activity balance of Rn and Tn-decaj products in a
turbulent aixed air voluae in steady-state
equilibriua, taking into account the attachment of
aerosol particles and the removal by ventilation and

wall depoaition. The aodel was applied to predicting
the fate of radon daughters in uraaiua aiac air.
Jacobi did not distinguish between the detachment
probability of recoiling RaB froa aerosol* aad froa
wall surfsees. He used a detachment probability ot
50Z for both. According to the later calculations of
Mercer (8) for detachaent probability of recoilimg
RaB, this assuaed detachment probability would
correspond to aerosols with an activity median
diaaeter larger than 0.9 m for solid aerosol par-
ticles. The detachaent probability ot 50Z would also
correspond to a auch larger activity acdian diaaeter
than found by George ct al. (9) in four large under-
ground uranium Bines in Mew Mexico and by Busigin,
van der Vooren and Phillips in an Ontario uranium
•ine (26), namely, 0.09 m to 0.3 M* with a Bean
value of 0.17 M> (9) and 0.06S to 0.11 » (28),
respectively. Jacobi also estiaated the uaattached
deposition velocity to be 1.0 cm s"1 and the attached
deposition velocity to be 0.01 ca s~l. In a receat
study, George et al. (10) found that experiaeatal
data obtained in a radon chaaber with low con-
centrations of radon yielded results that disagreed
with estiaates using the aodel proposed by Jacobi.
George et al. found that Jacobi'a aodel overpredicted
plate-out and underestimated the concentrations of
airborne daughters by factora of 3.5 and 3.3 respec-
tively.

Postendorfer et al. (2) developed a aodel to exa-
mine the influence of radon and thoron exhalation
froa rooa walls and the effect of air exchange rate
upon the radon and thoron gaa and daughter con-
centrations inside rooas. The equations used were
siailar to those used by Jacobi but were extended to
take into account both indoor and outdoor radon and
thoron concentrations. Postendorfer used an unat-
tached deposition velocity of 1.0 to 3.0 ca s~* and
an attached deposition velocity of 0.001 ca s"1. The
aerosol size range used was 0.1 to 0.2 VB and the air
velocity in the reference room was expected to be 5
to 10 ca *~l. Baaed on Mercer's calculations (8),
Postendorfer took the detachaent probability of
recoiling RaB to be 0.83. Knutson et al. (3) found
that the predictions of Postendorfer's rooa aodel
were slightly better than those of Jacobi's model,
but still not satisfactory.

Knutson et al. (3) optimized Jacobi '* room model
using a linear programming procedure to fit the data.
The major change aade to Jacobi's model was that the
deposition velocity of free airborne daughters waa
reduced from 1.0 to 0.05 cm s~x. Knutson et al. alao
suggest that depoaition velocities should be reported
as a range rather than a single value. The ranges
they reported for unattached and attached deposition
velocities were 0.033 to 0.066 ca s"1 and 0.0005 to
0.001 cm s"1 respectively. They suggested that
further work waa required to resolve an inconsistency
in their model to the effect that the velocity of the
unattached daughters seemed to be out of balance with
the aerosol attachment rate. This inconsistency is
due to the fact that the deposition velocity was
reduced for the aodel, equivalent to reducing the
diffusion coefficient.

Bruno (4) used a variation of the aodel proposed
by Jacobi (1) and extended by Postendorfer et al.
(2). Using a range of attachment rates, he concluded
that hia aodel predictions reflected valves observed
in houses. In his study, Bruno assumed, for reasons
of simplicity, that the detachment probability of
recoiling Rat from aerosols waa 83Z and that the
detachment probability from walls was . zero.
Experimental data used for comparison with the aodel
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were from a survey conducted by George et al. (11) of
21 houses in the New York region.

MATHEMATICAL MODEL

The time-dependent concentration profile of radon
Has and radon daughters in a radon chamber can be
modelled by performing an atom balance for each spe-
cies entering and leaving the chamber. Such a
balance leads to a series of ten coupled differential
equations from which the radon ga« concentration, the
attached and unattached radon daughter concentrations
and the radon daughter concentrations on the walls of
Che chamber can be predicted. Due to the complexity
of the behaviour and dynamics of radon 'laughters in
Che chamber, as illustrated in Fig. 1| several
assumptions are necessary. The first assumption,
which is standard for models, is that the chamber is
well mixed. This assumption is generally valid for
radon gas even when convective mixing is low because
of the high diffusivity of radon gas in air (0.1 cm2

s~'), and the long half-life of radon (3.823 days),
and applies when the residence time in the chamber is
greater than the time to diffuse through the chamber.

In the case of thoron gas and its short-lived
daughter 216Po (ThA), the well mixed asusmption is
generally not valid because of the limited distance
through which thoron-gas can migrate in its short
lifetime (55 seconds half-life). Even at high mixing
rates, a concentration gradient of thoron gas may
exist within the chamber. Consequently, a well-mixed
assumption limits the success with which the model
can correctly predict thoron and ThA concentrations
within the chamber at any location at a given time.

A second assumption generally made is that radon
gas enters the chamber at a constant rate. This
assumption is normally valid since the rate at which
radon gas enters the chamber can easily be maintained
constant. A third general assumption is that the
aerosol concentration is maintained constant during
the period of interest.

Attachment Rate

The attachment rate of RaA atoms to monodisperse
aerosols (As) can be estimated by the expression:

(1)

where 2 * number of aerosol particles/cm3

d « aerosol diameter (cm)
v * average velocity of an aerosol due to its

thermal energy (cm/s)
s = sticking probability of atoms or ions to

particle surfaces.

The average velocity (v) can be calculated from the
equat ion:

(2)

KaA, it can be assumed that the attachment rates are
the same for all three daughters.

Estimates of sticking probability for radon and
thoron atoms <}o not appear to agree well in the
literature. Kruger and Andrews (13) found the
sticking probability of ThB atoms to aonod!sj»?rse
polystyrene aerosols to be 0.08. Kruger and tJothling
(14) confined the value of 0.08 for r»8 and fou-iJ
that a value of 0.13 for the sticking probability of
radon daughters Co aerosols seemed to fit Che experi-
mental data well "oatendorier and Mercer (S5) found
that a value of 0.08 for the sticking probability
made the calculated values of Che attachment coef-
ficients too low and predicted a value of unity. &
value of unity is used in the present model.

Wall Deposition

The rate of removal of attached and unattached
radon daughters Co vail surfaces can be related to
the geometry of Che chamber <«urface area Co volune
ratio) and to a parameter called Che deposition velo-
city. The deposition velocity represents the fixed
linear velocity at which the actacbed and unattached
radon daughcers are assumed Co move towards the
chamber walls. For perfectly scill air, Che deposi-
tion velocity can be directly related to Che dif-
fusion coefficient. This is important since wall
deposition of unattached daughcers and attached
daughters in the size range of 0.01 to 0.1 t» is
mainly due to diffusion. In this aerosol size range,
deposition by sedimentation is negligible. In Moving
air, deposition velocities are influenced by the flow
patterns in the chamber. The actual deposition velo-
city may in face increase by more than an order of
magnitude above the still air case (4) because
attached and unattached daughters located Coo far
away from wall surfaces Co reach them by diffusion
may reach Che surface once an airflow patcern is
esCablished. Deposition velocities for accached
daughters are considerably lower than for unattached
daughters because of the reduction in diffusivicies
of daughters upon atCachment to aerosols. Deposition
constants for attached and unattached daughcers aay
be estimated by

(S/V) u*(S/V) (3)

where \f * plate-out constant for unattached
daughters to chamber walls (s~*)

u ^ » unattached deposition velocity
(cm s"1)

\,a * plate-out constant for attached
daughters to chamber walls (s~!)

uj a » attached deposition velocity (cm/s~*)
S = wall surface area of the chamber (en2)
V » volume of the chamber (cm3)

Model Equations

The time-dependent radon gas concentration in a
radon chamber is given by the following equation:

where k * Boltzmann's constant (g cm^/(s2#

particle-K))
T =• absolute temperature (K)
m = mass of the atom.

Since the molecular weights and consequently Che d
fusivicies of RaB and RaC .ire similar to Chose of

VdC
Kn CRn "in " (A)

CRn ' CRno
The unattached radon daughter concentrations can be
estimated by the following set of equations:
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VdC.

XRnCRnV " * V V (5) A • H.S at t
Bo

at t - 0

VdCj
dt

(6)

at

vdc:
TT" VCB -

C* - Cg at t - 0

The attached radon daughter concentrations
estimated by the following set of equations:

VdCj
dt ~ < V Xw V ) CA

(7)

can be

(8)

A

ST

CB ' CB

at t

V
(9)

dt

(13)
at t - 0

where:

,-S _

Rn

Rn

"•in

•A

•AW

cA
a.

• concentration of radon gas entering the
chamber (atoms IT1)

• concentration of radon gas in the chcaber
(atoms IT1)

* flow rate of the air stream containing radon
gas (L min"1)

• flow rate of the combined outflow air streams
(L min"1)

* volume of the chamber (L)
* surface area of the chamber (cm2)
\A, Xg,\Q » radioactive decay constants for Rn,

RaA, RaB, and RaC (min-1)
- attachment constant for free daughters onto

aerosols (min~^)
• plate out constant for attached daughters

onto chamber walls (min"1)
- plate out constant for free daughters onto

chamber walls (min-1)
* probability of detachment of recoiling RaB

atoms from aerosols upon formation
* probability of detachment of recoiling RaB

atoms from chamber walls upon formation.
B jCc j " concentration of unattached RaA,

RaB and RaC atoms in air (atoms L"1)
cBa> CC* " concentration of attached RaA, RaB

and RaC atoms in air (atoms IT1)
BS>NCS * number concentration of RaA, RaB and

RaC atoms on the chamber walls (atoms cm"2)

The above equations were solved numerically using a
one step Runge-Kutta-Mercer technique, a modification
of the fourth order Runge-Kutta integration tech-
nique.

vdc;
V - c

(10)

at t - 0

The equations used to estimate the surface con-
centration of radon daughters in the chamber are:

dt

dt

Aa VCa

w A

NA at t
o

XASNA

cf - X.SN*
A A A

(11)

(12)

EXPERIMENTAL

Radon Chamber

Measurements of radon gas and airborne radon
daughter concentrations were carried out in a 3 m 3

chamber constructed from plywood. The plywood was
screwed together using supports and the internal cor-
ners of the chamber were caulked with a rubberized
sealant. When the chamber was originally built, both
exterior and interior were sealed with 3 coats of
enamel paint. A schematic diagram of the chasber is
given in Fig. 2.

Radon laden air was generated by passing air
through a Pylon Rn-1025-5 flow-through radon gas
source. The jradium-226 source was capable of
generating 638 pCi of Rn gas per minute. Radon gas
was introduced into the chamber at a flow rate of 3.2
L/min. Sampling was carried out through stopcocks
set into the top of the chamber. Some of the stop-
cocks were connected to tubing inside the chamber.
Neoprene shoulder length gloves were used through a
glove port for operations inside the chamber. Filter
holders used to collect radon daughter samples were
passed in and out of the chamber via an airlock.
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FIG. 2. SCHEMATIC OF RADON CHAMBER.

Aerosol Generation

Submicron aerosols may be generated by ultrasonic
nebulizers (16), condensation of vapours (17-19), and
plasma torches (19,20). The aerosol generator used
for this study is based on the principle of a mono-
disnerse generator described by Tarroni et al. (19).
The generator works on the principle of mixing metal
vapour laden air, produced by induction heating of a
metal, with cool air, thereby producing a relatively
monodisperse aerosol by condensation. A diagram of
the aerosol generator is shown in Fig. 3.

aaroaol

1
clean air atraam

mixing raglon balwaan claan air
and argon containing zinc vapour

cruclbJ* containing zinc matal
powdar io b« vapourlzad

argon gaa (Iowa
up tha quartz tuba

FIG. 3. SCHEMATIC OF AEROSOL GENERATOR.

Since aerosols upon formation are not at charge
equilibrium, the aerosols, before entering the radon
chamber, were passed through an aerosol neutralizer
similar to that described by Liu and Pui (27).

Radon Gas Measurements

Radon gas measurements were made by connecting a
Lucas cell in series with a sealed Dupont P-4000 pump

and the radon chamber. Air was passed through a
membrane filter prior to being circulated through the
cell to remove airborne radon daughters. A cir-
culation period of a feu minutes was found to be suf-
ficient to collect a representative radon gas saaple.
The Lucas cells were counted using an EDA KDA-200
counter, 4 hours after sample collection, in order to
allow radon daughter equilibrium to be reached within
the cells. The Lucas cells were calibrated using a
Pylon Rn-150A calibrated radon gas source to
establish the relationship between counts and radon
gas concentrations.

Radon Daughter Measurements

Two 25 mm filter holders containing 0.8 (m
Millipore membrane filters were passed into the radon
chamber via an airlock. Because the air in the
chamber was still (linear velocity -0.5 cm/min), the
filter holders were passed into the chamber 30 minu-
tes prior to sampling to minimize disturbances in the
chamber. Data obtained without this precaution were
found to have an unsatisfactory degree of scatter.
Individual radon daughters were measured by passing
air through a 0.8 Mm 25 mm Millipore filter using a
Dupont P-4000 pump for a period of 5 minutes at an
average flow rate of 3 L/min. The filters were
counted using a calibrated Trinet alpha counter
(counting efficiency ~42Z) according to specified
counting intervals. The following intervals were
chosen for convenience: (2,5) (8,17) (21,30) and
(2,5) (6,15) (16,25) min. Concentrations were eva-
luated using equations similar to those described by
Thomas (21). In order to reduce the uncertainty in
the results, counts obtained for each counting inter-
val were fitted exponentially by least squares. The
correlation coefficient was 0.998 indicating a good
fit. Data from the (2,5) (6,15) and (16,25) counting
intervals are shown in Figs. 4 and 5. Figure 4 shows
the exponential least squares fit for the reference
filter.

counta

10000.0 I 1 1 • 1 1
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lima (mlnntaa)

FIG. 4 . EXPONENTIAL LEAST SQUARES FIT FOR REFERENCE
FILTER. EXPONENTIAL LEAST SQUARES: nCOUNT ( 2 , 5 ) ;
0 COUNT ( 6 , 1 5 ) ; X count ( 1 6 , 2 5 ) .
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Unattached Fraction Measurements

The wire screen method (22) was used to measure
the unattached fraction of the radon daughters. A
special filter holder was designed to prevent
recoiling RaB atoms from contaminating the wire
screen. The wire screen and the filter paper were

counts

7000.01 1 1 1 '

taoo.o

seoo.o

4800.0

4200.0

3S00.0

2800.0

2100.0

1400.0

700.0

140.0 2S0.0 420.0
tint* (mlnutai)

FIG. 5. EXPONENTIAL LEAST SQUARES FIT FOR WIRE
SCREEN. EXPONENTIAL LEAST SQUARES: DCOUNT (2,5);
0 count (6,15); X count (16,25).

separated by 4 mm, a distance shown to be satisfac-
tory by Raghavayya et al. (23). The unattached frac-
tion was evaluated by simultaneously collecting two
air samples in the radon chamber. One sample was
collected as a reference sample, with no wire screen,
as described above. The other sample was collected
by passing air through a 60 mesh wire screen pre-
filter located ahead of a backup filter. The air
sample was drawn through the wire screen openings at
a flow rate of 2.1 L/min (linear velocity 12.3 cm/s)
using a Dupont P-4000 pump. The collection effi-
ciency for the free radon daughters was estimated to
be 74% using the equation proposed by Thomas and
Hinchliffe (24):

100 - 18e"16'7h) (14)

where h » (100 M2dD/V)
E " collection efficiency for the unattached

fraction by the wire screen (X)
M * mesh number (mesh/cm)
d - wire diameter (cm)
D - diffusion coefficient for RaA atoms (0.06

cmz/s)
V « linear air velocity (cm/s)

The collection efficiency of the wire screen for all
of the unattached radon daughters was assumed to be
similar to that for RaA, as proposed by Mercer (25).
This assumption seems reasonable since the three
decay products are very similar in atomic weight and
consequently their diffusion coefficients should be
very nearly equal and their patterns of deposition on
the wire screen should be similar. It is also

assumed that los* of attached daughters by iapaction
on the wire screen is negligible. The backup filter
was counted using the same procedure as for the
reference filter. The attached and unattached frac-
tions were evaluated using equations (15) and (16)
below:

c.
back ref

E C. ref
1,2,3 (15)

- f? 1,2,3 (16)

where i - 1,2,3 represents RaA, RaB and RaC respec-
tively

f£a - attached fraction of species i
f^f * unattached fraction of species i

C^back . concentration of species i on the backup
filter

Cj r e^ ™ concentration of species i on the reference
filter.

Aerosol Measurements

The aerosol concentration was continuously moni-
tored by an Environment/One Condensation Nuclei
Monitor Model Rich 100. The Model Rich 100 responds
to atmospheric particles with diameters of 0.0025
microns and larger, and it covers a concentration
range of 300 to 10^particles/cc. The response tiae
of the unit is 5 seconds and the accuracy is ±202.
The aerosol concentration was maintained as uniform
as possible and remained within ±202 of the average
value during the experiment. The outflow from the
aerosol counter was vented to the fume hood.

Measurement of Aerosol Particle Size Distribution

Aerosol size distribution measurements were per-
formed by sampling air through three different dif-
fusion batteries located in the radon chamber. The
diffusion battery aerosol concentrations were coa-
pared to the actual aerosol concentration in the
chamber to estimate the penetration of aerosols
through each diffusion battery. The count median
diameter and the geometric standard deviation were
evaluated using a data regression technique developed
bu Busigin (12). The calculation technique used is
based upon an interative, direct search optimization
technique utilizing random numbers and reduction of
the size of the search region developed by Luus and
Jaakola (26). An optimal fit is obtained of the k t h

approximation of the size distribution nXk)(<0 to the
actual distribution n(d) using the experimental dif-
fusion battery data.

RESULTS AND DISCUSSION

In order to estimate the attached and unattached
deposition velocities and to verify the theoretical
model, experimental data were collected in a 3 a 3

radon chamber. The parameters measured included the
radon ga<s concentration, the airborne radon daughter
concentration, the attached and unattached radon
daughter fractions, the aerosol size distribution,
the aerosol concentration and the ventilation rate.
Experiments were performed in an atmosphere with a
high aerosol concentration (300,000 particles/cc) and
in a relatively clean atmosphere (10,000
particles/cc). The count median diameter of the
aerosols used ranged from 0.081 to 0.085 aicrons with
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a geometric standard deviation ranging from 1.36 to
1.80. The ventilation rates used ranged from 5.SO
L/min to 5.78 L/rain. A ventilation rate of this
magnitude represents an air change of approximately
once in a nine hour period.

In order to estimate the attached deposition velo-
city, experimental conditions were set so that the
unattached fraction of radon daughters in the chamber
would be small. An aerosol concentration of 3OO5OOO
particles/cc was considered to be sufficient for this
purpose. Values for the RaB concentration, at a time
420 minutes after the source was turned on, were eva-
luated using the theoretical model and plotted for
attached deposition velocities ranging from 10"^ to
1.0 cm s"1. Error bars of ±102 were drawn above and
below the experimental value of 48.1 pCi/L (Fig. 6).

estimated using the mathematical model and plotted
fur unattached deposition velocities ranging from
0.005 to 5.0 cm a"1. Error bars of -\0% were drawn
above and below the experimental value of 30 pCi/L.
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FIG. 6. RaB CONCENTRATION vs ATTACHED DEPOSITION
VELOCITY.

It is evident from this figure that the attached
deposition velocity is less than 0.002 cm s~*;
however it is not possible to estimate a unique value
for this parameter. Due to the lack of sensitivity
of the model to the attached deposition velocity, it
is apparent that any value less than 0.002 cm s"1 can
be chosen without significantly altering the con-
centrations evaluated. The value used in this model
was selected to be 0.001 cm s"1. This value is con-
sistent with that used by Postendorfer et al. (2) in
his room model and with that of Knutson et al. (3).
The value selected is one order of magnitude lower
than the value reported by Jacobi (1). This dif-
ference is expected since Jacobi's measurements per-
tain to uranium mines where ventilation rates are
high and consequently attached daughters have a
greater probability of reaching a wall surface on
which they can plate out.

The unattached deposition velocity was estimated
using a similar technique. Experimental measurements
were taken in a relatively clean atmosphere where the
aerosol concentration was maintained at 10,000
particles/cc. Values for the RaB concentration, at
420 minutes after the source was turned on, were
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FIG. 7. RaB CONCENTRATION vs UNATTACHED DEPOSITION
VELOCITY.

It is evident from Fig. 7 that the airborne RaB con-
centration is much more sensitive to the unattached
deposition velocity than to the attached deposition
velocity. From Fig. 7 it is possible to estimate a
range for the unattached deposition velocity. For
the flow conditions used in the radon chamber, the
unattached deposition velocity appears to lie between
0.07 and 0.15 cm s"1. An average value of 0.1 cm s"1

was selected as the value which produced the best
agreement between the experimental data obtained from
the chamber and the theoretical model. This value,
as in the case of the attached deposition velocity,
is again one order of magnitude lower than the value
of 1.0 cm s"1 reported by Jacobi (1). This difference
is expected owing to differences in the ventilation
rates used in the two studies. The unattached depo-
sition velocity estimated in the present study was
found to be larger than the range of values of 0.033
to 0.066 cm s"1 reported by Knutson et al. (3), pro-
bably due to differences in the air flow pattern in
the two chambers.

Figures 8 to 10 were plotted to compare experimen-
tal values for the airborne concentrations of RaA,
RaB and KaC with theoretical values predicted by the
model. Two cases were plotted. Case 1 corresponds
to an aerosol concentration of 300,000 particles/cc
and Case 2 corresponds to an aerosol concentration of
10,000 particles/cc. The attached deposition velo-
city used in the theoretical model was 0.001 cm s"1

and the unattached deposition velocity was 0.1 cm
s"1. Figure 8 shows that the theoretical model pre-
dicts a RaA concentration higher than that observed
experimentally for both high and low aerosol con-
centrations. The model tends to predict results
which are closer to the experimental values for Che
higher aerosol concentration. The differences bet-
ween the model and the experimental values tend to
suggest that RaA has a higher deposition rate than
predicted by the model and therefore either that the
attachment rate predicted for RaA is too high or that
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Che deposition velocity used for RaA is too low.
Figure 9 shows that there is very good agreement bet-
ween the experimental RaB concentrations and those
predicted by the model. This good agreement may be
assisted by the fact that for the measurement method
used to estimate the airborne concentrations of radon
daughters, RaB is determined with the lowest measure-
ment error.

110.0 220.0 330.0
tlm* (mlnutM)

440.0 550.0

FIG. 8. AIRBORNE RaA MODEL:HODEL V8 EXPERIMENT.
CASE 1 (••••) RaA EXPERIMENTAL; ( ) RaA MODEL-
CASE 2 (oooo) RaA EXPERIMENTAL! ( ) RaA MODEL.

Figure 10 shows good agreement between the experi-
mental airborne concentrations deterained for KaC and
the theoretical model at low aerosol concentrations.
The model however appears to underestimate the RaC
concentration at high aerosol concentrations,
suggesting that the experimental deposition rate for
RaC is lower than predicted by the model. This
result is opposite to that found for RaA and may
indicate that the individual radon daughters behave
slightly differently.
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2 (oooo) RaC EXPERIMENTAL; ( ) RaC.
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FIG. 9 . AIRBORNE RaB MODEL:MODEL vs EXPERIMENT.
CASE 1 ( • • • • ) RaB EXPERIMENTAL; ( ) RaB MODEL.
CASE 2 (oooo) RaB EXPERIMENTAL; ( ) RaB MODEL.
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Figure 11 compares the theoretical model with the
experimental airborne concentration of Rafi and the
unattached concentration of RaB. tn both cases,
there appears to be good agreement between the model
and the experimental data. Figure 11 also shows that
the unattached fraction is small even when the aero-
sol concentration is as low as 10,000 particles/cc.

Figure 12, generated by the theoretical model for
several aerosol concentrations, illustrates the
dependence between the airborne RaB concentration and
the aerosol concentration. This dependence also
holds for RaA and RaC. Figure 12 shows that the air-
borne RaB concentration la much more sensitive to
changes in aerosol concentration for low aerosol con-
centrations (between 1,000 to 10,000 particles/cc)
than for high aerosol concentrations (greater than
50,000 particles/cm3). At aerosol concentrations
higher than a few hundred thousand particles/cm3, the
dependence of the airborne concentration on the aero-
sol concentration becomes negligible since all of the
daughters are attached.

400.0 800.0 120O.0 1800.0 2000.0
lima (mlnutts)

FIG. 12. RaB CONCENTRATION AS A FUNCTION OF AEROSOL
CONCENTRATION 'GENERATED BY MODEL). (••••) AEROSOL
1 Kj (•—•-•) AEROSOL - 10 K; ( ) AEROSOL - 50 K;
( ) AEROSOL = 100 K.

The effect of the variations in the wall detach-
ment probability of recoiling RaB is shown in Fig.
13. Values for wall detachment probabilities between
0% and 50% are plotted. Theoretically, a probability
of 50% vould be the maximum value value for the
detachment of recoiling RaB attached to the chamber
walls since half of the recoils would be directed
into the walls (4). Bruno (4) suggests that the
recoiling RaB (recoil distance of 0.15 mm in air)
would remain within a thin boundary layer near the
chamber walls and eventually diffuse back to the
walls. Taking this into account, he assumes that the
detachment probability from a surface may be no
larger than 25%. For simplicity, he assumes no
recoil from the surface. The results in Fig. 13
indicate that for a surface area to volume ratio of
1:25 cm2/cm3 the airborne RaB concentration at steady
state would differ by up to 15% if the maximum (50%)
and minimum (0%) detachment probabilities were used.
For a chamber with a larger surface area to volume

ratio than 1:25 cm2/cm3, the difference in the pre-
dicted concentration for RaB would be expected to be
larger than 15% if detachment probabilities at both
extremes (0% and 50%) are used. For a room of sur-
face area to volume ratio larger than 1:25 cm2/cm3,
it appears that the results predicted for the air-
borne concentration of RaB and subsequently RaC will
be relatively insensitive to the value chosen for the
detachment probability of recoiling RaB. For the
purposes of this study, it was assumed that maximum
detachment of recoiling RaB occurred, that is, the
detachment probability was 50%.

«o.o

800.0 1200.0

Haw (nlnulu)

FIG. 13. RaB CONCENTRATION AS A FUNCTION OF
DETACHMENT PROBABILITY (d.p.) FOR RECOILING RaB.
(••••) d.p. = 0%; ( ) d.p. - 25%; ( ) d.p. -
50%.

CONCLUSIONS

The experimental data collected show that a
theoretical model can be used to predict time-
dependent radon gas and airborne radon daughter con-
centrations in a radon chamber. The theoretical
model can be used to show that radon daughter con-
centrations are most affected by changes in the aero-
sol concentration when the aerosol concentration is
between 1,000 and 10,000 particles/cm3. The experi-
mental data show and the model confirms that even at
low aerosol concentrations (10,000 particles/cm3) the
unattached fraction of RaB may be less than 15%. For
a room of surface area to volume ratio less than 1:25
ci»2/cm3 a sensitivity analysis of the theoretical
model shows that the RaB and RaC concentrations pre-
dicted by the theoretical model are relatively insen-
sitive to the value of the wall detachment
probability chosen for recoiling RaB. For the flow
conditions used in the chamber, the unattached depo-
sition velocity was estimated to lie between 0.07 and
0.15 cm s"1, and the attached deposition velocity to
be less than 0.002 cm s"1.
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ABSTRACT

A survey on the radiation exposure by radon and its short-
lived decay products in different non-uranium mines of the Federal
Republic of Germany has been conducted.

The variation of the values obtained in continuous measurements
of the decay product concentration within the mines is well correlated
with the influence of ventilation. The calculated equilibrium factors
range from 0.3 to 0.8. In two out of IS mines under study the
exposure limit of 5 WLM/a for uranium miners as recommended in
ICRP Publication 32 (1) is exceeded. In both cases simple measures
would suffice to reduce the radon daughter product concentration.

1. INTRODUCTION

Within the scope of a research contract assigned by the European
Communities") and supported by the Federal Ministry of the
Interior, the Institute for Radiation Hygiene of the Federal Health
Office conducted a research project intended to give a survey of
the exposure by radon and its short-lived decay products in dif-
ferent non-uranium mines of the Federal Republic of Germany.
For this purpose a number of companies was selected for measure-
ments carried out in the mines.

At the beginning an inquiry on the types and numbers of non-
uranium mines in operation has been conducted via the Superior
Mining Authorities of the States of the Federal Republic of Ger-
many.

For the total of 87 mines included in this inquiry the following
distribution was found:

Table 1 :

Type of mine

salt, gypsum, anhydrite
fluor spar, barytes, pegmatite
clay, slate
ore
coal
others

Total

Number of mines'1'

29(3)
15(5)
15(2)
4(3)

13(0)
11(2)

87 (15)

in brackets: number of mines in which measurements were
conducted within the scope of the EG-contract

) EG-Research Contracts Nr. 1202/5-82 and 1218/5-83
BM I-Research Contracts St.Sch. 598 and St.Sch. 870

The mines under study were selected with regard to factors
such as geology, ventilation, number of employees, method of
exploitation, etc. There are, for example, considerable differences
in the ventilation rates of the mines, ranging from a few tens of
m3/h (natural ventilation) to 20 000 m3/min (artificial ventilation).
The number of underground miners also varies between some few
employees and several hundreds of miners (2).

2. MEASUREMENTS TECHNIQUE

Two central measurement sites were installed in each mine:
one — if possible — in the upcast air and a second one represen-
tative for underground working in the entire mine.

The following measurements were carried out, as far as pos-
sible, at each measurement site:

- point measurements of the radon-222 concentration in the
air;

- passive, integrating measurements of the radon-222 concen-
tration in the air;

— continuous measurement of the radon-222 concentration in
the air;

- continuous measurement of the radon-222 decay product
concentration in the air;

— continuous measurement of the 7-dose rate;
— point measurement of the •y-dose rate.

The continuous and integrating measurements have been
performed during approximately 72 hours.

Within the scope of the measurement programme, the follow-
ing* methods are applied to assess the radon-222 concentration
in the air of the mine:

In the shaft, and at different sites within the mine, samples
of air were taken and the radon-222 concentration measured using
the scintillation chambers according to LUCAS (3).

The LUCAS chambers enable radon-222 concentrations of
about 10 Bq/tn3 in air to be assessed even with a volume of only
90 cm3. All samples were taken at 6 different sites of each mine.
The maximum of possible measurement sites in the mine, e.g. in
workshop areas or at work places in situ, was selected to conduct
passive integrating measurements of the radon-222 concentration
in the air by adsorption on activated charcoal, according to
a procedure reported by PENSKO (4). The activity of radon decay
products adsorbed on the charcoal beds is basically proportional
to the radon concentration in the air during the exposure time.
Within an exposure period of 72 hours, this procedure enables
the measurements of radon-222 concentrations in the air down to
approximately as low as 3 Bq/m3. However, it is turned out that
the activated charcoal must be carefully selected, and particularly
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the activity concentration depends on the grain size. The ideal
size to be found in our case is 16 x 6 Mesh (WICKE & PENSKO, 5).
The detectors were evaluated by means of 7-ray spectrometry for
low-level measurements.

For continuous measurements of the radon-222 concentration
in the mines under study, the principle of electrostatic separation
was applied according to a procedure developed by PENSKO &
WOCHNA (6) und improved by WICKE (7). The positive charged
radon daughter products that build up during the laminar flow
of air, containing radon through the sphere with a volume of about
10 I are collected on a surface barrier detector due to a strong
electric field. The a-particles acting on the detector are registered
according to their number and energy using a spectrometry device.
Within an statistical error of ± 30 % and a measurement time of
60 min it is possible to measure the radon-222 concentrations
of the level of 2 Bq/m3.

The radon and thoron decay products in the mines under
study have been measured using a a-spectrometer developed at the
Institute for Radiation Hygiene (WICKE, 8). This type of instrument
consists of a surface barrier detector with an active area of 3 cm2 ,
which is incorporated in a measurement head together with the
membrane filter. The air is aspirated by a membrane pump (flow
rate: 0.5 l/min), and the decay products are collected on the filter
with the efficiency of approx. 100%. The a-decay processes
occuring there are measured by the surface barrier detector and
registered continuously. The lower detection limit of this decay
product monitor is approx. at 2 Bq/m3 (0.5 mWL). The filter unit
including the detector as well as the preamplifier and adjustable
membrane pump are closed in one insert module. This module
together with linear amplifier, analog-digital converter, multichannel
analyszer, display and tape recorder are placed in one portable
frame unit. To have the possibility to observe the variations of the
radon and thoron decay product concentration during some days
or even weeks, the accumulated spectra are registered hourly on
magnetic tape.

Continuous measurements of the 7-ray dose rates at a selected
measurement site were carried out by means of a unit with a high
pressure ionisation chamber (type REUTER & STOKES RS-111).
The local dose rates of the 7-radiation were also measured at all
measurement sites in the mines under study. For this purpose a
dosemeter (type Halle H 7201) with a plastic scintillator as detec-
tor was used.

Additionally, rock samples were taken in all mines, for which
the radium-226, thorium-228 and potassium-40 content was measured
in the laboratory using 7-ray spectrometer.

The data evaluation and graphical representation was done by
means of automated data processing.

3. RESULTS AND DISCUSSION

The measurement results are summarized in Table 2 for each
mine. Each of the indicated values represents the results of all
measurements performed according to the different procedures
as identified in the above programme. To derive the annual effec-
tive dose equivalent for miners exposed to potential a-energy of
radon-222 decay products the 8 hours' working day has been taking
into account as well as the conversion factor of 8.5 mSv per WLM
as indicated by OECD/NEA (9).

The study gives a representative survey of the mines that are
in operation in the Federal Republic of Germany at present, except
for the coal mines. These could not be included in the measurement
programme because the Institute for Radiation Hygiene has no

explosion proof instruments for continuous measurements available.
Results of radon measurements in coal mining have been reported
by EICKER & ZIMMERMEYER (10).

The specific content of radium-226, thorium-228 and potas-
sium-40 in the mine material varies, depending on the geological
situation. Radium-226 is in the order of 5-130 Bq/kg, thorium-228
ranges from 5-90 Bq/kg, and potassium-40 from 15-3400 Bq/kg.

A very good correlation between the variations of the radon-222
concentrations measured in each individual mine and the influences
of the ventilation has been observed (Fig. 1 - 3). The small varia-
tions of the 7-ray dose rates measured in some mines shows the
similar correlation as indicated on Fig. 4. The data of Fig. 4 should
be compared with those presented on Fig. 1.

Mim 02: GRAPHITE, MrauranMnt Sin t
Vantilation: 1000 m3/min. natural
(1) Radon-222 Equilibrium Factor F=0.60
(2) Radon Dtcay Products: 1.1 WL; 13 WLM/<; 110 roSv/i (iff. D m )

Fig. 1 July 19S3 Dayi Nr.02.1

Mim 05: ORES (PyriM. Zinc Bltnda, Barita), Mtawrtmtnt Sid 1
VtnWition: 10.800 m3/min. artificial, 24h/d
(1) Radon-222 Equilibrium Factor F-0.28
(2) Radon Dacay Product!: 0.01 WL, 0.1 WLM/a, 1 mSv/a (iff. DON)

Fig. 2 August 1983 Days MMttirainantNr.05.1

I.
I

Mint 06: SLATE, MNwmMflt SiM 1
Vantilation: natural
(1) Radon-222 Equilibrium Factor F-0.49
(2) Radon Dacay Products: 0.06 WL; 0.7 WLM/a

6mSv/a{iff.Dott)

Fig. 3 Auguit19B3 Oiyj Mtamnnwht Nr. 08.1
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Based on the measured concentrations of radon-222 and its
decay products, the calculation of the equilibrium factor for ra-
don-222 related to its short-lived decay products gives values in
the range of 0.3—0.8. The mean potential a-energy concentration
in the mines under study ranged from 0.001 to 4 W L approxima-
tely. Thoron decay products are of no importance, since the highest
concentration measured was as low as 10 B q / m 3 .

Only in two mines that are in operation at present, the limits
of 5 W L M / a recommended by ICRP for uranium miners is exceeded.
In the first case, however, this excessive exposure is low, so that
very simple measures would suffice to proper reduce the radon
concentration in the mine. In the second case the exposure limit
is exceeded under the conditions of summer ventilation only, i.e.
with poor natural ventilation, but not in winter. Also in this case,
a reduction of radon concentration could be easily achieved by
the appropriate measures, especially by improving the pathways
for fresh air supply.

In one mine that is not used for production, but regularly
inspected and maintained at present, the expected lung exposure
would reach 50 W L M / a , if a working time of 8 h/day is assumed.
However, the maintenance work amounts to a maximum of 2 0 h /
month only. Should underground working in this mine be resumed,
efficient artificial ventilation would be necessary.

(5) WICKE, A . & PENSKO, J . , " A n optimized carbon detector
for passive, integrated measurement of radon in air". In pre-
paration, 1984.

(6) PENSKO, J. & WOCHNA, M., " Semiconductor detection
system for 222-Rn determination in atmospheric air". In:
Colloque d'Electronique Nucleaireet Radioprotection, Tome4,
Toulouse, 1968.

(7) WICKE, A., "Untersuchungen zur Frage der natiirlichen Radio-
aktivitat der Luft in Wohn- und Aufenthaltsraumen", Diss.
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AB3TKACT

The wain subject of research work in ro-
ll sh coal mines are the instrumentation and
results of measurements of radon-daughters,
radium-bearing waters and radioactive depo-
sits. An integrating Vh-uonitor with 'JliD-
chips designed as a supplement to the com-
mercial dust sampler has been developed.
A method of calibration of WL-ioonitors by
means of liquid scintillation counting has
been described. Jftadbn-daughters concentra-
tion in dine workings did not exceed 13 pJ/
m . The deposits precipitated from radiun-
bearing waters contained up to 170 k3q/kg
of radium isotopes. In most of the invest-
igated viorkplaces the radiation exposure
does not exceed the limit recommended by
ICKP for occupational exposure.

INTHODUCTIOB

In Polish coal mines, the radiation ex-
posure is caused by radon, its progeny and
by radioactive deposits precipitated from
radium-bearing waters. The task of this work
was to survey the occurrence of natural ra-
diation sources and to analyse the resulting
radiation exposure of workers. The work has
not been completed yet. In the presented pa-
par the instrumentation, the methods of me-
asurements and the preliminary results are
being described. Also the applied criteria
of evaluation oi" radiation exposure and pro-
tection orogran are being discussed.

3ATOTJ DAUGHTERS

It is generally recognized that radon con-
centration in coal mines is usually lower
than in ore mines. This has been confirmed by
Bernhard and co-v*orkers /'•/. Nevertheless,
measurements performed by T. Uomaiiski and
co-workers /z/ in Polish mines by means of
passive track detectors showed that radon
concentration in coalmine atmospheres can be
as high as 14.8 Bq/dm . Yet,the high variabi-
lity of equilibrium between radon and its
progeny causes that radiation exposure to

to radon daughters cannot be determined pre-
cisely enough by radon nonitorin,-. only. 1'he-
refore, the measurement;; of votent-ial alpha.
energy concentration are usually tierasnded.

Instrumentation

In order to monitor radon-dau^iters in a
large number oi" workplaces in n:ines, a simple
and inexpensive device has been developed.
Also,because of methane and coal dust presen-
ce in coal iuine atmospheres, the monitor had
to comply with upeeial safety requirements.

The developed "Integrating Hadon Daughters
Monitor" /IHDK/ consists of a typical dust
sampler commonly used in Polish .--lines and of
a supplementary unit called AL;fA-51 filter-
detector probe. The heart of the ALFA-31
probe are thermoluminescent detectors.
J. Lebecka and co-workers jjave a detailed de-
scription of the device shown on Fig. 1

PIGUK3 1: IN3S8TI1IG AiPA-31 EiOBS
BAHBAilA 3A DUST SAliPLiffi
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/IGOKE 2: aXTiiMDai) VIEW Oi1

Ai.PA-31 PHOBS

Top row, left to right: filter
holder, membrane filter, detec-
tor-head holder with two set up
detector heads, filter-holder
nut.
Bottom row shows parts of the
detector head: the main holder,
alpha-particle detector, the
beta snield, the garama-ray de-
tector and mounting screw cup.

'J?he air to be sampled is drawn through
a membrane filter by the pump with a flow-
rate of 5 dm /min. The radioactive aerosol
continuously filtered from the air emits
alpha, beta and gamma radiation. Thermolumi-
nescent detectors supported in front of the
filter store a significant part of energy
from alpha decay and small quantities from
other types of radiation. An identical de-
tector is located behind the shield in order
to give separate reading of gaiama radiation.
The net response of the first detector is
proportional to V/l/h/ exposure. Since the
standard filter diameter used in the dust
sampler is ratliar large, three independent
detectors sets were supported above the fil-
ter. This reduces the measurement error with
only a slight modification in the reade.it
procedure. The instrument can be used for si-
multaneous measurements of potential alpha
energy and dust concentration. In standard
measurements performed in mines the sampling
time is from six to eight hours /one shift/.

concentrations were measured by
grab sampling using scintillation cells ma-
nufactured by KDA /Canada/. The measurements
of instantaneous WL values were performed by
means of the coomereial Polish radiometer
HGH-11.

Calibration of the used VtL-monitors v/as
performed by means of the method developed
in the Central fining Institute. According

to the culiiU'BUOJ! &~ttiod, tae radon daugh-
ters aeaaurement is "ceinj; done ty unizwz of
a liquid scintillation spectrometer, -iadon
daughters are collected on a aea&rane filter.
Then, the filter is inserted into * vial con-
taining toluene ceintiilator. The filter be-
c02.es tr.-iiisparent in toluene. In these con-
ditions due to the t,\\ counting ^eoiaetry,
alpha particles are counted ivith 1U) per cent
efficiency while the bet:* particles counting
efficiency ia about 98 per cent.

iiesults

Presently there are about 66 underground
coal mines working in the Upper Silesian Coal
Basin. Up to now raoon dau^jters have beeii
surveyed in fourteen nines, '."he highest po-
tential alpha anergy concentration found in.
uine workings was of 12.7 ul/m , while toe
mean value was of 0.51 UJ/B . The average
equilibrium factor P «?as 0.33. The irequeney
distribution of the measured equilibrium
factors is shown on Kig. 3»

10
CO

LU

UJ

cc

cc
LU
CD _r -Jl

Ofl 0,2 0,3 0,4 0,5 06 0,7 0,8 0,9 1,0 F
EQUILIBRIUM FACTOR

FIG-UKS 3: i-'̂ KjUiiyaJf JIUT:-.IJU?1O;; Or
2UUILI3aIUK

It has been found that the radon daughters
concentration is aubctancially dependent on
tue exploitation method and ventillution sy-
stem nhich is illustrated by Fig. 4a, 4b, 4c
and 4d. It is clear that in mines where
flushing is uued /Pig. 4b/, the radon daugh-
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ters concentration is much loner than in
mines where caving method is applied /Fig.
4 a/.
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'i'he explanation ia that the hydraulic fill-
ing irapeds the eaanation of radon to the mine
atmosphere. The radon daughters concentration
is also much lower in -sines witb aothane haz-
ard because in this case the ventilation rate
is higher />'ig. 4d/. In mines ivith fire haz-
ard, each longwall is ventilated separately
which also results in lower daughters concen-
tration /•ii'ig. 4c/.

HADIUH-BiiAKIHG VY

Saline v/aters with a high radium content
have been observed in the Upper Silesian Coal
Basin. The radium-226 concentration in these
v/aters Measured by I. Tomza and 3. Lebecka
/A/ by means of liquid scintillation tech-
nique was as high as 270 KBq/jn . The radium
content in waters of the carboniferous for-
mations of the Upper Silesian Coal Basin is
similar to the radium concentration present
in deep formations waters of the Bniepro-
Bonieck Coal Basin described by l.K. Gucaio
/5/. The Upper Silesian Salines are also com-
parable with hot spring waters appearing in
an area oi" high natural radioactivity near
Hamsar in Iran /&/» According to the classi-
fication of radium bearing waters proposed
by O.A. Alekin /l/ Upper Silesian Salines be-
long to waters with high and medium radium
concentration. The frequency distribution of
radium bearing waters occurrence is presented
on Fig. 5.

t
|50

20

30

20

10.

1 2 3 4 5 6 7 8 9 10 [kBq/m3]

H r f U - ^ - - . —,
10 100 200 [jk3q/m3]

RADIUM - 226 CONCENTRATION

PIGUKE 5: HISTOGRAIi OF THE TOP VALUES
OP KADIUK-226 COHCEBTHATIONS
IH WATERS VERSUS THE PERCEN-
TAGE OP MIMES
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In the past, radium-bearing waters were
inrestigated mainly in order to control the
radiation hazard due to contamination.
Nowadays, when the ICEP publication No 30 /9/
increased the limits of radium intake, the
contamination of workers by waters with high
radium content became a much less important
problem. Nevertheless, these waters are still
a subject of concern because they form radio-
active depositB RaBa/SO./. Environmental con-
tamination by radium bearing waters cause
also some problems, particularly a problem of
contamination of rivers.

The. radioactive deposits are accumulated
mainly in water galleries, gautons and water-
ways. Therefore the background in these
places is often much higher than in normal
area.

A survey of individual exposure to exter-
nal gaaaa irradiation is now in progress by
aeans of personal TLD dosimeters. Prelimi-
nary results showed that in some workplaces
the annual doses may reach 35 nSv« However,
in most workplaces the radiation doses are
much lower and do not exceed 4 mSv.

EXPOSURE TO GAMMA RADIATION

The sources of gamma radiation in mine
workings in the Upper Silesian Coal mines are
the radioisotopes present in the rock mass
and radioactive deposits formed by radio-'
active waters. The EaBa/sa./ deposits from
the waters containing Ba Tmd Ba ions. The
precipitation takes place when these waters
join waters containing a sufficient concen-
tration of SO ions. Thus the BaBa/SO / de-
posits do not occur in all mines where radium
-bearing waters are present.

The concentration of radium isotopes in
deposits formed from radium-bearing waters
varies in e. wide range from 200 Bq/kg to 166
kBq/kg. The specific activity of the deposits
depends on the amount of nonradioactive ma-
terial with which the precipitate BaBa/SO /
is mixed. This is illustrated in Pig. 6. 4

k 10 W 100 W O kBq/kg
RADIUM ISOTOPES CONCENTRATION IN DEPOSITS

FIGURE 6: HISTOGRAM OF THE RADIUM
ISOTOPES CONCENTRATION
IN DEPOSITS VERSUS THE
NUMBER Of MINES

CONCLUSIONS

Since the investigations of radiation ex-
posure of Polish coal miners have not been
finished yet it is not possible to draw final
conclusions. Nevertheless the results of
measurements obtained up to now indicate,
that in the majority of workplaces the total
radiation exposure to radon daughters and
gamma radiation is considerably lower than
the limit proposed by ICRP for occupational
exposure /8/, but the exposure is higher than
the exposure reported by Bernhard and co-
workers for VSEC coal miners /i/»

Taking into account a large number of
employees in Polish coal mines, there is a
tendency to recommend an authorized limit of
0.3 of the basic limit, in order to ensure
a sufficient margin of safety.

In cases where the proposed authorized
limit is very likely to be exceeded the ex-
ternal radiation doses are measured by means
of personal dosimeters and the radon daugh-
ters concentration is monitored. According
to the obtained results the appropriate pre-
vention is applied.
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INTRODUCTION

I t i s wel l known tha t high exposures i n the p a s t t o
radon daughters i n mine a i r have led t o enhanced incidence
of lung cancer . Epidemiolcgical surveys have indica ted
re la t ionsh ips , a lbe i t r a the r uncertain, between
estimates of exposure to radon daughters and r i s k of lung
cancer. In these surveys, exposure has been interpreted i n
terms of the 'potent ia l alpha-energy1 carr ied by the
short-l ived daughters of radon. This i s a convenient
conceptual quantity, i n that i t i s both easy t o monitor
and, on a s impl is t ic bas is , maybe as suned t o determine the
energy absorbed by lung t i s sue as radiat ion dose.

The aims of th i s paper are to outl ine the factual bas is
of models fo r dosimetry of the respiratory t r a c t ; and t o
review the i r application to assess the l ikel ihood of
cancer d i r ec t l y from dose absorbed by t i s sues a t r i sk ,
according to the procedures recommended by the
Internat ional Commission on Radiological Protection (1 ) .
Dosimetric analysis i s thus advantageous in providing an
independent evaluation of r i s k , tha t can be compared with
the wide range of est imates frcm epidemiological surveys.
This comparative approach was adopted by the ICRP t o
recommend a limit on intake of radon daughter potent ia l
alpha-energy i n mine a i r (2 ) .

Dbsimetric analysis of r i sk i s the only practical way
i n which the importance of var ia t ions i n environmental
factors can be examined, for example, the s ize
d i s t r i bu t ion of radon daughter aerosols and t h e i r degree
of radioactive equilibrium. Dbsimetry also provides the
sole means of estimating r i s k from exposure to thoron
daughters and to the long-lived radionuclides present i n
ore p a r t i c l e s . The extention of dosimetiic analysis to
assess r i s k of lung and other cancers from inhalation of
thoron daughters and the new considerations needed for
r e a l i s t i c assessment of dose from inhaled ore pa r t i c l e s
are therefore also reviewed.

TISSUES AT RISK

Histological study of lung cancers inuraniun miners
has showi that they are mainly of bronchogenic or ig in , but
bear a complex re la t ionship t o rad ia t ion exposure,
c igare t te smoking, ageing and induct ion-latent period
( 3 ) . Tumours range from predominantly oa t ce l l or other
small ce l l undifferentiated types in l igh t c iga re t t e
smokers who started mining ear ly i n l i f e , t o epidermoid
types i n heavily smoking, older miners. These tumours tend
t o develop in the segmental bronchi. However, i n cases of
high exposure t o both radiat ion and cigare t te smoke,
adenocarcinomas were most cannon and these develop in
peripheral bronchioles. Most probably, a number of c e l l
types are involved i n the i n i t i a t i o n and histogenesis of
these different lungcancers (4 ,5 ,6) . The ce l l s thought to
be a t r isk and t h e i r locat ions in the respiratory t r a c t are
sunmarised in Table 1.

TABLE 1: PROBABLE RELATIONSHIPS BETWEEN
HISTOLOGICAL TYPES OF LUNG CARCINOMA, CELLS OF

ORIGIN AND TISSUES AT RISK

Histological types Cel ls of o r ig in Epi the l ia l
of lung carcinoma tissue at risk

Cat cell

Small cell
anaplastic

Epidermoid

(Combined)

Adenocarcinoma

Bronchiolar-
alveolar

Neurosecretory

Basal

Mucous (SMSC)

Bronchial
(large to
subsegmental)

Mucous (SMGC) Bronchiolar

-Type II Alveolar

Basal and neurosecretory cells are found in the
bronchi, near the basement membrane, at a depth comparable
with the range of alpha-particles from decay of
radionuclides carried along in mucus. Thus, the radiation
dose absorbed by both types of stem cell is reduced by
overlying ciliated or goblet cells, which are not involved
directly in carcinogenesis. However, it is now recognised
that primitive mucous cells (i.e. small mucous granule
cells, SMGC) are also at risk for some of the human lung
cancers, including those common in uranium miners. MJCOUS
cells extend towards the surface in bronchial epitheliun
and also occur throughout the bronchioles. In both
situations they absorb more dose than basally located
cells from alpha-particles emitted in mucus.

Since sensitive cells are distributed throughout
bronchial tissue and are of various types, it appears most
reasonable to relate the risk of bnonchogenic cancer to
some suitably averaged dose absorbed by target cells
throughout the bronchial region (2,6,7).

The radio-sensitivity of alveolar type II cells is not
established for human lung, but is well documented in
animal studies (8). The structure of alveolar lung is such
that, on average, all cells absorb the same radiation
dose.

Long-lived radionuclides may be cleared from the lung
and accumulate in other organs of the body, where they may
deliver sufficient dose to be considered carcinogenic.
Inhalation of the mixtures of radionuclides in uranium or
thorium ores will thus lead to significant irradiation of
tissues in bone as well as lung. Two tissues are at risk in
bone; the red marrow for development of leukaemia and stem
cells close to internal bone surfaces for bone cancer.
Risk factors in relation to dose absorbed by these tissues



416 IAMES

are re la t ive ly well established for humnns (1) . In the
absence of specific knowledge of the radio-sensitivity of
any additional t i ssues , the ICRP assumes a conservative
v;ilue by default.

ESTIMATION OF RISK FROM TISSUE DOSE

It is assuned for radiological protection purposes
that energy from alpha-particles absorbed in tissue i s
twenty times as carcinogenic as the same amount of energy
from beta-part icles or gamma-rays (1) . Thus, for alpha-
i r radia t ion, the physical quantity energy perunit mass (J
per kg) representing absorbed dose and expressed in the
unit gray (Cy), must be nult ipl ied by a 'Quality Factor1 of
20 to give i t s equivalent in terms of external penetrating
radiat ion. This modified quantity is called the 'Tissue
Dose Equivalent' , given the symbol fij-and the unit sievert
(Sv). L

When the whole body i s irradiated uniformly, the total
r isk of premature death amongst a working population and
the i r immediate descendents i s considered to have a
numerical value of 1.65 % per Sv (1) This is an average
value for both sexes over the range of ages typical of
occupational exposure in general. The r isk to exposed
individuals may differ substantially from th i s
generalised value, since i t is s l ight ly lowar for males
and depends on age and other variable biological and
occupational factors. Nevertheless, the ICRP has
considered i t applicable to assess the overall r i sk t o a
typical population of miners (2).

The components of t h i s overall r i sk contributed by
different organs have been estimated by ICRP from various
sources of human epidemiological experience, principally
cancer incidence amongst the survivors of the atomic bctnbs
dropped on Hiroshima and Nagasaki and that following
radiological procedures in medicine. Thus, for example, a
fraction 0.12 of the total r i sk of premature death
following the uniform exposure of a l l body organs will
a r i se from cancer of the lung and the same fraction will
a r i se from leukaemia. If the various organs of the body
absorb different dose equivalents, the overal 1 r isk to the
individual must be determined by weighting each component
by the re la t ive t issue sensi t iv i ty . The special concept of
an 'Effective Dose Equivalent', HE, has been developed by
ICRP to place l imits on the total exposure and by inference
risk, by adding components from separate organs and from
external sources (1 ,9) :

M j . H r (1)

where w^ i s the tissue weighting factor

H_ is the mean dose equivalent in
t i s sue , T

and H, i s the dose equivalent from
penetrating external radiation

The weighting factor of 0.12 for lung dose equivalent
i s derived fran the lifetime r isk of lung cancers amongst
atomic bomb survivors. In this case, the pulmonary and
bronchial regions of the lung were equally exposed and
thei r relat ive contributions to the overall risk are
unimportant. However, inhalation of radon or thoron
daughters gives unequal i rradiat ion of bronchial and
pulmonary t i ssues . It is then unrealis t ic to average dose
over the whole organ and necessary to par t i t ion the
weighting factor of 0.12 between each t i s sue . In the
absence of specific information, the ICRP has assumed
equal rad iosens i t iv i t i es , corresponding to a weighting
factor 0.06 for both bronchial and pulmonary t issue (2) .

Radiological protection is achieved by ensuring that
radiation exposures are as low as reasonably achievable,
below a prescribed annual l imi t . For occupational
exposure, the ICRP recommends for individual workers an
annual limit of 50 mSv effective dose equivalent (1) .
Exposure to inhaled radionuclides can be controlled by
relating measurable environmental quant i t ies , i . e . the
product of the radionuclide concentration in a i r and
exposure time, to the ensuing effective dose equivalent
(9) . For exposure to the short-1 ived daugh ters of radon or
thoron, a l l of t h i s dose is received within the year of
exposure and there i s no commitment to dose in to the
future. In the case of exposure Lo long—lived
radionuclides in uranium and thoriun ores , however,
intate of radiactive material implies irradiation of sane
body organs throughout the lifetime of the individual. To
allow for t h i s 'dose commitment', the ICRP recommends that
the 'annual intake' should be limited, such that i t s
contribution to dose over the whole period of 50 years
af ter exposure wil l not exceed 50 mSv.

TISSLE DOSIMETRY

The dose absorbed by body organs and t i ssues after
intake of radionuclides in the a i r must be calculated
using simplified models of human metabolism. For the
purpose of assessing dose to other organs from the
fraction of inhaled radionuclides absorbed from lung into
blood, the ICRP has recommended models of uptake and
retention based substant ial ly on human and animal data
(10). For all organs of the body except the lung and bone,
i t i s adequate to consider dose from alpha-emitters to be
uniform in relation to sensitive c e l l s . In these two
organs, however, inhomogeneous d is t r ibut ion of absorbed
dose or t issue sens i t iv i ty necessi tates further
consideration. The ICRP has recommended separate
assessment of dose to red bone marrow and cel ls at bone
surfaces, and has described a method by which th i s can be
achieved (10).

Bronchial Epithelium

The bronchial t ree i s a system of branching airways,
represented for dosimetry purposes by 15 or 16
character is t ic 'generations' of daughter tubes. These
increase in number and decrease in size at each
generation, in a regular fashion. Bronchial dimensions
are determined by data frcm himan samples, but dimensions
differ between the models available for use (11,12).
Calculation of the dose absorbed by target c e l l s from
decay of an alpha-emitter in any generation of a model
bronchial tree i s essent ia l ly a problem in gecmetry, once
the location of the source and target ce l l s have been
defined. This remains controversial, however, and
different assumptions can markedly affect dose estimates.
Figure 1 i l l u s t r a t e s the range of values of dose to target
ce l l s for one disintegrat ion of the radon daughter
poloniu7i-214 in each of the bronchial generations, tha t
have been adopted in recent analyses (13,14).

Two factors determine these doses: the surface area
over which the activity i s concentrated and the source-
target depth. Surface area is smallest in the segmental
bronchi (generations 3-5), giving r i s e to maximum values
of dose per alpha-decay, despite a generally greater depth
of target ce l l s . Although Harley et a l . and Jacobi e t a l .
assuned different sets of bronchial dimensions and target
cel l depths (13,14), the i r resulting values of dose per
disintegration were very similar (Figure l a ) . James et a l .
(13) assumed the same bronchial dimensions as Harley, but
various possible configurations of radon daughter source
and target ce l l s (Figure l b ) . These assumptions are rather
cr i t i ca l for segmental bronchi. Hence, if i t i s assumed
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that all radon daughter activity is retained in nucus and
that target cells are substantially deeper, as described
by Gastineau et a l . (15), nuch louer values of absorbed
dose are derived. On the other hand, if i t i s considered
that about a third of the radon daughter activity may be
transfered from nucus and retained in the epitheliun, as
indicated by experimental work (16), significantly higher
doses are calculated for the segmental bronchi. These are
then similar to the values given by the models considered
earlier in Figure la. However, for the thinner
brionchiolar epitheliun, all feasible modelling
assumptions lead to similar estimates of dose.
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FIGURE 1 : DOSE TO TARGET CELLS THROUGHOUT THE
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FIGURE 2: RANGE OF MUCUS VELOCITIES ASSUMED BY
VARIOUS AUTHORS TO REPRESENT BRONCHIAL CLEARANCE

Transport of particles containing the long-lived
radionuclides in uranium or thorium ores through
bronchial airways presents different problems for
dosiroetry. Conventional clearance in nucus ensures short
residence times and thus low doses to bronchial tissue,
when compared with those to pulmonary lung (20). However,
experimental evidence from animal (21) and human lungs
(22) indicates that secondary pathways exist, whereby
particles can be engulfed by macrophages on the bronchial
surface and transported through the epithelium (21). In
this case, residence in the epitheliun may be long enough
to deliver significant radiation dose. Figure 3
illustrates schematically this mechanism, together with
the parallel pathway available for dissolution of
particles (Part.) in mucus and retention of ions in'
epithelial tissue. En order to indicate the magnitude of
doses involved, estimates of the relative rates of
transport can be made frcm animal data (23).

LUNG DEPOSITION OF AEROSOLS

Modelling of aerosol deposition in the human airways as
a function of the aerosol size distribution is based
reasonably firmly on human and other experimental data
(17). There are, however, uncertainties and differences
of interpretation that influence calculations of absorbed
dose. These are discussed below in terms of their effect on
dose estimates.

TRANSPORT AND RETENTION OF RADIONUCLIDES IN LUNG

Bronchial Region

For relatively insoluble materials, ciliary transport
of mucus dominates clearance and redistribution of
activity within the bronchial tree. Figure 2 illustrates
the range of mucus velocities adopted on the basis of
simplified models to calculate the residence times of
radon daughters in bronchial airways (14,18,19).

It is simplest to assume for dosimetry purposes, that
radon or thoron daughters are insoluble and transported
only in mucus. In reality, however, some of the daughter
activity, especially for the relatively long-lived
daughter of thoron (lead-212), will be absorbed from the
site of deposition in nucus, through the epitheliun and
into the bloodstream (13,16,19). The effect of this
additional transport process on dose to target cells
should therefore be considered.
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FIGURE 3: MECHANISMS OF CLEARANCE AND RETENTION OF
ACTIVITY IN A BRONCHIAL GENERATION, j

Pulmonary Region

Since the respiratory airways are not ciliated, radon
or thoron daughters deposited in the pulmonary region of
the lung are cleared only by absorption into the blood.
This can be neglected for radon daughters, but must be
considered in order to estimate the dose to lung and other
body organs frcm thoron daughters. In the case of long-
lived nuclides, dose to the lung is reduced by mechanical
clearance of intact ore particles, which are readily
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ingested by macrophages. This clearance process i s
relatively slow in man: the time to clear half of the
deposited activity is of the order of one year (10,24).
Hence, the dissolution of particles within the lung and
transfer of their activity to blood is also an important
mechanism for removing long-lived radionuclides. This
process will give rise to irradiation of any body organs
that accumulate the radionuclidesfromcirculatingblood.

A further route of clearance is available for particles
of low solubility. Some of these enter the lymphatic
drainage system and are carried to the lymph nodes
associated with lung (LALN). Particles are retained
indefinitely in these nodes and radioactivity is removed
only by dissolution into the blood (10).

"Pi
- _ _ J

Organs

FIGURE 4: MECHANISM? OF CLEARANCE AND RETENTION OF
ACTIVITY IN RILMONARY UJNG

These removal processes can be t r ea ted most
r e a l i s t i c a l l y by considering mechanical clearance and
absorption into the blood t o be competitive (23,24,25).
Figure 4 i l l u s t r a t e s schematically the mechanisms
competing t o determine retent ion in pulmonary lung and
absorption of a c t i v i t y i n t o the bloodstream, for
deposited pa r t i c les of o r e . Modellingclearance processes
in t h i s way enables the effect of uncer ta in t ies about the
solubili ty of ore particles in lung and also variation in
clearance rates between individuals to be examined (23).

For dosimetry purposes, the si te of radioactive decay
within respiratory tissue does not matter. However,
movement of particles to lung associated lymph nodes
concentrates activity in a much smaller mass of t issue,
leading to about an order of magnitude higher local dose.
Since lymphatic tissue i s not radiosensitive, the ICRP
reconntends inclusion of act ivi ty in lymph nodes with that
in respiratory t issue, to assess dose for a 'composite'
pulmonary region (10).

DOSE ESTIMATES FOR RADON DAUGHTERS

As the preceedingdiscussion i l l u s t r a t e s , a wide range
of models and assumptions can be employed t o es t imate dose
t o r e s p i r a t o r y t i s s u e from i n t a t e of radon daughters . The
bases of d i f fe ren t dosimetr ic models are reviewed in
d e t a i l elsewhere (13 ,14) . Wiat i s important here i s
whether t h e i r conclus ions , which r e l a t e lung dose to
p rac t i ca l quan t i t i e s that can be monitored, are s imi l a r
and rea l i s t i c or significantly different.

Exposure of individual miners to potential alpha-
energy, E , can be estimated by monitoring mine a i r . This
quantity as the product of a concentration in air and
duration of exposure, and i s expressed in theunit Jhm .
tntate of potential alpha-energy into the lung i s given
by:

I = E . B (J)

where B is the breathing rate in m h

Itjis_assumed that the mean breathing rate of miners is
1.2 m h (2). This value not only determines intake but
also the probability of depositing inhaled activity in the
lung, which is calculated by models.

In combination with breathing characteristics, the
size distribution of the radon daughter aerosol
determines the fraction of inhaled potential alpha-energy
deposited in the lung and thus dose, for a given value of
exposure. Radon daughters are formed from decay of radon
gas as positively charged ions, with a diameter of about
0.001 um. These ions rapidly attach to larger part icles
that are always present in relatively high concentrations
in mine a i r . The major fraction of radon daughter activity
will therefore be attached to ambient aerosol particles
and will be deposited in lung along with these part ic les .
Most of the potential alpha-energy i s distributed amongst
a spectrum of aerosol particles, which, for the purpose of
modelling lung deposition, can be characterised by an
activity median diameter (AMD) and geometric standard
deviation (o-J . The AMD of this attached fraction of
potential alpha-energy may vary indifferent mines over a
range from about 0.1 urn to 0.3 um (13), although sane minor
fraction could be associated with larger par t ic les .

Even in dusty a i r , seme fraction of potential alpha-
energy will remain unattached to aerosol part icles.
Allowance must be made for th i s fraction in assessing
dose. There i s some doubt about the size of unattached ions
or molecular clusters, which characterises their
deposition by diffusion (14,26), but certainly most of the
unattached fraction of potential alpha-energy i s
deposited in the bronchial t ree . In contrast, only a few
percent of the attached fraction deposits in the bronchi
and contributes to bronchial dose.

Calculation of Bronchial Pep

Choice of the dimensional model of the respiratory
tract (11,12) does not seriously affect the calculated
deposition pattern of radon daughter aerosols (13,14).
However, theoretical treatment of deposition for the
f i r s t few airway generations i s controversial, where the
velocity of airflow i s highest. It can be variously
assumed that deposition is enhanced significantly by
convective flow (27), or that diffusion in laminar flow
prevails. Experimental evidence can be cited in support of
both assumptions (12,13) and i t i s worthwhile examining
the resulting uncertainty in dose estimates.

The evaluations of lung dose discussed below
incorporate deposition calculated for the Yeh-Scnum (12)
symmetrical lung model. The Gormley-Kennedy expression
for diffusion in circular tubes (28) i s used and
additional deposition of larger particles by
sedimentation under gravity and inert ia l impaction at
airway branches is taten into account (13).

Mean Bronchial Dose

A mean value which represents dose absorbed by target
cells throughout the bronchial tree can be specified by
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averaging the doses calculated for each bronchial
generation between the lobar bronchi (i.e. the 2nd
generation) and the terminal bronchioles (19). Figure 5
illustrates results of calculating this mean bronchial
dose for the range of aerosol sizes of interest and also
for various modelling assumptions, considering exposure
to 1 Marking Level Manth (WLM) potential alpha-energy.
This familiar unit far expressing exposure is equivalent
in SI units to 3.5 10 Jhm" . The corresponding intake of
potential alpha-energy is 4.2 10 J.
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FIGURE 5: MEAN DOSE TO BRONCHIAL TARGET CELLS FOR
DIFFERENT AEROSOL SIZES AND MODEL ASSUMPTIONS

It i s assumed that a l l unattached potent ia l alpha-
energy, represented here by p a r t i c l e s in the size-range
0.0008 un t o 0.01 UTI, i s inhaled as poloniun-218 (RaA).
Al ternat ively , a re la t ive ly small fraction of unattached
lead-214 (RaB) would reduce calculated doses; but only
s l i g h t l y . To represent the attached fraction of potent ia l
alpha-energy, aerosols with a c t i v i t y median diameters in
the extreme range 0.1 t o 2.0 urn are considered. In t h i s
case , doses are calculated for a c t i v i t y r a t i o s for radon:
RaA: RaB: RaC of 1: 0 .8 : 0.4: 0 .2, respect ively, which i s
equivalent to an equilibrium factor , F, of 0.37. The
equilibrium factor (2) var ies in mine a i r , but i t can be
shown that bronchial dose per un i t exposure to potent ia l
alpha-energy does not vary, whichever dosimetric model i s
used for ca lcula t ion (29).

Figure 5 shows that bronchial dose per un i t exposure to
unattached potent ia l alpha-energy i s an order of
magnitude higher than that from the attached fract ion,
i rrespect ive of dosimetric assumptions. The size range of
unattached daughters in mine a i r i s most probably 0.001 t o
0.003 un, which gives the highest estimated doses per un i t
exposure. For daughters attached t o pa r t i c l e s , the mean
bronchial dose i s not very dependent on aerosol s i z e .
Recent measurements in indoor a i r indica te an ac t iv i ty
median diameter (AMD) of about 0.17 urn (30). For the
dus t i e r conditions in mining, however, the aerosol would
be la rger , and probably in the s ize-range 0.2 t o 0.3 um AMD
(13). Allowing for the poss ib i l i ty tha t inhaled pa r t i c l e s
wi l l grow rapidly in the huntLdairof the respi ra tory t r a c t
(31), an uncertainty range of 0.2 t o 0.5 um should be
considered to assess dose contributed by the attached
fract ion of radon daughter potent ia l alpha-energy. Small
fractions of a c t i v i t y attached t o micron-sized pa r t i c l e s
wi l l not seriously affect the dose estimate.

The hatched region between the sol id curves i n Figure 5
shows the range of doses calculated for the d i s t r i bu t ion
of target c e l l s described by Gastineauet a l . (15), on the
assumption that deposition in the upper airways i s

enhanced by radial convective flow. This range a r i ses for
the following different dosimetric considerations (13):

(a) radon daughters are insoluble and transported
only in rrucus (minimum values)

(b) a fract ion are transfered t o the epithelium
where they decay (maximum values) .

For the attached fraction of potential alpha-energy,
the spread in calculated doses is very small (Figure 5).
However, for unattached radon daughters, most of the dose
i s absorbed in the upper bronchi where clearance behaviour
and the r e l a t ive disposi t ion of alpha-decays and ta rge t
ce l l s are more c r i t i c a l . Hence, the dispersion in
calculated doses i s g rea te r . Likewise, the a l te rna t ive
assumption of purely diffusive deposition does not affect
dose estimates for the attached fract ion, but
s ign i f ican t ly increases doses calculated for unattached
daughters (0.001 - 0.003 um AMD).

The other models, considered in Figure 5 and below,
assume convective deposition in the upper airways and the
following dosimetric charac te r i s t i c s :

(a) Jacobi-Eisfeld (13,19). Unattached daughters
assumed t o be highly soluble in lung f lu ids
and attached daughters effectively insoluble.

(b) Harley-Pasternack (14,32). All daughters
assumed t o be insoluble. Target c e l l s a t 22 um
depth in bronchi, i . e . shallow, and 10 um in
bronchioles.

All of these models give similar estimates of mean
bronchial dose for the attached fraction of potent ia l
alpha-energy. With each trodel the estimated dose i s
insensi t ive to the assuned d is t r ibut ion of nucus
ve loc i ty , shown e a r l i e r i n Figure 2. The highest doses are
calculated by assuming shallow target c e l l s , insoluble
daughters and s t a t i c mucus, but these are only s l igh t ly
higher than the 'best est imates ' from the individual
models.

In the case of unattached potent ia l alpha-energy, the
spread in possible values of dose per unit exposure i s nuch
larger . Here, assuming tha t the daughters are rapidly
dissolved and absorbed into the blood gives dose
conversions about 50 % lower than other nodels. However,
there are no experimental data to support th i s assumption
of very rapid clearance and the higher estimates can be
recommended.

Nasal inhalat ion i s generally assumed to assess
intakes of radionuclides. In th i s case, approximately
half of the unattached potent ia l alpha-energy i s
deposited in the nose and does not contribute to lung dose.
Allowance has beenmade for th i s nasal loss inder iv ing the
values shown in Figure 5. For the sub-micron, attached
aerosol , nasal loss can be neglected, but for l a rge r
p a r t i c l e s deposition in the nose s igni f icant ly reduces
lung, dose compared with ora l inhalation (33) .

Pulmonary Dose

Unattached radon daughters do not penetrate to the
respi ra tory airways and therefore del iver no dose to the
pulmonary region. Between about 10 and 30 % of the attached
fraction of potent ia l alpha-energy i s deposited in the
pulmonary region. Essent ial ly a l l of t h i s energy i s
absorbed within pulmonary t issue and the re su l t ing
pulmonary dose i s calculated as approximately 0.7 mGy per
WLM exposure. This i s about: an order of magnitude lower
than the mean dose to bronchial t i s s u e .
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and Reference Dose Conversions

In addition to the aerosol size and dosimetric
uncertainties considered in Figure 5, an individual's
breathing rate and lung dimensions will also influence his
dose per unit exposure to potential alpha-energy. The
effect of these 'personal factors' is illustrated in
Figure 6.
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FIGURE 6 : VARIABILITY IN ESTIMATES OF BRONCHIAL
DOSE PER UNIT EXPOSURE WITH BREATHItG RATE AND LUNG

SIZE. DOSE ESTIMATES ARE AVERAGED OVER THE
PROBABLE SIZE-RANGES OF THE UNATTACHED AND ATTAOHED
FRACTIONS OF RADON DAUGHTER POTENTIAL ALPHA-ENERGY

IN MINE AIR

The range of d o s e s shown h a t c h e d i n F i g u r e 6 i s a g a i n
derived by assuming the target ce l l d is t r ibut ion
described by Gastineau e t a l . , but i t i s broadened by
combining the uncertainties in upper airway deposition
and aerosol s ize . Dose estimates increase approximately
pro-rata with the assumed breathing r a t e . The points
derived from the Jacobi-Eisfeld and Harley-Pasternack
models show the same effect . The maximum doses tha t would
ar i se for s t a t i c mucus are also indicated for these
models.

In Figure 6, the large open symbols labelled "L" for
"large" and "S" for "small" refer to the va r iab i l i ty in
lung dimensions between adult males, as discussed by Yuet
a l . (34). Since i t i s reasonable to assune that breathing
ra te i s correlated with lung s ize , the effect of lung
dimensions on radon daughter deposition and dose tends to
be compensated.

From the resul ts given in Figure 6, reference values of
the mean bronchial dose for unit exposure to radon
daughter potent ial alpha-energy can be derived. Values of
about 4 mGy per WLM for the attached fraction and 80 + 40
tnGy per WLM for unattached daughters can be considered to
represent the range of doses calculated by r e a l i s t i c
models.

Effective Dose Equivalent

The effective dose equivalent has three d i s t inc t
components: dose absorbed in the bronchial region frcm the
unattached fraction of potential alpha-energy, the
comparatively small dose absorbed in the pulnrjnary region
and bronchial dose from the unattached fraction. This las t
component may lead to significant variation in the dose
per uni t exposure for different environments. Using
equation (1) , to weight and add the reference components

of absorbed dose, gives the following expression for the
effective dose equivalent in terms of the unattached
fraction of potential alpha-energy, f :

HE E - 1 = 6.( l-f ) + 96.f mSv WLM"1

Figure 7 shows the result ing dependence of effective
dose equivalent on f . The figure also shows the range of
uncertainty in HE, which a r i ses fran the dispersion in
modelling resu l t s discussed above.
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FIGURE 7: EFFECTIVE DOSE EQUIVALENT PER WLM
EXPOSURE TO POTENTIAL ALPHA-ENERGY, COMPARED

WITH EPIDEMIOLOGICAL ESTIMATES OF RISK
FOR URANIUM MINERS

The h ighes t uncontrol led exposures t o radon daughters
occur i n underground mines, general ly a s a r e s u l t of
inadequate v e n t i l a t i o n . Under these circumstances the
unattached f rac t ion of p o t e n t i a l alpha-energy would no t
exceed 5 %, when averaged over s i g n i f i c a n t periods of
exposure. The e f fec t ive dose equivalent t yp ica l of
underground exposure can therefore be estimated_^as
somewhat l e s s thanlOmSv perWLM ( i . e . < 3 S v p e r J h m )•
This value corresponds to an estimatecl t o t a l r i s k t o a
populat ion of miners of 1.7 per 10 man WLM u n i t s of
exposure, a s discussed above.

For comparison wi th t h i s dosimetr ic es t imate of r i s k ,
Figure 7 also shows the range of l i fe t ime r i s k s derived
from epidemiological observations of excess lung cancers
in uraniun miners, t h a t was considered by ICRP ( 2 , 5 , 7 ) .
These es t imates r e l a t e mainly t o c i g a r e t t e smokers and
range fran about 1.5 per 10 per WLM for US miners t o about
4 .5 per 10 i n the Czechoslovakian study.

A recent ana lys is of lung cancer incidence amongst
Swedish i r on ore miners, involving more complete follow up
of the study populat ion (35), has given an est imate of
additive risk attributable to radon daughter exposure for
smokers similar to that of the Czechoslovakian study, i . e .
22 and 19 lung cancers per million person years at r isk per
WLM. respectively (35,36). A somewhat lower value of 16
10" y WLM~ was derived for non-smoking miners (35).
The mean period of follow-up in the Swedish study was 44
years, for miners who started underground work at a mean
age of 28 years. A total of fifty deaths from lung cancer
were observed compared with 13 expected in the general
Swedish population, matched for age and smoking history.
With an estimated mean exposure to radon daughter
potential alpha-energy of 81 WLM (35), the additional
incidence of lung cancers observed in this mining
population was 3.2 per 10 per WLM. To derive a lifetime
risk, some projection of the observed cancer deaths i s
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necessary. However, the 30 year extrapolation of lung
cancer rate assumed by the ICRP for the US and CSSR miners,
which would Inply a lifetime risk for these Swedish miners
twice that observed, i . e . about 6.0 per 10 per W1M,
appears unrealist ic. The population has already been
followed to a mean age of 72 years and the best estimate of
their lifetime risk is probably within the range
considered for the US and CSSR miners (37).

Re-analysis of the US uranium miner data (38), taking
into account the smokirg history of the study population,
has indicated a significant effect of smoking in
amplifying lung cancer risk attributable to radon
daughter exposure. Cn the basis of tentative models of
relative or multiplicative risk, i t has been inferred that
the lifetime risks of lung cancer for smokers and non-
smokers are increased by a common factor, probably lying
within the range 0.006 to 0.018 per W1M exposure (39,40).
Hence ,,for non-smoking miners, a probable range of 0.5 to 2
per 10 per WLM for lifetime risk attributable to radon
daughter exposure can be derived from the epidemiological
data (40). This corresponds reasonably well with the
population risk estimated by evaluating the effective
dose equivalent (Figure 7).

Both the epidemiological and dosimetric risk estimates
are subject to substantial uncertainty. The
epidemiological studies assume values of exposure for
individual miners which are based on very inadequate or
non-existent monitoring data. Although the evaluation of
absorbed dose in model lungs is reasonably well founded,
the effective dose equivalent depends directly on the
product of the quality factor for alpha-particles
relative to penetrating radiation and the weighting
factor for mean bronchial dose. There is about a factor two
uncertainty inwhether the quality factor of 20 represents
the relative biological effectiveness of alpha-particles
for carcinogenesis, and the tissue weighting factor i s
uncertain by a similar amount (41).

By judging the relative uncertainties inherent in
these approaches, the ICRP has recommended a conversion
coefficient of 3 Sv per J h m~ exposure to radon daughter
potential alpha-energy, corresponding approximately to
10 mSv per WLM (Figure 7). Hence, the recommended annual
limit on intake i s 0.02 J and the limit on exposure 0.017 J
h m~J or 4.8 WLM.

Although this conversion coefficient and limit on
intake should be used under normal conditions of exposure
in underground mines, the dosLnetrie analyses show that
the conversion coefficient will be higher if the
unattached fraction of potential alpha-energy i s
characteristically high (Figure 7). A boundary value of f
can be specified, somewhere between5and 10%, above whicn
the increase in dose per unit exposure with f may have to
be considered, for example, in open-cut miniTg (13) or in
optimising a i r cleaning procedures in underground mines
(42).

Segmental Bronchi

Since a large fraction of the lung cancers in uranium
miners appear to develop in the segmental bronchi, the
dose to target cells in these few bronchial generations
may be especially significant in determining risk (14).
Doses estimated from the various models discussed above
are compared in Figure 8, where the mean values calculated
for target cel ls between the third and fifth bronchial
generations are shown.

There is substantially greater dispersion in the
estimates from various models, when conpared with doses
averaged over the whole bronchial tree (Figure 5) , both

for the attached and unattached fractions of potential
alpha-energy. Dose estimates for segmental bronchi vary
between models by a factor of four, over the range of
aerosol sizes encountered in mine a i r . Ihese calculated
doses are principally determined by the depths of target
cells beneath the nrucus layer assumed in each model.
However, the range of uncertainty is centred about the
values of dose averaged over the whole bronchial t ree
(c.f. Figure 5) and i t is probably real is t ic to assure that
the dose to target cel ls in segmental bronchi per unit
exposure to radon daughter potential alpha-energy i s
within a factor two of the mean bronchial dose.
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FIGURE 8 : RANGE OF DOSES TO TARGET CELLS IN
SECMENTAL ERONCHI ESTIMATED FRCM VARIOUS MODELS

In order to estimate dose absorbed by sensitive cel ls
in segmental bronchi more confidently, wore specific
information is required: on their location relative to
radon daughter activity being cleared in mucus and on the
proportion of radon daughter act ivi ty transfered to
epithelial t issue. Figure 8 also shows that doses
estimated for s t a t i c nucus can be significantly higher
than normal. Thus, diseases that disturb nuco-ciliary
clearance may increase the dose to segmental bronchi,
although this tendency could well be offset by thicker,
more protective nucus.

THORON DAUGHTERS

Thoron gas, that i s radon-220, decays into the
extremely short-lived isotope poloniun-216, known
historically as thorium-A (ThA). This cannot deliver a
significant dose to lung t issues. The half- l ife of the
subsequent daughter, lead-212 (ThB), i s much longer than
any of short-lived radon daughters, giving rise t o more
extreme disequilibrium between the act ivi t ies of thoron
gas and ThB in nine a i r . Radioactive disequilibrium i s
such that virtually a l l of the potential alpha-energy i s
inhaledas lead-212 (ThB). The 10.6 hour radioactive half-
l i fe of ThB also allows the lung to clear a significant
fraction of potential alpha-energy, both by nuco-ciliary
action and absorption into the blood. The radiologically
significant dose is actually delivered by alpha-decay of
bismuth-212 (ThC) and i t s instantaneous daughter,
poloniun-212 (ThC'). Therefore, quite sophisticated
models are needed to assess the fraction of potential
alpha-energy absorbed as dose.

The results of calculating dose to target cel ls
averaged over Chewhole bronchial tree are shown in Figure
9, for the various models and clearance assumptions
discussed above. When conpared with the estimates for
radon daughters (Figure 5) , bronchial doses per unit
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exposure are lower; for both attached and unattached
thoron daughters. In this case, the deposition
characteristics assumed for the upper airways are
unimportant, as most of this potential alpha-energy is
renewed from the lung by muco-ciliary clearance.
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FIGURE 9: MEAN BRONCHIAL DOSE FOR 1 WLM EXPOSURE
TO THORON DAUGHTERS

For the at tached f r ac t ion of thoron daughter p o t e n t i a l
a lpha-energy, t he d i f fe ren t models give very s i m i l a r
es t imates of bronchial dose. This i s because, i n a l l
models, the h ighes t doses are absorbed i n more per iphera l
airways, where uncertainties in the location of target
cells do not matter. A reference value of 1.5 mGy per W1M
can be recommended to assess exposure.

For unattached potential alpha-energy, however, dose
estimates range from almost zero; if ThB is assumed to be
highly soluble, to about 30 mGy per WLM; if a substantial
fraction of deposited activity is transfered to
epithelial tissue. Doses calculated on the assumption
that ThB remains in mucus are strongly influenced by the
assured value of particle size. Tb assess bronchial dose
from exposure to unattached ThB, therefore, a conversion
coefficient of around 25 mGy per WLM could be used, but
with a rather large range of uncertainty.
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The non-bronchial contributions to weighted dose
equivalent are shown in Figure 10. These arise from
irradiation of pulmonary lung and transfer of ThB and ThC
from the pulmonary region to bone and kidney,
respectively. The metabolic and dosimetric models for
bone and kidney recomnended by ICRP (10) are assumed here,
but dependence of pulmonary retention and uptake into the
blood on the rate at which thoron daughters are absorbed
has also been examined (23). The weighting factors applied
to dose equivalent absorbed in red bone marrow, bone
surfaces and kidney are 0.12, 0.03 and 0.06, respectively
(1).

An uncertainty range for the half-time of uptake by
blood of 3 to 20 hours has been assuned. Over this range,
pulmonary dose is found to vary inversely with that to bone
and kidney. Hence, the estimate of the total weighted dose
is relatively constant. The non-bronchial component of
effective dose equivalent does not vary significantly
with particle size and is typically rather less than 1 mSv
per WLM. For solubility in the middle of this assuned
range, 40 % of the weighted dose canes from pulmonary lung,
15 % each frcm red marrow and bone surfaces and 30 % from
kidney.

Adding the weighted dose to the bronchial region gives
an effective dose equivalent of approximately 3 mSv per
WLM. Figure 10 shows the range over which estimates of Hg
vary: according to the different dosiroetric models ana
also to the likely range of mucus clearance rates
(illustrated in Figure 2). The conversion factor implied
by the ICRP's recommended annual limit on exposure, ALE ,
of 0.05 J h m~ , is shown for comparison. p

Thoron daughter aerosols generally have an activity
median diameter larger than 0.2 (jn. The unattached
fraction of potential alpha-energy will always be small
and, as shown in Figure 10, will not add significantly to
the uncertainty in estimating effective dose equivalent.
It is seen, therefore, that the ICRP's implied conversion
coefficient is near the upper bound of the uncertainty
range derived here.

URANIUM ORE

Inhalat ion of pa r t i c l e s of uranium ore implies
simultaneous intake of the natura l se r ies of
radionuclides between uraniun-238 and radon-222gas, and
also the long-lived isotope lead-210, along with i t s
alpha-emitt ing daughter, polonium-210. However, some
fraction of the equilibrium radon a c t i v i t y may escape from
the ore particles, both before inhalation and after
deposition in the lung. This would give rise to
disequilibriun between the long-lived alpha-activities
in lung tissue and radon and its short-lived daughters.
There is some uncertainty about the degree of radioactive
equilibrium for ore particles retained in the lung, which
may confound the assessment of absorbed dose. An
additional source of uncertainty is the solubility of ore
particles within the lung and thus, the rate atwhich trace
quantities of radionuclides are released for subsequent
absorption into the blood and uptake by other body organs.

Figure 11 shows the results of considering the rates at
which processes compete to clear particles and dissolved
ions fran the bronchial and pulmonary regions of the lung
(Figures 3 and 4). For this purpose, the bronchial region
should be sub-divided into two parts: the larger bronchi
and the bronchioles (23). Dosimetric conversion from the
nunber of alpha-decays, assessed by metabolic modelling,
to absorbed dose, is then more sensibly homogeneous in
each part (Figure 1). Likewise, distint ranges of nucus
clearance rates can be adopted to represent variability in
the transport and retention of ore particles in the
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bronchi and bronchioles (23).

Lung Bone Whole • Body

Dissolution rate . d

FIGURE 11: TISSUE CONTRIBUTIONS TO THE EFFECTIVE
DOSE EQUIVALENT FOLLOWING INTAKE OF 1 Bq URANIUM ORE

The resu l t ing range of uncertainty i n the weighted dose
equivalent canmLtted t o bronchial ta rget c e l l s i s shown on
the l e f t hand axes of Figure 1 1 , a s a function of the r a t e
a t which a c t i v i t y i s absorbed from p a r t i c l e s . Estimates of
bronchial dose vary from very low values , t o a maximum of
about 1 pSv per Bq of inhaled ore a c t i v i t y , depending on
the assumptions made about t ransfer and r e t en t ion of
activity in epithelial tissue (21,23). For highly
insoluble ore particles, represented by a dissolution
rate from lung of 10 per day ( i .e . an absorption half-
time of 7000 days), the dose equivalent to pulinonary lung
is estimated to be between 10and 30 times greater than the
maximum estimate for bronchial tissue. If ore particles
are assumed to be more soluble, the estimate of pulmonary
dose can be nuch lower. In this case, however, the weighted
dose equivalent to bone surfaces and red marrow is
increased by a similar amount, as shown in Figure 11.
Hence, the effective dose equivalent, given by summing
these contributions, is not very sensitive to the
solubility of ore particles.

io

30

20

Oral

IAEA No. 26

Bronchial

I
10

AMAD .

FIGURE 12: EFFECTIVE DOSE EQUIVALENT FOR
1 Bq INTAKE OF URANIUM ORE, AS A FUNCTION

OF AEROSOL SIZE

The range of weighted dose equivalent shown hatched in
Figure 11 assumes that a l l radon gas escapes from ore
p a r t i c l e s , so that the short-lived daughters are not
present, i . e . 1 Bq of ore ac t iv i ty implies one f i f t h Bq of
each of the long-lived nuclides. The extreme assumption
tha t no radon escapes from the pa r t i c l e s , i . e . t ha t one
eighth Bq of each of the long-lived nuclides i s inhaled,
gives the range of weighted dose equivalents shown in
Figure 11 by the broken curves. For insoluble ore
p a r t i c l e s , the dose estimate i s unaffected by the
inclusion of radon and i t s short-lived daughters in the
ore ac t iv i ty . However, for re la t ively soluble ore thei r
inclusion reduces dose estimates pro-rat a. This i s
because most of the dose from soluble ore pa r t i c l e s i s
absorbed in bone, a r i s ing solely fromuptake and retention
of thoriun-230 on bone surfaces.

Figure 12 shows the range of effective dose equivalents
calculated for intake of uranium o r e , a s a function of
aerosol s i z e . This range fa l l s below the dose conversion
implied by the IAEA when deriving an annual l imit on intake
for uranium ore of 1700 Bq (43), based on a less r e a l i s t i c
lung model (10). The l a t t e r corresponds to the higher
values of effective dose equivalent derived here for oral
ra the r than nasal breathing. I t i s more rateable, however,
tha t different approaches t o metabolic modelling give
estimates of effective dose equivalent, and thus r i sk ,
differ ing only by a factor two.

CONCLUSIONS

In summary, i t can be concluded from dosimetric
analysis of exposure to radionuclides in mine air that:

Bronchial tissue absorbs an order of magnitude more
dose than pulmonary lung from inhaled radon daughters. The
spectrum of bronchogenic cancers seen in uranium miners
indicates that sensitive cells are widely distributed
throughout the bronchial region. In this case, giving
equal weight to all parts of the bronchial tree, the mean
dose absorbed by sensitive cells can be specified
reasonably confidently. For underground nines, where the
unattached fraction of potential alpha-energy i s unlikely
to exceed 5 % over significant periods, bronchial dose i s
within the range 4 to 8 mGy per WLM exposure. If the
unnattached fraction is characteristically higher,
bronchial dose can be considered to increase by
approximately 8 mGy per WLM for each 10 % increment in the
unattached fraction.

The risk of lung cancer amongst a population of miners
can be estimated by weighting the doses absorbed by
bronchial and pulmonary tissue. This requires a radiation
quality factor, assuned to be 20, to allow for the high
tissue damage caused by alpha-particles and relative risk
factors, assumed to be 0.06 for both bronchial and
pulmonary tissue. The resulting effective dose equivalent
i s marginally less than 10 n&r per WLM exposure in
underground nines. This corresponds to a dosimetric
estimate of risk of about 1.5 per 10 miner WLM units of
exposure. The uncertainty of this value i s about a factor
two, contributed mainly by uncertainty in the assuned
weighting factors.

This dosimetric estimate of risk attributable to radon
daughter exposure falls within, but at the low end of the
range from direct epidemiological experience, which
relates mainly to smoking miners. However, the
uncertainties in epidemiological data are too large at
present to justify refining the assuned weighting factors
for absorbed dose. It appears that the effective dose
equivalent, as presently assessed, gives a valid estimate
of risk for non-smoking miners, but may underestimate the
additive risk for smoking miners by about a factor two.
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Progress tn understanding the radiobiology of lung
cancer in uranium miners and the interaction of
promoting factors, such as smoking and chemical
contaminants in mine a i r , requires far more detailed
insight than is currently available to construct
dosimetric models.

The risk from exposure to thoron daughters can be
derived by dosimetric comparison with radon daughters.
The effective dose equivalent i s calculated as about 3mSv
per WLM exposure to thoron daughters, corresponding to
one-third the risk from radon daughter exposure.
Bronchial tissue is again most at risk, but about 10 % of
the overall r isk is shared between leukaemia and bone

In the case of exposure to uraniunore part icles , r isk
is shared between the pulmonary region of lung and bone,
with a small component from bronchial t issue. The overall
risk for an exposed group of miners can be estimated as
about 3 per 10 man Bq units of intake, corresponding to an
effective dose equivalent of about 20uSr per Bq intake. A
similar conclusion about tissues at risk can be drawn for
exposure to thorium ore, bit the overall r isk i s about a
factor three higher.

The dosimetric analysis of inhaled ore part icles
considered here, includes an assessment of the
contribution made by mechanisms retaining part icles in
bronchial epitheliun. Direct observations of long-lived
alpha-activity retained in miners lungs at autopsy,
coupled with knowledge of the airborne part icle
concentrations to which they were exposed, will enable
such estimates of bronchial dose to be refined.

For each of the contributors to radioactivity in mine
air , however, dosimetric analysis appears a t .present to
provide adequate means of limiting r isk and avoiding
excessive incidence of disease amongst miners.
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NON STEADY-STATE RADIATION MINE MODELS - PRACTICAL APPLICATIONS
TO PERSONAL DOSIMETRY AND ENVIRONMENTAL MONITORING

J. BIGU

Elliot Lake Laboratory, CANMET, Energy, Mines and Resources Canada,
P.O. Box 100, Elliot Lake, Ontario P5A 2J6, Canada

ABSTRACT

A mine model has been developed that includes a
time-dependent radon (thoron) source term, i.e.,
perturbation term, and ventilation rate. The time-
dependent solutions for the concentrations of radon,
thoron and their decay products are obtained using
the above model for several ventilation rates and an
exponential, linear, or sinusoidoil perturbation.
Explicit expressions and numerical values derived
from the mine model investigated above have been
substituted into the basic equations for radiation
growth on a sampling filter for environmental monitors
and personal dosimeters. Data on the mine model and
the activity growth in a sampling filter are presented
and discussed.

vails, and the mine air flow varies with time in the
following predictable fashion: sinusoidally, linear-
ly, exponentially and stepwise. This paper also
investigates the effect of a varying radiation atmos-
phere, as that derived from the mine models investi-
gated here, on the determination of radiation levels
for environmental monitoring and personal dosimetry
purposes. It should be noted that although main
emphasis is placed in long sampling times and time
integrating techniques, the principles outlined here
and the formulae presented are identical for shorter
sampling times as those normally used for grab-sampl-
ing purposes.

THEORETICAL CONSIDERATIONS

INTRODUCTION A. Mine Model

The growth of radon decay products in a radon at-
mosphere such as that of, say, an underground uranium
mine has been considered in detail by several authors
(1 to 7). Studies on this topic have resulted in the
proposal of several mine models. An extension of
these models to include thoron, a common occurrence
in Ontario uranium mines, has been investigated by
Bigu (7). A basic, simplifying, assumption made in
the study of the dynamic behaviour of mine models is
that the ventilation rate (air flow) and/or radon and
thoron emanation from mine walls, if applicable to the
particular mine model, remain constant. However,
emanation from walls is known to be inversely related
to barometric pressure, and ventilation changes are
quite a common occurrence. Because in actual practice
both variables can vary appreciably with time, it is
of great practical interest to determine the behaviour
of mine models under time-dependent conditions. Al-
though in some cases underground pressure and ventila-
tion characteristics are changed by the operator in a
predictable fashion for some specific purpose, in
other cases these changes simply occur without plan-
ning and/or operator intervention. It is, therefore,
difficult under the latter conditions to investigate
the behaviour of mine models. The behaviour of time-
dependent mine models is best studied by assuming
predictable time-dependent variations in the radon
and thoron emanation rate from mine walls and/or of
mine air flow.

Monitoring of radiation levels in underground
uranium mines is important for air quality control
purposes and for personal dose exposure estimation.
Grab-sampling and time-integrating measuring tech-
niques have been developed under the assumption that
the radiation level remains constant during the
sampling period. The case of time-dependent radia-
tion levels in relation to environmental monitoring
and personal dosimetry has not been investigated in
detail.

This paper discusses the behaviour of a mine model
in which the radon and thoron emanation rate from mine

The mine model under consideration here is the
mine-tunnel model with ventilation (MTMV) initially
proposed by Beckman and Holub (6) for radon, and
later extended by Bigu (7) to the case of thoron, and
to arbitrary mixtures of radon and thoron. In this
paper, the MTMV is further extended to include time-
dependent perturbations in the rate of emanation of
radon and/or thoron from mine walls, and in the air
flow, i.e. ventilation rate, through the mine.

The atom concentration N, i.e. number of atoms of
a given atomic species per unit volume, of the radio-
active parent gases radon, Rn-222, and thoron, Rn-220,
and of their daughter products, can be calculated by
solving the following set of differential equations:

dNn/dt = kn(t) - Eq. 1

for the radioactive gas, indicated by the subindex n,
and

dNi/dt = i._,N._.- A.(t)N.

for the decay product of i-type.

Eq. 2

In Equations 1 and 2 the symbols A (t) and A.(t)
are given by

An(t) X +
n

(t) and A.(t) = X. + A (t)
J 1 IV

where X and X. are the radioactive half-lives of the
parent gas and i-type daughter species, respectively.
The symbol X (t) is given by X (t) = Q(t)/V where Q(t)
is the time-dependent air flow through a given volume
of the mine, and V is the volume of the mine under
consideration. (It should be noted that the index
i-1 indicates the parent of i, and that x is the
mine air residency time.) The symbol k (?) in Eq. 1
stands for the time-dependent rate of emanation of
radon and/or thoron through the mine walls. The
effect of both k (t) and Q(t) has been investigated
for the MTMV. n
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The following time-dependent perturbation cases,
and some combinations of these perturbations, have
been investigated:

ing period T to T (T > T ) after sampling are
given by:

F(t) = Eq. 3

where F(t) can apply to k (t) and Q(t) and K is some
steady-state value for these variables before the
time-dependent perturbation is initiated. The vari-
able K can take the following forms:

1 + asinut, e l and 1 + nt, or 1 for r £ tQ

and K > 1 or K < 0,1 for t _• t .
o

The symbol u stands for angular frequency. The
symbols a, S and n can be any arbitrary positive or
negative numerical value. (It should be noted that
for small values of 6, the exponential perturbation
reduces to the linear perturbation.)

Once N and N. have been calculated, the activities
A and A. can easily be determined by means of A =
N X and A. « N.X.. The daughter activity permits, in
turn, the calculation of the Working Level, WL.

Analytical solutions for the relevant radio-
active variables N , N., A , A., WL., and other vari-
ables, have been found1fornthe1case1of k (t), and are
reported elsewhere (8). The analytical solutions for
the case of Q(t) are, however, extremely difficult to
obtain. In the latter case, the solution to Equations
1 and 2 with Q(t) has been obtained by numerical meth-
ods using a special Runge-Kutta procedure and the
Hamming's modified predictor-corrector method for the
solution of linear initial-value problems.

1A.W
1

A.(T )dT1 w w F.q. 6

where the symbol 1A..W stands for integrated activity
of i during the? 'waiting' period T . - T after the
end of sampling and A.(T ) is the activity of i at
time T in the waiting period.

The solution to Equations 4, 5 and 6 for a given
constant C. has been discussed in detail by Bigu else-
where (9). The solution to these equations for the
case of C. as obtained from Lhe solution of Equations
I and 2, with Equation 3, is a subject of considerable
analytical difficulty. A simplification to this prob-
lem can be introduced by taking into account that
within the region of practical interest here, the
solution to Equations I and 2 retain essentially the
same analytical form, apart from scale and phase fac-
tors, as that of Equation 3. Hence, Equation 3 can be
used to solve Equation 4, and hence Equations 5 and 6,
by some modification of its numerical coefficients.
It should be noted that the solution to the set of
differential Equation 4 requires the daughter product
state of equilibrium, i.e. disequilibrium ratios,
defined as [RaA]/[RaA]: [RaB] /|RaAJ: lRaC]/[RaA] for
radon daughters and |ThC]/|ThB] for thoron daughters,
where the square brackets indicate concentration. The
disequilibrium ratio(s) are determined by solving
Equations 1 and 2 with Equation 3, and depend on the
residency time of mine air p. ') and time, even under
'steady-state conditions'. For the purpose of illus-
tration, disequilibrium ratios for radon daughters and
thoron daughters will be taken from a given specific
X'1 and F (See Eq. 3), and time.

B. Environmental Monitoring and Personal Dosimetry

If instrumentation used for monitoring purposes is
of the active type, i.e. air is sampled by means of a
sampling pump through a filter facing a suitable
detector and associated electronic circuitry, then
the rate of growth of activity on the instrument's
filter during the sampling period is given by the
following expression:

dA./dt C
i

A.A. , - \.A.
1 1 - 1 l i

Eq. 4

where A. and A._. are the activities of the i-th and
(i-1)-tft members of the decay chain, i.e. daughters,
on the filter, respectively. C. is the atmospheric
concentration of the i-th daughter. Q is the
monitor's air sampling flow rate. The growth of
activity after the sampling period is also obtained
from Equation 4 by setting the first term of the
right hand side to zero and taking the activity at
the end of sampling as the initial activity for the
waiting period. The symbol C. in Equation 4 stands
for the atmospheric concentration of the i-th daughter
product.

The total activities accumulated in the filter
during a given sampling time T . to T „ (T.,, > T_.)
are obtained by: si s s2 I .)si

IA.S- A. (T JdT Eq. 5

where the symbol IA.S stands for integrated activity
of i during sampling. A.(T ) is the activity of i at
time Tg.

 x s

The total activites in the filter during the wait-

RESULTS AND DISCUSSION

Although solutions have been found for all cases
of practical and theoretical interest, present space
limitations prevent discussion of only but a few
particular cases.

A. Mine Model (MT.'-1V) with Sinusoidal Perturbation

Results are shown in Figures 1 to 6. These data
have been obtained, unless otherwise indicated, for
a residency time (RT) of 30 minutes and an angular
frequency (u = 2IT/T) of 0.0261799 min corresponding
to a period, T, of 240 min, i.e. two complete cycles
in a typical 8-hour shift. The data shown correspond
to a sinusoidal perturbation in the emanation rate. It
should be noted that the calculated values for the
variables of interest exhibit a periodic behaviour, as
one would expect. Furthermore, the periodicity of
these variables is the same as that corresponding to
kn(t).

Figures 1 and 2 show the radon/radon daughter
concentration and thoron/thoron daughter concentration
versus time, respectively. It can be seen that there
is a time-lag (out-of-phase) between the parent gas
and its daughter products. This time-lag depends on
the radioactive decay constants of the gas and daugh-
ters and increases for subsequent members of the
radioactive series, i.e. the time-lag of RaC relative
to Rn-222 is greater than that corresponding to RaB
relative to Rn-222, and so on. The time lag between
Rn-222 and RaC is about 30 min, see Fig. 1. For
thoron and thoron daughters there is virtually no
time-lag between Rn-220 and ThA. Furthermore, the
activity concentration for these two radioisotopes is
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identical. These two facts indicate that Rn-220 and
ThA are in radioactive equilibrium. ThB and ThC are
out of phase relative to Rn-220 and ThA. The time-lag
between Rn-220 and ThC is about 50 min. As for the
radon/radon daughter case, the time-lag between Rn-220

and its daughter products increases with each subse-
quent member Jf the series. It should also be noted
that the concentration of the different radioisotopes
decreases from the parent to each subsequent members
of the series, except for the case of Rn-220 and ThA.

/ • ~ \

0*0

£00 240
TIME (MIN)

360 400 440 480

FIGURE 1: Radon and radon daughter concentration versus time (sinusoidal case) for F = k - 1, RT » 30 min
and w - 0.0261799 min"1. °
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Time, m/n.

FIGURE 2 : Thoron and thoron daughter concentration versus time (sinusoidal case) for F
and u - 0.0261799 min~1. °

1, RT - 30 min
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Figures 3 and 4 show radon daughter ratios and thoron
daughter ratios versus time, respectively. The ratios
[RaB]/[RaA], [RacJ/[RaA], and [ThC]/[ThB], where the
square brackets indicate concentration, vary sinu-
soidally. as previouslv indirarpd. hut with a marked
asymmetry depending on A^, X^'1 and u. The radpn, and
thoron, daughter ratios assume substantially different
values as a function of time. As expected the ratio
[RaC]/[RaA] is out of phase relative to the ratio
[RaBJ/JRaA], which lags behind the former. Also

shown in Figure 4 is the ratio (ThCj/[ThBj versus
time for the unperturbed case, i.e., a=o,'j)=o .: It is
seen that apart from the initial period of time, the
ratio [ThC]/[ThBJ for m=0.0261799 min"1 (perturbation
case) oscillates above and below the non-perturbed
case. Clearly shown are the slow rising and rapidly
falling edges of the oscillation. On the average the
above ratio remains for the same length of time above
and below the non-perturbed case. However, the values
above the non-perturbed case are substantially higher

FIGURE 3; Radon daughter ratios versus time (sinusoidal case) for RT = 30 min and co » 0.0261799 min"'.

O O 0 6 6 0 O O O O O C
( M , ^ U > a ) O < \ l x f ( D C 0 O *

TIME, MIN.

FIGURE 4: Thoron daughter ratio versus time (sinusoidal case) for RT • 30 min and us « 0.0261799 min'
Also shown is the non-perturbed case, i.e. m • 0, a « 0.

. - I
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than those below the non-perturbed case. The above
behaviour is characteristic of the oscillatory, i.e.
sinusoidal, perturbation. The extent of this behav-
iour depends on the variables A., \ and u. For
another example, see Figure 6. IThevsame applies to
other data in Figures 1,2, 3 and 5.

Figure 5 shows the normalized radon daughter Work-
ing Level, WL(Rn), and Che normalized thoron daughter
Working Level, WL(Tn). The fast rise in WL(Tn) at
time 3 (2n/T)=3co can be understood on the basis of the
very short half-lives of Rn-220 (54.5s) and ThA
(0.16s) as compared with ThB (10.6h) and ThC (60.5
min) and the time-lag or phase difference between
these radioisotopes. This situation may lead to
values for the calculated normalized WL(Tn) greater
than unity. Figure 5 also shows that WL(Rn) and WL
(Tn) are out of phase, the latter lagging behind the
former. The oscillatory behaviour of WL(Rn) and WL
(Tn) can be illustrated by comparing Figure 5 and
Figures 9 and 10, where the normalized WL(Rn) and WL
(Tn) for a»o, oi=o and RT»30 min versus time are indi-
cated in broken lines, respectively.

V - • " '

l i T T T s l ?"5 s

FIGURE S: Normalized radon daughter and thoron daugh-
ter Working Levels (sinusoidal case) versus
time for RT-30 min, U)-0.0261799 min"1 and
F -

o k - 1 .
o

28

24

1 2O

J 12

08-

04-

UJ« 0261799

Figure 6 shows the ratio WL(Tn)/WL(Rn). Also
shown is the same ratio for the non-perburted case.
In this particular case, the oscillatory behaviour
for the perturbed case is quite symmetrical about the
non-perturbed case. Notice that the initial value
for the above ratio, for both cases, can attain values
substantially higher than the maximum values corres-
ponding to the 'steady-state' cases at later times.

B. Mine Model (MTMV) with Linear Perturbation

Some of the results obtained for the MTMV with
linear perturbation are shown in Figures 7 to 11,
Unless otherwise indicated, the data shown corresponds
to n=O.O33 min" and RT=30 min. The value chosen for
n corresponds to a variation of about 70% above or
below the initial value for k (t).

n
Figure 7 shows [RaC] and [ThB] versus time. Also

shown in the same graph are [RaC] and [ThB] for the
non-perturbed case, i.e. n»o. Data given for [RaC]
have been calculated for RT"10 min. Figure 7 shows
that [RaC] for n?0.O33 min" and RT-10 min, and [ThB]
for n"0.033 min" and RT-30 min increase with time in
a strict linear fashion. For the non-perturbed cases,
there is an initial non-linear increase for [RaC] and
[ThB] until they reach constant, steady-state, values
for times above 80-100 min, approximately.

Figure S shows the ratio [ThC]/[ThB] versus time
for the perturbed case, continuous line, and the non-
perturbed case, broken line, for several residency
times ranging from 10 min to 360 min. The Figure
shows that steady-state values are eventually reached
for this ratio for the perturbed and non-perturbed
cases alike. It is of interest to notice that the
ratio [ThC]/(ThB] for the perturbed case lies below
the value for the non-perturbed case. This behaviour
can easily be understood because the rate of growth
is faster for [ThB] than for [ThC] for the perturbed
case than for the non-perturbed case.

Figure 9 shows the normalized WL(Rn) versus time
for the perturbed case, continuous line, and the non-
perturbed case, broken line, for several residency
times ranging from 10 min. to 360 min. It should be
noted although the values for the non-normalized WL
(Rn) and [Rn] for the perturbed case are significantly
higher than those corresponding to the non-perturbed
case, the normalized WL(Rn) is significantly lower for
the perturbed case than for the non-perturbed case.

UJ'O-

TIME, MIN.

FIGURE 6: Thoron daughter t o radon daughter WL's r a t i o versus time ( s i n u s o i d a l c a s e ) for RT * 30 min, a «
0 .0261799 min"1 and u n i t y U-238 t o Th-232 gram r a t i o . Also shown i s the non-perturbed c a s e , i . e .
oi - 0, a - 0 .
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This can be understood from the definition of the
normalized WL(Rn), WL(Rn>N, i.e., WL(Rn) =WL(Rn)/[Rn),
and the fact that the rate of growth is larger for
[Rn] than for the daughter products, i.e. WL(Rn), for
the perturbed case than for the non-perturbed case.

Figure 10 shows the normalized WL(Tn) versus time

for the perturbed case, continuous line, and the non-
perturbed case, broken line, for several residency
times ranging from 10 min. to 360 min. The normalized
WL(Tn) exhibits the same behaviour as that correspond-
ing to the radon daughter case, and will not be
discussed here as the same discussion applies to
both cases.

sfxu
TIKI:
{MINI

560

360

FIGURE 9: Normalized radon daughter Working Level versus time (linear case) for several RT, n » 0.033 min"1

and FQ« kQ - 1. Also shown is the non-perturbed case (broken line).

FIGURE 10: Normalized thoron daughter Working Level versus time (linear case) for several RT, n - 0.033 min"
amd Fo - ko - 1. Also shown is the non-perturbed case (broken lines).
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Figure 11 shows the ratio WL(Tn)/WL(Rn) versus time
for several residency times ranging from 10 min. to
360 min. Also shown in the graph is the non-perturbed
case for RT=30 min. In this case the ratio WL(Tn)/WL
(Rn) for the perturbed case is larger than that for
the non-perturbed case. This can be understood on the
basis of the data shown in Figures 9 and 10 and radon
and thoron daughter concentration data. Figure 11
shows that for all residency time cases the ratio
WL(Tn)/WL(Rn) decreases rapidly with time at the
beginning, i.e. young mine air, and then much more
slowly at longer time, i.e. old mine air, until a
constant, steady-state, value is reached. Values for
the ratio WL(Tn)/WL(Rn) decrease with increasing air
residency time. In other words, relatively high
amounts of thoron daughters are found in 'young' mine
air, i.e. short residency time. The data shown in
Figure 11 can be used as an index of ventilation per-
formance. Calculation shows that the maximum differ-
ence between the perturbed and non-perturbed cases,
for a given residency time, varies with the residency
time. This difference increases with increasing
residency time from ~8Z for RT*10 min. to ~18% for
RT-360 min.

£. Mine Model (MTMV) with Exponential Perturbation
and Other Perturbations

The case for large values of &t is of theoretical
importance but of not much practical interest (8).
The case for relatively small values of ft is of
practical interest. It is easy to show that for
small exponents, the exponential perturbation reduces
to the linear case, i.e., e ~ 1 + St. As this case
has been dealt with elsewhere, it will not be dis-
cussed here any further. Other perturbation cases of
practical interest, including the time-dependent
ventilation rate and the step-function case, are
discussed elsewhere (8).

D. Practical Applications to Environmental Monitoring
and Personal Dosimetry

The results and conclusions derived from the study
of mine models with a time-dependent perturbation is
of great practical interest, particularly for personal
dosimetry and environmental monitoring applications
using time-integrating methods. Again, space limita-
tion only permits a very limited number of cases to be
discussed. For a more detailed discussion on this
topic the interested reader should refer to (8), and
references therein.

Figure 12 shows the growth in radon daughter activ-
ity on a sampling filter versus time exposed to a mine
atmosphere with a radon daughter concentration varying
sinusoidally with u = 0.0261799 min"1 (T=240 min) and
a=1. The disequilibrium ratio is 1:0.8:0.4 with an
atmospheric, i.e. mine [RaA] = 1 pCi/L. The sampling
flow rate is 1 L/min. The Figure shows that the
activity in the filter varies sinusoidal with the same
angular frequency and period as that of the radon
daughter atmospheric concentrations, and hence k (t).
It should be noted that for simplicity, no time-lag,
or phase angle, between the different atmospheric
radon daughter concentrations has been assumed. As it
would be expected, there is a time-lag between RaA and
RaB and RaC. Notice that [RaA]<<[RaB]<[RaC] and that
except for RaA, because of its short half-life (3.05
min), the 'DC activity component of RaB and RaC in-
creases initially until a constant value is reached.

Figure 13 shows the growth in thoron daughter
activity, versus time, on a sampling filter exposed to
a mine atmosphere with a thoron daughter concentration
varying sinusoidally with 0) = 0.0261799 min"1 and a»1.
The ratio [ThC]/[ThB] has been chosen as 0.5 with an
atmospheric [ThB] « 1 pCi/L. The sampling flow rate
is 1 L/min. Also shown in the graph is the growth in
activity for the non-perturbed case, i.e. w-o, a«o.

36

14

32

30

28

26

24

22

I 20

t "
s •«

12-

10

OR

06

04

02-

0

TIME, MIN.

FIGURE 11: Thoron daughter to radon daughter WL's ratio versus time (linear case) for several RT, n - 0.033
min"1 and unity U-238 to Th-232 gram ratio. Also shown is the non-perturbed case for RT • 30 min
(broken line)•
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00 = 00261799 min'1

TIME, MIN.

FIGURE 12: Radon
disequilibrium

daughter activity on a sampling filter from a mine atmosphere with [RaA] = 1 pCi/L
ilibrium ratio: 1:0:8:0:4 (sinusoidal case, <J = 0.0261799 rain"1).

and

TIME.MIN.

FIGURE (3: Thoron daughter activity on a sampling filter from a mine atmosphere with [ThB] * 1 pCi/L and
[ThC]/[ThBl - 0.S (sinusoidal case, u» - 0.0261799 min"'). Also shown is the non-perturbed case.

The figure shows that the activity in the filter os-
c i l l ^ ^ uith the game u aa that of Che atraosplierie
fhOton daugftteT coTvceTWcation, and Hence v.jjCt') . The
activity of ThC is lower initially until eventually
becomes larger than that corresponding to ThB. For
times greater than =1000 min ThB and ThC oscillate
symmetrically about the non-perturbed case. As it
would be expected, the growth of ThB and ThC is rela-

tively fast in the initial period of time and more
grSdUSl Ihereafuer vhSIl 9 'Steady-state1 condition in
the filter activity is reached. As with the case for
radon daughters, the characteristics of the activity
growth depend on u and A£.

Figure 14 shows the growth in radon daughter
activity, versus time, on a sampling filter exposed
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to a mine atmosphere with a radon daughter concentra-
tion varying exponentially with 6 - 1 x 10~3 min"1.
Also shown in the graph is the growth in radon daugh-
ter activity in the filter for the case of non pertur-
bation, i.e. S = o. The radon daughter activity in-
creases relatively fast in both cases, i.e. 6 » o and
S « 1 x 10~3min—x, in the first period of time until
a constant value is reached at M 8 0 min for the non-
perturbed case, i.e. steady-state condition. For the
perturbed case, the activity continues to increase
but in an exponential fashion. However, as <5 is
quite small, i.e., eSt =1.5 for t = 480 min (8 h
shift), the activity growth can be considered for all
practical purposes as almost linear. As it would be

expected for 5 "> o, the activity growth for the perturb-
ed case is larger than that for & » o. The opposite is
true for 6 < o.

Figure 15 is similar to Figure 14 except that the
thoron daughter activity versus time is plotted.
Because of the relatively long half-life of ThB,
the growth of activity of the thoron daughters in the
perturbed case can be considered exponential from t*o.
However, during the first 480 min, the growth can be
considered almost linear for all practical purposes.
The data presented in Figures 14 and 15 have been
obtained with the same sampling flow rate, activities
and disequilibrium ratios as that corresponding to

FIGURE 14:

TIME (MIN.)

Radon daughter activity on a sampling filter from a mine atmosphere with [RaA] - 1 pCi/L and
disequilibrium ratio 1:0.8:0.4 (exponential case, 6 - 1 x 10~3 :nin~1). Also shown is the
non-perturbed case.

ThBia-lxlO"3)-

ThC(S'O)

100 200 300 400 900 600 700 800 900
TIME i MW.

FIGURE 15; Thoron daughter activity on a sampling filter from a mine atmosphere with [ThB] • 1 pCi/L
and [ThC]/[ThB] • 0.5 (exponential case, ! « l x 10"3 min~1). Also shown is the non-
perturbed case.
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Figures 12 and 13, respectively.

Although for reasons of space, integration of the
activity during the sampling period under time-depen-
dent conditions has not been presented here, it can be
shown (8) that the integrated activity under the as-
sumption of constant radiation conditions, i.e., no
perturbation present, may lead to substantial errors
in the determination of radiation levels. Furthermore,
instrumentation that determines differential activity
in addition, or instead, of integrated activity may
not react sufficiently fast to rapidly changing condi-
tions. This situation may also lead to significant
errors in the determination of radiation levels.

CONCLUDING REMARKS

Because conditions in underground uranium mines
rarely remain constant, it is important to investigate
radiation levels under variable conditions. However,
it is in most cases difficult to predict the extent
and kind of variations to which some variables, that
determine radiation levels, are affected. For these,
and other reasons, it is of practical, as well as
theoretical, interest to investigate the behaviour of
mine models under varying, but predictable, well de-
fined, conditions as those discussed here. It is
found in practice that most underground variations can
be approximated by one, or a combination of several,
of the cases presented here. It is also found that
radiation levels are very much affected fay the type
and extent of the 'perturbation' introduced in the
emanation rate or ventilation rate. These changes are
important for environmental monitoring and personal
dosimetry purposes as they may lead to erroneous con-
clusions regarding environmental levels and personal
dose exposure.

ACKNOWLEDGEMENT

The author would like to thank M. Grenier for
writing the computer programs for this project.

Radiation Hazards in Mining - Control, Measure-
ment and Medical Aspects, SME-AIME, New York,
Manuel Gomez (Ed), pp 243-255, 1981. See also
CANMET (Energy, Mines and Resources Canada) Div-
ision Keport, MRP/MRL 82-149(J), 1982, MKP/'MRL
83-58(J), 1983, MRP/MRL 84-26(j), 1984 and Health
Physics paper, in press.

(8) BIGU, J., "Time-Dependent Radiation Mine Models -
Application to Environmental Monitoring and
Personal Dosimetry", CANMET Division Report MRP/
MRL 84- (J), 1984.

(9) BIGU, J., "Determination of the Working Level of
Radon/Thoron Mixtures by Persona] ^-Dosimeters
and Environmental a-Monitors Using Gross a-Count-
ing", Environmental Monitoring and Assessment,
Vol. 3, pp 77-103, 1983.

DISCUSSION

Question (Schery): Could you supply details of
the calculations as they relate to attached and
unattached fractions? Variation in these
particular quantities could be important for
dosimetric analysis.

Answer: The model described here takes into
consideration removal of decay products by
plate-out on walls. However, I have restricted
myself, in my talk, to a discussion of the effect
of a time-dependent emanation source (radon and
thoron) on airborne radon (and thoron)
concentrations in underground environments. The
only mechanisms of removal here are assumed to be
radioactive decay and forced mechanical
ventilation.
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THERMOPHORETIC COLLECTION OF RADON DAUGHTERS
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ABSTRACT

The mechanism of thermophoresis is applied to the
collection of radon daughters through the use of a
constant temperature gradient across two parallel
discs. Collected radon daughter activity was found
to be linear with temperature gradient at a constant
Working Level and also linear with Working Level at a
constant temperature gradient, thereby allowing a
constant conversion factor (dpm/(oC/cm WL) for ther-
mophoretic collection to be used. Under laboratory
conditions, a thermophoretic dosimeter with a tem-
perature gradient of about 400°C/cra has a collection
efficiency about the same as a CEA pump-driven dosi-
meter (0.05 L/min). Because a diffusion barrier is
needed to serve as a shield against external wind
effects, the temperature gradient applied in practice
may have to be substantially greater.

INTRODUCTION

In the presence of a temperature gradient, aerosol
particles drift down the gradient and deposit on cold
surfaces. In the free molecule range (dp « I), the
thermophoretic velocity, Ct, can be calculated from
the kinetic theory of gases (1):

3WT

In the transition region between the continuum and
free molecule ranges (0.03 < Z/dp < 1.25), the ther-
mophoretic force is given by (3):

(3)

where

P
F = thermophoretic force
a = 12nuQ
u = coefficient of viscosity of the gas
Q = thermal creep first order coefficient,

• d

f " "t (f)
P I P

P ' P

$m = constant related to the reflection
coefficient of molecules striking the
particle surface

constant related to the
modation coefficient.

thermal accom-

4(1 + •—

The thermophoretic velocity, C , is independent of
particle size in both the continuum and free molecule
ranges. However, in the transition region,
C depends on particle size as seen in Fig. 1 (4).

where v = kinematic viscosity of the gas
a = accommodation coefficient, usually about

0.9
dp = particle size
I = mean free path of the gas (about 0.065

Mm in air at normal temperature and
pressure)

Ct ™ thermophoretic velocity
T = temperature

In the continuum region (d_ » jj), the ther-
mophoretic velocity can be obtained by solving the
equation of fluid motion with a slip velocity con-
dition (2):

2k o

2k + k
(2)

where k = thermal conductivity of the gas
k_ = thermal conductivity of the particle
a « dimensionless coefficient defined in the

relationship between the slip velocity
at the particle surface and the tem-
perature gradient in the gas, VT:

V .. - a - VT
slip p

p " pressure

a usually taken as 1/5

.04.06 .08.1 .4 .6 .s 1 2 4 6 8IO

FIG. 1. THERMAL VELOCITIES PER UNIT TEMPERATURE
GRADIENT (U.T.G.) AS A FUNCTION OF PARTICLE SIZE (a)
MEASUREMENTS BY PRODI ET AL. (4), (b) WALDMAN'S
THEORY, (c) BROCK'S THEORY FOR THERMAL CONDUCTIVITY
OF SODIUM CHLORIDE (0.015 cal/cm sec K), (d)
EMPIRICAL CURVE PRESENTED BY MERCER (8).

The principle of thermophoresis can be applied to
collection of radioactive aerosols such as radon
daughter aerosols in a uranium mine* In a diesel
operated mine, the median diameter of the radon
daughter aerosol is about 0.1 vm (5). The ther-
mophoretic velocity per unit temperature gradient can
be estimated from Eq. (1) and Eq. (2):
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d « I, Ct/VT - 3.125 x 10"" |5j

(v - 1.67 x 10~5 m2/s, T - 20°C)

-c em2
d » ft, C/VT - 4.28 x 10 6 - ^
p £ 8 \*

k - 5.02 W/mK (graphite),

k - 2.34 x 10"2 W/mK (air),

p - 101 kPa

At d ' 0.1 pra, Ct/VT » 3.125 x lo"
1* |

(k - 6.28 — (NaCl))

(from Fig. 1).

EXPERIMENTAL

The apparatus used is shown schematically in Fig.
2. The top and bottom plates are made up of aluminum
discs, 8.3 cm in diameter, 0.6 cm thick. The top
plate is kept at a high temperature by means of a
heating disc and regulated by a temperature
controller (YSI Thermistemp model 63RC with YSI 632
probe) capable of maintaining temperature within 5°C
of a desired point in the temperature range from
-75°C to +260°C. The top plate is protected by a
metal cover plate. The bottom plate is cooled by
water circulation. Temperatures are monitored at the
top and bottom plates by means of thermocouples
attached to a readout device (Simpson model 388).
The two plates are separated by three equally distri-
buted spacers. The spacing can be adjusted from 1 mm
up to a feu cm. The bottom plate is constructed with
a depression for an aluminum disc (3.75 cm diameter)
which may be removed and counted for gross alpha
using a Trimet counter (Model TM372A) fitted with a
ZnS scintillator and a photomultiplier tube.

Top plate
probe for temperature,

controller
bottom place

Heating disc

Three spacers

rmocouples

is used for each experiment). Simultaneously,
measurements are made for RaA, RaB and RaC using the
optimized modified Tsivoglou method (6). A Duraire
pump (model PV-200) is used. At a constant flowrate
of 3 L/min, sampling is carried out with a Hillipore
filter (0.8 Un pore size) for five minutes, followed
by counting at 2-5, 7-15, 25-30 min. Prior to the
experiment, the background counts due to diffusive
deposition are obtained in the absence of a tem-
perature gradient.

Aerosol concentration is measured by a conden-
sation nuclei counter (Environment One). The aerosol
concentration in the chamber varied from 60K - 2 M
cm 3 (Tables 1 and 2). Diffusion battery measure-
ments were made for the aerosol size distribution.
Humidity and temperature inside the chamber are
recorded using a hygrometer (YSI model 90). The
ambient temperature was about 24°C, and the ambient
relative humidity about 877. (inside the chamber).
The unattached fraction was predicted theoretically
and found to be less than 0.3 in all experiments
(Tables 1 and 2) (7).

Comparisons can be made between the average count
rate (over 5 min counting period) obtained using
thertnophoretic collection and the Working Levels
determined by the modified Tsivoglou method.

THEORETICAL MODEL

The collection system consists of Lwo plane
parallel circular discs of radius a separated by a
distance H as shown in Fig. 3. Radioactive aerosols
enter from all sides and are collected on the bottom
plate by thermophoresis. The top plate is held at a
constant temperature of T. whereas the bottom plate
is maintained at T .

diffused junction
silicon detector

FIG. 2. EXPERIMENTAL APPARATUS.

FIG. 3. MODEL FOR THEORETICAL CALCULATION OF
THERMOPHORETIC COLLECTION OF RADIOACTIVE AEROSOLS.

In use, the experimental apparatus is placed in a
radon chamber (5) into which aerosols of median
diameter 0.03 l»m < dp < 0*07 Mm are introduced after
passage through a ^5Kr neutralizer to remove any pre-
existing charge. Carbon fume was used as an aerosol,
generated by heating the unit to 400*C in order to
decompose organic source material. After steady
state is established (about 2 hr), the unit is
operated at the chosen temperature gradient (in the
range 0-400°C/cm). The temperature gradient can be
adjusted by changing either the temperature of the
top plate or the spacing between the two plates. The
sampling time is 15 min. After 3 min waiting time,
the disc is counted for 5 min (a fresh aluminum disc

The equation of continuity for component i in
cylindrical coordinates at steady state is given by

where

3n.
r-\ - \.n. (4)

n. • concentration of the radioactive aero-
1 sols (where i « 1 for RaA, i « 2 for RaB

and i • 3 for RaC)
r * radial coordinate

z * axial coordinate
Dj » diffusion coefficient of the radioactive

aerosols
\ * radioactive decay constant of the aero-

sol, sec"1.
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TABLE 1
Experimental Results for Thermophoretic Collection of Radon Daughters

Experi-
ment

1

2

3

4

5

6

7

Zinc

dpm
Vt

dpm
'C/cm

1.06

3.69

4.76

4.88

4.67

7.16

8.30

oxide aerosol,

VT
Temp.

gradient
(°C/cm)

295

360

164

110

227

236

135

ambient temperature

Background*
counting

rate
dpm

204

204

210

210

64

138

138

» 24°C, humidity

Average**
dpm

314

1327

781

536

not

1689

1120

20 mmHg (R.H. 872)

Atmospheric
concentration (pCi/L)

RaA

578

1551

1281

1281

1178

1154

1595

RaB

131

335

509

509

516

785

991

RaC

90

235

291

291

330

586

632

1.6

4.2

5.0

5.0

5.1

7.4

9.0

TABLE 1 (continued)

Experi-
ment

1

2

3

4

5

6

7

Aerosol
concen-
tration
(cm-3)

280K

180K

220K

100K

60K

160K

60 K

0.030

0.030

0.034

0.034

0.039

0.065

0.065

RaA

0.126

0.184

0.121

0.232

0.277

0.049

0.121

Unattached fraction***

RaB

0.035

0.057

0.018

0.043

0.055

4.44 x 10" 3

0.013

RaC

6.2 x

1.45 x

3.2 x

8.23 x

1.135 x

4.63 x

1.52 x

io-"

io-3

io-5

10-5

lo-"

io-6

10-5

Ct/VT x 10"

cm2

°C sec

3.02

3.98

4.52

4.63

4.29

4.06

4.31

* Background counts due to diffusive deposition (averaged over 5 min counting interval)
** Background counts due to diffusive deposition are subtracted from the total counts and averaged over 5 rain

counting interval.
*** Unattached fraction is estimated according to the equations in (7).
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Experi-
ment

8

9

10

11

12

13

14

15

16

17

18

Experimental Results Cor

Carbon

dpm
Vt

dpm
"C/cm

0.91

0.80

0.91

1.25

1.71

3.74

6.35

8.40

9.'26

8.91

9.45

fume aerosol, ambient

TABLE 2
Thermophoretic

temperature =

7T Background*
Temp. counting

gradient
CC/cm)

402

402

402

402

402

402

402

402

402

402

402

rate
dpm

71

71

72

71

71

95

239

174

174

239

174

Collection of
24°C, humidity

Average**
dpm

367

322

369

502

688

1516

2551

3404

3721

3581

3800

Radon Dau
20 mmHg

ghters
(R.H. 87%)

Atmospheric
concentration (pCi/L)

RaA

616

427

701

448

578

2235

2154

2091

2244

2214

2002

RaB

131

149

148

259

337

539

872

1321

1331

1397

1450

RaC

25

92

37

143

175

141

366

744

708

852

921

WL

1.39

1.54

1.60

2.31

2.95

5.56

8.00

11.60

11.70

12.51

12.81

TABLE 2 (continued)

Experi-

ment

8

9

10

11

12

13

14

15

16

17

18

Aerosol
concen-
tration
(cm"3)

2M

2M

2M

2M

2H

2M

1.8H

1.8H

2.1M

2M

2M

•
nr

(um)

0.041

0.059

0.059

0.059

0.041

0.059

0.041

0.056

0.056

0.041

0.056

5

5

6

5

5,

RaA

0.011

5.0 x 10"3

.17 x lO-3

5.0 x lO-3

0.010

.17 x 10"3

0.011

.15 X lO-3

.28 x 10"3

0.010

.54 x lO- 3

Unattached

RaB

2.60 x

5.96 x

1.16 x

4.79 x

9.96 x

1.16 x

1.62 x

5.47 x

5.06 x

9.21 x

4.38 x

fraction***

lO-3

io-"

10-3

io-"

io-"

lO-3

10-3

io-"

10""

io-"

io-"

3

1

8

6,

1,

8.

3.

6.

6.

1.

4 .

.06

.02

.82

.05

.26

.82

.53

,22

39

05

24

RaC

x 10"5

x 10"6

x 10"6

x 10"7

x 10"6

x 10"6

x 10"6

x 10"7

x 10"7

x 10"6

x 10"7

Ct/vT x 10"

cm2

°C sec

3.08

2.42

2.86

2.60

2.79

3.42

3.95

3.48

3.52

3.35

3.46

* Background counts due to diffusive deposition (averaged over 5 min counting interval)
** Background counts due to diffusive deposition are subtracted from the total counts and averaged over 5 min

counting interval.
*** Unattached fraction is estimated according to the equations in (7).
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Dimensionless variables are defined as:

2* - |

where P..— * atmospheric concentration of radioactive
aerosols. When these variables are introduced into
eqn. (4), there results:

3n.*

Pe r* 3r* V 3r*

(5)

where Pe - •
thermophoretic collection

diffusion

„ m t m thermophoretic collection
T 7 H radioactive decay

The expected magnitude of the dimensionless groups Pe
and JI can be estimated by inserting Ct « 0.13 cm s"

1

(400"C), a - 4.1 cm, D. , 6.75 x 10-6 c m 2 / 8 e c (d -
0.1 |iu), H - 0.6 cm and AA * 3.79 x 10"

3 sec"1 (¥or
RaA). It is apparent that both Pe and JI are very
large (Pe ~5.4 x 105, n ~60). Thermophoretic collec-
tion is therefore dominant. Equation (3) can thus be
simplified to

3n.*
l

or n.*

(6)

(7)

The flux towards the disc (detector plate) due to
thermophoresis is:

Ji

where

- C t n .

- C t "i- (8)

* flux of radioactive aerosols to the
disci atoms/cm2 sec.

The number of atoms of radioactive aerosol trans-
ferred to the disc per unit time, atoms/sec, H{, is
given by

M. - Ct n.. S - - J.S (9)

where S • area of the aluminum collecting disc,

The buildup of radioactive aerosols on the disc is
given by:

dN.

It"

where N

Mi ~ (10)

number of atoms of radioactive aerosols
on the disc surface.

Integration of Eqn. (10) with t - T yields

(1 - e

N2
(e-A?-T - e-^T)1

+ M2 H*j
N3 = (i - *) (e

-X,T21 _
- A2)

-1 - e

(.1 - (11)

where _T • sampling time, sec
N. * number of atoms of radionuclide at the

end of sampling period.

Decay after collection is described by the
following equations:

Nj = Nj e z

N2 " Hi A | ( e/i 2.V^ * } + N2e"^h)

(12)

where 6 is the time after collection, sec.

The number of alpha particles recorded by the
detector (assuming counting efficiency is the *ame
for RaA and RaC) is given by:

C

where n ;

C •

A3N3)

counting efficiency
counts per unit time, counts/sec.

(13)

Integration of eqn. (13) with respect to 8 over
the counting interval a to 0 yields:

D -
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where

(14)

u - counts recorded between the counting
interval (a, 6)

a = beginning of counting interval, sec
g = end of counting interval, sec

- A2)

- A3)

A^ Aq
A3 - A 2)"3 (A3

l'he thermophoretic velocity can be obtained by
solving eqn. (9), (11) and (14), using experimental
data for D and n._.

RESULTS

Experimental and theoretical results are tabulated
and presented in Tables 1 and 2. The thermophoretic
velocity is obtained by solving eqn. (9), (11) and
(14) using experimental data for counts recorded over
the counting interval, D, (counting efficiency is
0.423 for all cases) for various concentrations of
RaA, RaB and RaC. Average thermal velocities per
unit temperature gradients for zinc oxide and carbon
fume are compared in Table 3 with literature results
for sodium chloride.

TABLE 3

Thermal Velocities per Unit Temperature Gradient

Aerosol

sec

Thermal Conductivity

W
mK

Zinc oxide

Ca rbon fume

Sodium chloride
(Fig. I)

4

3

3

.12

.14

.125

—

S.02 (graphite)

6.28

From the values of Ct/vT in Table 3, the conver-
sion factor dpm/(*C/c* WL) is predicted theoretically
for different ratios of RaAlRaBiRaG (pCi/L). The
conversion factors at the test experimental con-
ditions (T • 15 «in, a • 3 min, 6 » 8 min, S • 11.04
cm2) are listed in Table 4. Conversion factors at T
= 5 min, a " 3 min, 6 • 8 min, and S " 2.54 cm2

(experimental conditions for comparison with
electrostatic collection) are given in Table 5.

In order to test the applicability of the prin-
ciple of thermophoresis to the collection of radon
daughters (on an aluminum disc), experiments were
conducted at constant WL (5.0 WL). Zinc oxide aero-
sols were used. Average alpha disintegrations per
minute (over a 5 minute counting period) were
obtained at different temperature gradients across
the two plates. Background counts due to diffusive
deposition were subtracted from the results (Tables 1
and 2). The results of such experiments ars pre-
sented in Fig. 4. The straight lines shown are
theoretical predictions using a conversion factor of
0.905 dpm/CC/cm WL) (Table 4) for zinc oxide. The
thermophoretic collection of radon daughter activity
is seen to be linear with applied temperature gra-
dient up to 400°C/cm (Fig. 4).

Since the maximum temperature gradient that can be
achieved is about 400*C/ca, further experiments were
performed at this temperature gradient. In order to
apply the principle of thermophoretic collection to
radon daughters, linearity of collected radon
daughter activity with working levels is required so
that a constant conversion factor can be applied to
all conditions. Figure 5 shows the results of sucli
experiments. The straight lines shown are theoreti-
cal predictions using the conversion factor of 0.69
dpm/(°C/cm WL) for carbon fume in Table 4. Linearity
is observed up to 12.8 WL.

The results of all experimental data can be
plotted in one single figure (Fig. 6). The straight
lines shown are theoretical predictions using conver-
sion factors of 0.905 dpm/CC/cm WL) and 0.69
dpm/(*C/cm WL) for zinc oxide and carbon fume respec-
tively.

Comparison Between the Driving Forces: Thermo-
phoretic, Collection via a Pump, and Electrostatic

In order to compare collection of radon daughters
by thermophoresis with collection by means of a pump,
comparison may be made with the experimental data for
collection by a pump (an open-face filter-pump
assembly is used; Duraire pump model PV-2000). After
a sampling time of five minutes, the filter is
removed and counting started 3 minutes after
sampling. The filter is counted for five minutes.
Typical concentration ratios of RaA, RaB and RaC
(pCi/L) are 100:60:40. Experimental data are based
on a radon daughter concentration of 4.5 WL. By
assuming that dpm per unit flowrate is linear with
Working Level, a conversion factor of 833 dpra/(L/mjn
WL) is obtained.

Thermophoretic collection is described theoreti-
cally using the conversion factor of 0.079 dpm/(°C/cm
WL) for zinc oxide at a RaA, RaB and RaC con-
centration ratio of 100:60:40 in Table 5 (reduced to
the same experimental condition as for the collection
by a pump, i.e., T • 5 min, a - 3 min, 8 » 8 min, S •
2.54 cm 2). Such a comparison is made in Fig. 7. At
0.05 L/min (normal operating flow rate of the CEA
dosimeter), the corresponding temperature gradients
are about 527*C/cm.

Comparisons may also be made between ther-
mophoretic and electrostatic collection. Experimen-
tal data for electrostatic collection are based on
data points for a radon daughter concentration of 4.5
WL (7). By assuming that the average disintegration
per minute per unit applied voltage ia linear with
Working Level, a conversion factor of 0.31 dpm/V WL
is obtained. Theoretical prediction is made for
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« Expariaantal data foe alnc oxide

— Thaoratlcal prediction Ulinf'
conwriion factor 10.90S
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PIG. 4. AVERAGE ALPHA DISINTEGRATIONS PER MINUTE
(OVER 5 HIN COUNTING PERIOD) AGAINST TEMPERATURE
GRADIENT ACROSS THE TWO PLATES (T - 15 NIN, a » 3
MIN, 0 > 8 MIN, S - 11.04 CM2, RELATIVE HUMID [TV 87Z
AT 24*C) AT CONSTANT WL.

FIG. 6 . CONVERSION FACTORS FOR THERMOPHORETIC
COLLECTION (T - 15 HIN, a. - 3 MIN, 6 » 8 MIN, S -
1 1 . 0 4 CM2, RELATIVE HUMIDITY 87% AT 2 4 ° C ) .

iMMclMBtal 4sM Cor eaxkwi tm

vxtimm fMUr «f «.<t
*>«/CC/«im Ht} f«t «»rt«i fUM
la f«U« 4

10 11 12 13 14
MrkiM Laval, w,

FIG. S. AVERAGE ALPHA DISINTEGRATIONS PER MINUTE
(OVER 5 MIN COUNTING PERIOD) AGAINST WL AT CONSTANT
TEMPERATURE GRADIENT ACROSS THE TWO PLATES (T - IS
MIN, a - 3 MIN, B - 8 MIN, S - 11.04 CM2, RELATIVE
HUMIDITY 872 AT 24«C)«

5000

3000 •

2000 •

0.1 0.2 0.3

Flowrata, L/min

FIG. 7. COMPARISON BETWEEN THERMOPHORETIC COLLECTION
AND COLLECTION BY MEANS OF A PUMP FOR IDENTICAL
AVERAGE DPM AND WORKING LEVEL (T - IS MIN, o s 3 MIN,
9 - 8 MIN, S - 2.54 CM 2).
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1 : 1 : 1

1 :0.8:0.4

1 :0.6:0.4

1 :0.4:0.2

1 :0.3:0.2

1 : 0 : 0

TABLE 4

Conversion Factors (dpin/CC/cm) WL) for Thermophoretic Collection

(T • IS min, a • 3 rain, 6 - 8 min, S • 11.04 cm2)

RaA:RaB:RaC Zinc Oxide
(pCi/L) (Ct/VT - 4.12 x 10"" cmz/°C seel

0.969

0.834

0.890

0.854

0.903

0.978

Carbon fume
(Ct/VT = 3.14 x lO"1* cm2/°C sec)

0.738

0.636

0.676

0.651

0.689

0.745

Average 0.905 0.690

TABLE 5

Conversion Factors (dpm/(*C/cm) WL) for Thermophoretic Collection

(T - 5 min, a • 3 " in, B • 8 min, S « 2.54 en2)

BaA;R«B:RiC Zinc Oxide
(pCi/L) (Ct/VT - 4.12 x 10-" c«2/#C sec)

Carbon fume
(Ct/W » 3.14 x 10"1* cm2/*C sec)

1 s 1 : 1

1 s0.8:0.4

1 :0.6:0.4

1 :0.4:0.2

1 so.3:0.2

1 : 0 : 0

0.083

0.071

0.079

0.079

0.087

3.132

0.063

0.054

0.060

0.060

0.066

0.101

Average 0.089 0.067
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thermophoretic collection using a conversion factor
of 0.079 dpn/CC/cm WL) for zinc oxide (Table 5).
These comparisons are given in Fig. 8. At -1000 V, a
satisfactory working applied voltage for electrosta-
tic collection, the voltage for electrostatic collec-
tion, the corresponding temperature gradients are
about 3920*C/CM.

FIG. 8. COMPARISON BETWEEN THERMOPHORETIC COLLECTION
AND ELECTROSTATIC COLLECTION FOR IDENTICAL AVERAGE
DPM AND WORKING LEVEL (T » 5 HIN, a - 3 MIN, 6 * 8
MIN, S - 2.54 CM 2).

DISCUSSION

The temperature gradient can be varied by changing
either the temperature of the top plate, or the
spacing between the two plates. However, resistance
to air flow and plate out increase significantly with
decrease in the spacing between the two plates. It
is desirable that the spacing between the two plates
should not be less than 0.5 cm. Because of this
constraint, the maximum achievable temperature gra-
dient is only about 400*C/cm.

From Table 3, it can be teen that thermal veloci-
ties per unit temperature gradient for cine oxide and
carbon fume arc close to the values predicted
theoretically by Waldman (eqn.(O) (3.125 x lO"*
cmz/'C sec). From theory, the thermal velocities per
unit temperature gradient, C./VT, do not depend on
the physical properties of the aerosol. Although
zinc oxide has a higher thermal velocity per unit
temperature gradient than carbon fume (Table 3), both
carbon fume and sodium chloride have the same C /VT.
It is interesting to note that for carbon tumi and
sodium chloride, the thermal conductivities are very
close (S.02 W/mK for graphite and 6.28 U/ariC for
sodium chloride).

If the temperature of the top plate can be
controlled more precisely, the present technique pro-
vides a convenient means of obtaining values for
C /VT. As an alternative to alpha counting, an
electron microscope may be used to detect the number
of deposited particles on the mica sheet (4).

Conversion factors for thermophoretic collection
depend slightly on the equilibrium ratios of ReA, RaB
and RaC (Tables 4 and 5). The reason for this is not
understood. A 1:1tl concentration ratio of RaA, RaB
and RaC (pCi/L) corresponds to equilibrium, whereas

ls0:0 corresponds to very "young" air. Concentration
ratios of RaA, RaB and RaC are typically 1:0.6:0.4 in
uranium mines. Average conversion factors are used
in the theoretical predictions (Figs. 4, 5 and 6).

The thermophoretically collected radon daughter
activity is linear with temperature gradient at
constant WL (5.0 WL) (Fig. 4), and with WL at
constant temperature gradient (402<C/cm) (Fig. 5), as
expected from the theory of thermophoresis. A
constant conversion factor is obtained for different
aerosols (Fig. 6). Scattering of experimental data
about the theoretical lines is primarily due to the
following:

1. As mentioned above, conversion factors depend
slightly upon concentration ratios of RaA, RaB
and RaC. During the experiments, the con-
centration ratios of RaA, RsB and RaC varied
considerably. The theoretical lines are
obtained by using average conversion factors
from Table 4.

2. The sampling period varies within ±30 sec.

3. The temperature gradient fluctuates by about
±l0'C/cm.

However, if the concentration ratios of RaA, RaB
and RaC (pCi/L) do not vary significantly in the
mine, a constant conversion factor could be used for
thermophoretic collection.

From the comparison between thermophoretic collec-
tion and collection by a pump (Fig. 7), it can be
seen that at the normal operating flowrate of the CEA
dosimeter in the mine (0.05 L/min), the corresponding
thermophoretic temperature gradients are 527*C/cm.
At 0.01-0.03 WL (typical of a uranium mine), the
corresponding temperature gradients are expected to
be lower than 527*C/cm. A temperature gradient of
400'C/cm would suffice for a personal radon daughter
dosimeter in the mine.

However, thermophoretic collection cannot be used
for grab sampling. At a flowrate of 3L/min (commonly
used for grab sampling), a very high temperature gra-
dient, M0.000 'C/cm, has to be applied to provide
the tame performance (same dpm) as that of the pump.
Such a high temperature gradient is extremely dif-
ficult to achieve in a mine environment.

In Fig. 8, thermophoretic collection is compared
with electrostatic collection. For electrostatic
collection, -1000 V can easily be achieved by an
electret. The corresponding temperature gradients
are around 4000*C/cm, which cannot easily be
achieved.

CONCLUSIONS

Thermal velocities per unit temperature gradient
were obtained experimentally (C /VT - 4.12 x I0~"
cm*/sec*C for zinc oxide; C /Vt • 3.14 x lo"*
cmz/aec*C for carbon fumes). Values for C /VT are
close to those predicted theoretically (C /VT- 3.125
x 10"* cm2/sec*C). k

The principle of thermophoresis works satisfac-
torily for the collection of radon daughters under
laboratory conditions. A constant conversion factor
for thermophoretic collection (dpm/(*C/cm WL)) can be
used provided that the concentration ratios of RaA.
RaB and RaC (pCi/L) do not vary significantly. The
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reason for the effect of concentration ratios on
collection is not understood. Under laboratory con-
ditions, a temperature gradient of about 400*C/cm
would allow a personal radon daughl;r dosimeter to
perform comparably with the CEA dosimeter (0>0S
L/min). However, incorporation of the thermophoretic
principle into « passive personal radon daughter
dosimeter poses several design problems. A constant
temperature gradient across the two plates nay not be
practical in the nine atmosphere due to difficulty in
controlling the temperatures of both the hot and cold
plates. Further work has to be undertaken on the
design of a practical dosimeter since the use of a
diffusion barrier - needed in order to isolate the
system from external wind velocity effects - will
require that the operating thermophoretic temperature
gradient be increased substantially to compensate for
the loss in aerosol collection efficiency (plate-out,
diffusion path) caused by the presence of the
barrier. The operating thermophoretic temperature
gradient may have to be increased by as much as a
factor of two or three.

DISCUSSION

Question (Nantel): What would be the greatest
benefits of using your measuring approach over
the others? Is It faster, cheaper, more
accurate?

Answer: The conventional type of personal
dosimeter depends on the performance of the pump.
In most cases, the reliability of the pump is not
very good. In the case of thernophoretlc
collection, the temperature can be regulated by
means of a temperature controller which can easily
keep the desired point within one centigrade
degree.

Question (Nantel): What hopes do we have to see
this type of radon daughter collection method for
the mines?
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Answer: Theranphoretlc collection way not seem
promising In • personal passive dosimeter due to
•Mil size requirements and the difficulty In
maintaining high temperature gradients. However,
it can be applied to area monitoring systems where
the size is not Halted. Conversion factors
(dpa/'C.cm.HL) can thus be Increased substan-
tially.
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Question (Schery): Would not convection be a
serious problem in practical applications? Would
not convection be significant and vary with
orientation of the plates?

Answer: Convection deposition 1* important In the
•ine atmosphere where the deposition depends on
the orientation of the dosimeter. However, in
order to eliminate this effect, a diffusion
barrier has to be placed around the dosimeter.
If we place such a barrier around the dosimeter,
Che temperature gradient has to be Increased two
or three times to compensate for the decrease In
collection efficiency due to plate-out on the
barrier. This brings the operating temperature
gradient to, approximately, lOOOCVcm.

Question (Blgu): We have conducted a great deal
of research on plate-out related problems. Using
•Mil metal disc* placed on the walls at our
Radon/Thoron Test Facility and with concentra-
tions of about 0.1 to 0.3 WL we can easily Measure
a few hundred alpha particle counts In a 5 mln.
period after removal of the discs from the
chamber. This is quite a "high background" which
Is Independent of your thermophoretic experiments
and that undoubtedly will greatly Interfere with
your results. Have you taken Into account
plate-out effects on your experiments and. If so,
how?
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Auuwer: Before actual theraophoretic collection)
(i.e., where no heat Is applied to the collector)
u-tivicy •easureaents were conducted to determine
ihe "plate-out background".

(Scott): What do you think 1* the reasoa
f->v the difference In collection rate between ZnO
m a carbon aerosols?

\re the size distribution* significantly
Ji rferent?

•\ii.-.uer: In the free molecule and contlnuua
;n,\ioa, the thermal velocity Is independent of
i.:icicle size. A physical property, naaely the
: tiii mal conductivity of the aerosol, plays an
impurtant role In deteralnlng the thermal
•• i.icity.
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1.0 INTRODUCTION

Uranium mine and mill workers are exposed to
external gamma and beta radiation fields as well
as receiving Internal exposure. tn the past the
average uranium content of ore found In Canada and
the United States has ranged from 0.1Z to 1.0X
U 30 g. In regard to mining these ores, the Federal
Radiation Council In 1967 noted that while it ts
unlikely that uranium miners would be exposed to
external whole-body radiation doses In excess of
the guideline level of S rem per year, "In mining
occasional high grade ore pockets (5 percent or
greater U^Og) external radiation levels may
necessitate limitation of personal exposure. Beta
radiation Intensities near broken ores may be
higher than gamma intensities by a factor of 10,
but are of relatively minor importance as an
external radiation hazard under mining
conditions." (FRC 1967). With the development of
high-grade ore bodies, with average ore grades of
IX to 5Z U3Og or greater, a re-evaluation of
external exposure conditions to be found in
uranium mining was considered appropriate. Mill
workers can also be exposed to elevated gamma and
beta fields arising from uranium concentrates.

A previous paper (Chambers et al 1981)
presented Information useful In evaluating worker
exposure to external gamma radiation during the
mining and milling of uranium bearing ores. This
paper provides easy to use techniques for
evaluating beta radiation fields arising from the
mining and milling of these ores.

A recent proposal by the Atomic Energy Control
Board of Canada (AECB) to amend the regulations
limiting exposure to ionizing radiation (AECB
1983) provides added incentive for the present
review. In particular the AECB has proposed that
the "ALARA" concept be Incorporated in the
regulations, namely that "every licensee shall
establish, Implement and maintain procedures
designed to maintain doses of radiation as low a*
reasonably achievable, social and economic factors
being taken Into account". On the other hand, the
AECB notes that the risk of a fatal skin cancer Is
"negligible compared with the risk of fatal cancer
In other organs, and this is the reason that no
weighting factor for the skin Is specified for the
purposes of determining the effective dose
equivalent". However, the AECB recommends a
weighting factor of 0.01 if there ts a need to
assess detriment from exposure to the skin.
Sevcova et al (1978) reported an observed
increased frequency of basal cell carcinoma of the

skin in uranium miners and hypothesized that this
nay be due to external alpha irradiation from
radon daughters. For comparative purposes the
present paper examines the potential contribution
of beta radiation dose to workers arising from
contamination of the skin surface by dust in
uranium mines and mills.

2.0 CHARACTERIZATION OF BETA RADIATION FIELDS

Calculations for three sources of exposure are
presented: exposure from material deposited on the
skin; external exposure from immersion in
contaminated air; and external exposure from
uranium bearing material. Three types of sources
will be considered: ore; tailings; and refined
U3°8 (yellowcake):

Ore: The ore is assumed to contain U-238 and U-
23S with the daughters being In equilibrium with
the respective parent nuclei. As a conservative
assumption, Rn-222 and its short lived daughters
are also assumed to be present In equilibrium with
U-238. Typically, 20-30Z of the Rn-222 would be
emanated and lost to the atmosphere. Thus the
assumption of equilibrium will overestimate the
beta fields by perhaps 152.

Tellowcake: After refining, the yellowcake is
assumed to contain only uranium plus any residual
daughter products which may escape the refining
process and which are assumed, in this paper, to
be negligible. The short lived daughters Th-234
(half-life - 24.1 d) and Pa-234m (half-life - 1.17
m) will build up over time. "Fresh" or newly
refined yellowcake, contains uranium relatively
free of the decay products of U-238 and thus
produces no beta radiation; "old" yellowcake which
contains uranium, Th-234 and Pa-234m is a beta
emitter. The activity of Th-234 (and thus Pa-234m)
will accumulate with a half-life of 24.1 d to
reach equilibrium with the U-238 in approximately
six months.

Tailtags: Since tailings material is assumed
to contain all the daughter products In the same
equilibrium as the original ore, the exposure
rates will be the same as for ore. However, this
will hold true for njw tailings material only,
since the first two daughter products of U-238
(Th-234 and Pa-234m, which account for a
significant fraction of the exposure rate) will
decay away over a relatively short period of time
based on the Th-234 half life of 24.Id.
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The presence o£ beta emitcIng radlonuclides in
the various types of source Is given In Table 1.

TAIU 1
HtESENCE OF 1ETA EMITTERS tX SOURCE TtPE

EalCtlnl
NucltdM ha l f - l i f e '

kadloiwclldaa Frutnt

ore t a i l i n g ! fr«th UjOg old

U-238 Chain

Th-234
P.-234.
Fb-214
Bl-214
fli-210
11-210

U-235 Chain

Th-231
Ac-227
fb-2U
11-211
Tl-207

24.1 d x x
1.17 « s x
26.8 • x x
19.7 a x x
21 y x x
S.OI d x x

25.5 h x
21.6 y x x
36.1 a x x
2.15 • x x
4.7» a x x

Notu: 1. Data fro* U.S. mill, 1170.
2. Natural U cgncaUa « . 3 t U-23S, 0.71 U-235

3.0 ESTIMATION OF BETA DOSE RATES

Deicrlptlon of Radiosensitive Tissue

The International Coaaisslon on Radiological
Protection (ICRP 26, 1977) recoaaends that skin
doie c a l c u l a t i o n s be Bade using the assumption
that the rad iosens i t i ve t i s sue ( i . e . the basal
layer) l i e s at a depth of 70 ua below the skin
surface. Therefore, a depth of 70 un has been
assuaed in this paper.

Surface Contaalnatlon

The equation used to calculate skin dose rates
as a r e s u l t of the deposi t ion of radioact ive
• a t e r l a l on the skin surface i s (after Carter
1983):

D-2.89xlO~\iEVux (aGy h~lBq"lca"z)
where:
u - 18.6/(Eo-0.036)1 > 3 7 ca2g~
E • aean beta energy in HeV
Eo - aaxiaua beta energy in HeV
x • 0.007 cm

Values for E and Eo were taken froa the
literature (U.S. DHEW 1970).

Using the above equation with the beta ealttcrs
noted on Table 1, Che f o l l o w i n g dose rate
equations were derived.

0.084 «Cy/h per ngU/ca for ore or tai l ings dust

0.024 aGy/h per agU/ca2 for yellowcakc

or

0.072 aGy/h per 100 ag/ca2 of 1% ore dust

0.02 aGy/h per ag/ca2 of yellowcakc dust

These are p lot ted on Figure 1 for various ore
grades (XÛ Og) and for aged ycllowcake.

FIGURE I

SKIN DOSE RATE
M. SURFACE SKIN CONTAMINATION

CCMTAMINATtON LEVEL (*g/cm*|

I—erg ton In Contaainated Air

The external exposures to the skin froa
airborne beta act iv i ty are calculated froa the
dose rate conversion factors given by Kocher and
Eckeraan (1981).

Using the presence of beta ealt ters shown In
Table 1, the following dose rate equations were
derived:

S.9 x 10-9 aGy/h per ugU/a3 of ore or ta i l ings

dust

2.4 x 10~9 aGy/h per ugU/a3 of ycllowcake dust

or

5.0 x 10~9 aGy/h per 100 ug/a3 of IX ore dust

2.0 x 10"9 aGy/h per ug/a3 of ycllowcake

These arc plotted in Figure 2 for ores of
various grades and for yellowcake.

External Exposure

The external exposures resulting froa working
in the vicinity of an ore face, tailings pile or
unshielded ycllowcake source were calculated using
a aodlflcatlon of the dose rate conversion factors
froa Kochcr and Eckeraan (1981) (which were
calculated only for surface contaalnation). The
radioactive Material is assuaed to be an Infinite
plane source. The calculations arc for I m froa
the source and for exposed parts of the worker
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(i.e. face and hands). The calculated dose rates
are:

0.032 mGy/h for 1% ore or tailings

1.7 tnGy/h for yellowcake.

As noted above, these estimates are for a
distance 1 in from the source. Attentuation of
beta rays by air r e su l t s in an exponential
decrease in the beta ray flux. Thus work carried
out at distances closer than Ira from these
sources would result in a much-̂ fiigher beta dose
rate (such a situation cou.J'tfbe envisaged for a
field mechanic working oa^a vehicle with surface
contamination). ,r

FIOURE 2

SKIN DOSE RATE
vs. AIR CONTAMINATION

mGy/h. This can be compared to a contact gamma
dose rate of approximately 0.045 mGy/h (Chambers
et al 1981), or about a factor of 2 lower than the
beta dose rate.

Recent measurements (2 series) on uranium ore
using a hand held survey meter provided the
following limited information concerning actual
beta dose rates:

Table 2: Beta Dose Rates (mGy/h x 10Z)

Distance
Nominal value
of Ore
3.52 UjOg Contact

Series 1

Series 2

9/9.6

7

* measured/estimated

1 m*

2.5/3.2

3/3.2

5 m

-

nil

These data are generally consistent with the
foregoing discussion.

4.0 DISCUSSION

U t t i n g e t a l (1981) , r e p o r t i n g on an
i n v e s t i g a t i o n of personnel beta and gamma
dosimetry at a high grade uranium mill , indicated
that the ra t io of skin to whole body dose i s
unl ikely to exceed two to one. For comparison
purposes, we calculated the contact beta dose rate
for ore and compared i t to the contact gamma dose
r a t e for the same s o u r c e . For ease of
ca lcu la t ion , the beta ray spectrum was divided
into five energy bands, each with a mean average
energy and a corresponding average maximum energy.
Using these data and a procedure outlined by Evans
(1955), the exponential attenuation of the beta
ray flux in a i r was estimated as a function of
distance as shown in Figure 3.

To a f i r s t approximation, the beta ray dose
rate is reduced by about a factor of 3 at a
distance of 1 m. Consequently, the contact beta
dose rate for ore containing 1% UjOg is estimated
to be in the order of 3 x 0.032 mGy/h « 0.096

FMME 3

•ETA MIT ATTENUATION IN AM

OtSTJUKE (cm I

The proposed new dose limit for skin and
extremities is 500 raSv per year (AECB 1983).
Assuming a worker were stationed about 1 m distant
from an ore face (or stockpile), exposed portions
of the worker's body would be exposed to beta
radiation at about 0.032 mGy/h. For the extremely
unlikely situation where a miner was exposed at
0.032 mGy/h for a ful l working year (1800 h), he
would receive about 122 of the annual dose limit.
Although such an extreme situation is unlikely, i t
is not Impossible that with higher grade ores this
mode of exposure night be the Uniting factor in
some circumstances.

The calculations also suggest that if the
miners' exposure to beta radiation fields were to
be incorporated in a calculation of the worker
radiat ion detriment, beta radiat ion would
contribute, for 1% ore, at most 1.22 the total
detriment (using the weighting factor of 0.01
noted previously and total body Unit of 50 mSv).

For a l l practical purposes, the beta fields
associated with fresh yellowcake should be very
snail since only a trace quantity of beta emitting
radionuclides would be present (see Table 1).
However, in the event i t were necessary to handle
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aged yellowcake (eg. if re-drwnraing were required)
the beta f i e l d s could be subs tant ia l (about 1.7
mGy/h) and appropriate protection measures would
need to be taken.

Skin dose v ia skin contamination can also, be
estimated. For 1% ore, the beta dose from surface
contamination was estimated to be 0.072 mGy/h per
100 mg of ore dust per cm of skin. On t h i s
basis, and assuming 1 raGy = 1 mSv the maximum skin
contamination l eve l can be estimated as

(500 mSv per year)/(0.072 mGy/h x 1,800 h/y per
100 mg/cnr)

2 2
= 390 mg ore dust/cm ot approximately 43 Bq/cm

of uranium-238 per cm .

For aged yellowcake, the equivalent value would
be about 14 mg/cm , or about 170 Bq/cm2.

We are not aware of any measurements of actual
skin contamination l e v e l s for uranium miners.
Sevcova et a l (1978) indicate that basal c e l l
carcinoma may result from cumulative doses above
1000 rem or 10 Sv. For U ore, a thin layer of
orii dust on exposed skin surfaces would contribute
about 0.072 mGy/h per 100 rag of dust per cm ,
Thus for a skin contamination of 100 mg/cm of
dust a miner would have to work (assuming 1 raSv -
1 mGy) 10 Sv/(7.2 x 10"' rem/h) - 1.4 x 105 h or
some 70 years , a most u n l i k e l y s i t u a t i o n indeed.
On the o t h e r hand, a 100 mg/cm l a y e r of
yel lowcake dust (2.0 mGy/h) or 10% ore (0.72
mGy/h) would result in a much larger dose.

5. CONCLUSIONS

Several conclusions are apparent. First , the
beta dose from immersion in airborne ore dust i s
i n c o n s e q u e n t i a l compared to other p o t e n t i a l
sources of beta exposure.

Second, while the beta doses are l ike ly to be
very small for ore grades in the order of 1% Û Og,
or l e s s , i t is appropriate to ensure that skin
dose from beta exposure to certain designated
worker categories, such as yellowcake operators or
f ie ld mechanics, be maintained at suitably low
l e v e l s . At higher ore grades beta radiation i s
potential ly a more significant concern. Such
potential exposures can be evaluated with data
presented in this paper combined with estimates of
where workers spend their time and knowledge of
workplace activities.

Under extremely conservative situations, the
detriment from an extended source of beta
radiation, ore containing about 17. Û Og, is only
a small fraction of the total permitted (50
mSv/yr). However, beta radiation exposure
potential ly becomes increasingly important at
higher ore grades.

Finally, although not considered explicitly in
this paper, protection of the eyes from beta
radiation is most important as energy is deposited
primarily in the surface area (about a 30 urn
depth) and could pose a danger to the lens of the
eye. Safety glasses (plastic or glass) with
lenses more than about 3 mm thick will absorb the
beta radiation from uranium ore and provide a
suitable degree of protection.
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DISCUSSION

Question (Cooper): Is the beta radiation dose
significant in inactive mines or areas where
ventilation is shut off and high radon daughter
concentrations are present?

Answer: Unfortunately I have taken no measure-
ments. However 214Pb and 21*Bi do
contribute to the beta fields. The nonographs in
the paper assume that airborne dust contains all
uranium daughters including radon daughters in
equilibrium. However beta dose fron short-lived
radon daughters alone cannot be calculated
directly from calculations presented in the
paper.
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Question (Bush): I can confirm that the AECB does
not intend that skin dose be included in
calculations of effective dose equivalent. The
use of a weighting factor of 0.02 would imply an
annual limit of 5 Sv for the dose equivalent to
the skin, if the skin was the only part of the
body to receive a dose; but skin dose is in fact
limited to the more restrictive non-stochastic
limit of 0.5 Sva"1. The weighting factor of
0.01 which was included in Consultative Document
C-78 but not in the proposed regulatory amendments
in C-47, is probably not relevant in uranium
mining, but may be of use for estimating the
radiological detriment to large groups of the
general public exposed, for example, to
radioactive gases from nuclear reactors.

Answer: Mr. Bush's response is helpful in
understanding the intentions of the AECB. The
calculation for "detriment" from beta radiation
was included for illustrative purposes only. 1
agree with Mr. Bush that for uranium mining this
aspect may not be relevant.
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ABSTRACT

This paper describes the main features of VENTRAD, a
computer program which models radon-related contam-
ination in mine airways. Used in conjunction with a
conventional mine ventilation network analysis program
which establishes a flow distribution, the program
clearly illustrates a number of features concerning
radon-related contamination which are not obvious from
the application of radon growth theory to individual
airways. The inter-relation of contamination levels in
various airways under different ventilation strategies
may be studied. It is possible to simulate point sourc-
es of contamination and the effects of leakage and
short-circuiting of air currents.

THEORY

Radon gas is produced by the radioactive decay of
radium, itself a decay product of uranium. Radium has a
long half-life of 1622 years and thus acts as a constant
source of radon which has a relatively short half-life
of 3.82 days. Radon is the only gaseous element in the
uranium series and, on reaching this stage in the decay
chain, radioactive elements are able to escape from the
host rock and enter the atmosphere.

The decay of radon into its next four successive
daughter products is illustrated in Figure 1. These
radioactive daughter products may become trapped in the
human respiratory system where they constitute a health
hazard due to the ionizing alpha radiation associated
with their decay.

226r

222

a.
ffi 218

COen< 214-

210

206

Rn222
3.82d

RaA_
(Po2l8)
3.05m

Pb2l4) -» B2I4)
RaB

26.8m

RaD .
(Pb2IO)
22yr.

Mev

RaC

19.7m

RaC
P2l4
164/is

5.48 Mev

SHORT-LIVED
DAUGHTERS

769 Mev

81 82 83 84 85
ATOMIC NUMBER

86 87

Concentrations of radon daughter products are meas-
ured in working levels (WL). One working level is
defined as any combination of the short-lived decay
products of radon in 1 litre of air that will result in
the ultimate emission by them of 1.3 x 105 Mev of alpha
energy. Radiation exposure is expressed as the product
of working levels and time according to Rock and
Walker1, the recognized unit being the working level
month (WliM). In Canada, the Atomic Energy Control
Board has specified a maximum permissible annual occu-
pational exposure as 4 KLM. For this reason, radon
daughter concentrations of less than 0.33 WL are gener-
ally considered acceptable.

To calculate the growth of working levels in ini-
tially pure radon, decay product concentrations must be
calculated for different air 'ages'. This involves the
determination of the number of atoms of each daughter
product per unit volume, along with their corresponding
activities. Such calculations, as described by Evans2,
give rise to the characteristic working level growth
curve shown in Figure 2.

FIGURE 1: RADON SUB-SERIES

0 20 40 60 80 100 120 140 160
TIME IN MINUTES

FIGURE 2: WORKING LEVEL GROWTH IN INITIALLY PURE RADON

Between times of 1 and 40 minutes, the working level
growth resulting from a constant radon source may be
approximated to within 5% by the expression:

WL = K.Co.t"''5 (i)

K = proportionality constant

= 6.216 x 10*' WL.mVCBq.min11'")

Co = initially pure radon concentration (Bq/m3)

t = time in minutes

The amount of radon produced is directly related to
the grade of the ore. However, only a small proportion
of the radon produced is able to escape from the rock.
To get into the atmosphere, radon ions must first
escape from the mineral grains into the pores of the
rock and then migrate through the pore structure to the
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rock surface to reach the atmosphere. In the absence of
any transport mechanism, such as movement of air or
water through the pore structure of the rock, migration
is governed solely by diffusion.

Radon diffusing from a rock surface, such as the
wall of a drift underground, is characterized by the
emanation rate which is defined as the activity of
radon per unit of surface area per unit of time. The
emanation rate may be measured in the field or may be
estimated from laboratory measurements of emanating
power and poros ity.

Emanating power refers to the activity of radon per
unit of volume per unit of time.

Quantities of radon entering a mine atmosphere can
be calculated from suitable values of these parameters
together with the relevant rock surface areas and bro-
ken rock volumes. Other sources of radon in an under-
ground mine include water inflows, hydraulically placed
backfill, and poorly sealed stoppings.

Working levels, of course, are related to the activ-
ity of the daughter products of radon. To appreciate
the growth of the radon daughter concentration as
radon-laden air moves through a mine, it is useful to
consider three different radioactive components.

• The initial radon daughters present with concen-
tration, WL,.

• The daughters that result from the decay of the
initially pure radon concentration, Ct.

• The radon daughter contribution which grows from
pure radon that diffuses from the rock into the
mine.

The initial daughter concentration, WLa, decreases

at a rate related to the mixture of nuclides present.
At a given starting point, the equilibrium ratio, Er,
between radon and its daughters may be given by:

Er = 3700 WL0/C, (2)

If G represents the approximate radioactive age of
the air in minutes at the given starting point, G may be
substituted for t in equation 1. Combining equations 1
and 2 gives:

G = (43.48Er)l'"st (3)

The fractional decrease in WL0, F, after a certain

travel time, T, may be expressed as:

The resultant working level component, WL2, due to

the initially pure radon component of the air, will be
given by:

6.216 C,.T<<§ (7)

Assuming a uniform emanation rate over a tunnel sur-
face, the diffusion of radon into the air may be
depicted as shown in Figure 3. The radon concen-
tration, dC, added to a small element of air travelling
down the tunnel, in a time, dt, will be given by:

dC = Js.(P.dx).dt/(A.dx)

where P = perimeter of the walls
J = radon emanation rate (Bq/(m2s))
s
A = cross-sectional area

P.dx = rock surface area of the tunnel

A.dx = volume of air element

J (Bq/(m*s)>

• • *

(8)

km*
DISTANCE OF
AIR TRAVEL

TIME OF AIR
RESIOENCE — T-

CROSS-SECTIONAL PERIMETER' P (m )
CROSS-SECTIONAL AREA > A(mz)

FIGURE 3: TUNNEL CONCEPT

The ultimate radon daughter concentration, WLj, due

to diffused radon, may be determined by combining
equations 1 and 6, and integrating over the travel time
in the tunnel:

/(Js.P.K.t""/A) dt

^.P.K.T^'Vd.SS A) (9)

F = (WL
( G + T )

(4)

where WL_, = fractional WL that would have grown in air

by time T.

to:
By using equation 1, equation 4 may be approximated

F = {(G + T ) o - " - T° -")/G' - I (5)

Thus, the working level component remaining, WLi,

due to the initial radon daughter concentration, will
be given by:

WL! = F.WL0 (6)

The total amount of radon added. C , may be obtained

by integrating equation 8 directly:

(JS.P/A) dt

j .p.T/A
S

Bq/m' (10)

If the different sources of diffused radon of an
excavation are now considered, the total emanation, E ,

will be given by:

E • 1 J,,S, Bq/s

where J. = emanation rate of source 1

S. = surface area of source i Cm1)

(11)
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If each of these sources is considered as running
along the whole excavation length, X,

Js = Es/(P.X) (12)

Hence, by substitution into equation 9:

WL3 = E .K.Tl""/(l-8S A.X)
s

or WL3 = K.E .T
1-"/(1.8S V) (13)

s

where V = excavation volume.

Equation 10 may be similarly modified to:

C = E T/V Bq/m3 (14)
a s

Thus, the total radon daughter concentration at a
particular end point will be the sum of equations 6, 7,
and 13.

As pointed out by Cooper and Turcic1, these
relationships are based on the assumptions that the
activity of radon does not decrease during the period
considered, and that the radon and all resulting daugh-
ters remain suspended in air. (i.e. There is negligible
plateout.)

PROGRAM DESCRIPTION

A computer program has been written according to
this scheme, to simulate the growth of radon daughter
concentrations through a mine airway network. The pro-
gram, VEOTRAD, is written in FORTRAN IV and can be used
in conjunction with a standard mine ventilation network
analysis program which establishes the airflow distrib-
ution. Alternatively, the program can be run on any
sub-set of connected branches with a given flow dis-
tribution. A simplified flow sheet of the VENTRAD pro-
gram is shown in Figure 4.

Three sets of input data are required by the pro-
gram. First, the beginning and end nodes must be speci*
fied for each airway of the network, along with its
length, cross-sectional area and airflow rate. Since
the output from a ventilation network analysis program
may have negative flow values, the input structure for
VENTRAD tests for this condition and reverses the node
order and airflow sign where a negative flow is
encountered.

The second set of input data concerns airways with
initially known concentrations of radon and radon
daughter products. These concentrations are specified
together with their respective nodal locations. If a
full mine circuit is being simulated, the contaminants
in the intake air would be set to zero in this manner.
For a sub-set of airways, initial conditions may be
specified.

The final set of input data, concerning radon ema-
nating characteristics of airways, is ultimately stored
in a three-dimensional array. For each airway, pairs
of values of the emanating surface area and the ema-
nation rate are specified. This allows for the differ-
ent components of radon entry into any one airway. For
instance, in a seam type deposit, the walls of a drift
may be in ore while the roof and floor may be in waste.
Additionally, there may be a layer of crushed ore on the
floor which would have a higher emanation rate than a
solid rock surface. This feature is also used for mod-
elling emanations from water streams or muck-piles. Up
to five emanation rates may be specified for each air-
way.

Calculations related to radon daughter growth must
be applied to the airways of a network in the direction
of the airflow. A testing procedure is therefore used
at each junction point which ensures that calculated
radon-related factors are progressively transferred to
airways downstream in the network. Working level
growth is first determined in those airways with known
initial radon and radon daughter concentrations.

INPUT FLOWRATES /
ANO AIRWAY PARAMETERS /

EJ-END NODE
OF AIRWAY I

HAVE
ALL AIRWAYS
LEADING TO EJ
BEEN DEALT WITH

DISTRIBUTE WL a C VALUES
TO AIRWAYS OFF EJ

^SUBROUTINES
WORKL )

• LAST AIRWAY CONSIDERED

FIGURE 4: SIMPLIFIED FLOWCHART OF VENTRAD PROGRAM

If all the airways entering a junction have not been
dealt with, the program returns to a previous junction
and repeats the test. However, if the working level
growth has been established in all of the airways lead-
ing to a particular junction, then the airways leaving
this junction are ready for working level growth deter-
mination.

A weighted average of the final radon and radon
daughter concentrations in each of the entering airways
is determined according to the respective branch flow
rates. These values become the initial parameters for
all airways leaving the junction. A logic switch keeps
track of airways which have been calculated.
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Recirculation Loops

The above procedure will solve a straightforward
circuit in a single pass. Special techniques are need-
ed to handle recirculation loops, of which two types
may be defined, respectively termed 'simple' and 'com-
pound '.

A simple recirculaiion loop consists of a single
closed path with the air flowing in the same direction
throughout the loop. A compound loop is indicated if
any branch is common to two or more simple recircu-
lation loops. In practical terms, such conditions can
only exist in paths containing fans or sources of
natural ventilation pressure. In the ventilation of
uranium mines, recirculation is to be avoided since the
longer residence time of the recirculating air leads to
increased growth of radon daughters. Nevertheless,
such situations can and do occur and the program should
be capable of determining the effects of recirculation.

If it encounters a loop, the node search algorithm
will cycle indefinitely in its attempt to find a junc-
tion with all entering branches evaluated. To prevent
this, s check-list is maintained of the nodes visited
in the search since the last successful evaluation. If
a node already on the check-list is encountered again,
a r«circulation loop has been identified.

The newly found loop is traversed once more to check
for other unevaluated entering branches. If none is
found, the loop is a simple one and may be evaluated by
starting with initial values of zero at one of the loop
branches and iterating around the loop until the final
radon concentration at the end of a selected test
branch reaches a steady state. During this process,
the parameters of the branches entering the loop at any
junction are known and remain constant. These parame-
ters are weighted together with the corresponding loop
branch parameters which increase with each iteration.
Branches leaving the loop are not calculated until
steady state has been reached. After a simple recircu-
lation loop has been evaluated in this manner, normal
junction processing can continue.

If a second rccirculation path is found during the
check traverse of the first one, a compound loop condi-
tion is indicated. This requires a completely differ-
ent approach. All tho remaining unevaluated airways in
the system are calculated in turn using all entering
airways at each junction whether previously evaluated
or not. This same sub-sot of airways is then repeatedly
evaluated until the radon concentration at the end of
each airway has ronchnd a steady state.

Programmatically, the algorithm for dealing with
compound loops, once they have been found, is extremely
simple. This technique could, of course, be used for
the whole network. Tests on a network with no loops
have shown that both methods give the same results. The
search algorithm, howaver, is much more efficient, par-
ticularly as the network size increases. In addition,
the search method identifies recirculation loops and
prints a message indicating the nodes involved. Once
the program goes into the compound loop solution mode,
however, individual loops can no longer be identified.
Since recirculation is the exception rather than the
rule, most of the processing is usually done with the
efficient algorithm.

Airway Calculations

The growth of the radon daughter concentration in
each airway is determined by subroutine WOKKL. The

necessary calculations are based on equations 2, 5, 6,
7, 11, and 13. The final radon concentration at the end
of each airway is determined by adding the amount of
diffused radon, given by equation 14, to the initial
radon concentration.

The final equilibrium ratio is determined in subrou-
tine WORKL, using equation 2. Air residence times are
also successively summated in subroutine WORKL, giving
the volumetric age of the air relative to when it was
fresh. This quantity is important to consider with
respect to resultant radon-related contamination.

Recirculation loops can be used to simulate leakage
of return air into intake airways. If the leakage flow
is small and the volume of the path traversed is large,
long air residence times can result. Beyond a time of
40 minutes, Evans' empirical equation (equation 1)
diverges from the true working level growth curve
illustrated in Figure 2. Although the Bateman
equations describing the growth of each daughter prod-
uct can be used to calculate the working level after a
time, t, from a given radon concentration, they are not
suitable for finding the age of the air from known val-
ues of working level and radon concentration.

The calculation scheme used in the program to handle
mixing at junctions involves the determination of the
equilibrium ratio between the weighted averages of the
working levels and the radon concentrations from the
contributing airways. From the new equilibrium ratio,
the effective radioactive age of the combined airflow
can be determined from the growth curve. This value is
needed to calculate WLi, the working level component

remaining from the initial radon daughter concen-
tration. As demonstrated in the first section of the
paper, the whole scheme is dependent on the use of an
equation of the form of equation 1, which can be readily
integrated, to represent the growth curve.

To deal with times in excess of 40 minutes, the sol-
ution adopted was to divide the growth curve into three
segments and use regression analysis to fit an equation
of the form,

WL = K.C,.ty

to each segment.

The three regions used were 0-40min, 40-120min, and
120-210min. Values determined for K and y in each range
are shown in Table 1.

TABLE 1: GROWTH CURVE PARAMETERS

K(xl0'6)

6.1533

23.151

137.21

0

0

0

y

.65614

.5004

.1234

0

41

112

t Range

.0 - 41

.45 - 112

.0 - 220

.45

.0

.0

The range values shown in the table reflect the
intersection points between the neighbouring pairs of
curves. If the age is greater than 220 minutes, the
equilibrium ratio is set to unity.
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Subroutine WORKL determines which range the age of
the air is in and selects the- appropriate coefficients
for equations 3, 5, and 7. For equation 13, if the time
is beyond the first range, each of the previous seg-
ments must be evaluated over its appropriate tine
range, the sum of these values giving WLj.

The output data consists of quantities for each air-
way that would be most useful for ventilation planning
purposes.

1. Final radon daughter concentration, WLp

2. Final radon concentration, Cp (Bq/m'j

3. Final equilibrium ratio, (%)
4. Final volumetric age, (min)

PROGRAM USE

At an operational uranium mine, a sub-set of the
network was identified that was amenable to modelling
using the VENTRAD program. This network consisted of
primary airways stemming from a main air intake raise.

In this network, some of the pairs of nodes did not
represent the beginning and end of actual airways, but
were included to allow the simulation of radon influxes
not derived from normal diffusion.

Some equivalent airways were also included, in order
to represent hypothetical stoping blocks. The data for
such equivalent airways were derived from detailed test
work performed by the Queen's University Mining Engi-
neering Department* on a particular mining zone.

Flow rate values were derived from routine venti-
lation taeasureaents, as well as from network analysis.
Airway lengths, cross-sectional areas and rock surface
areas were determined from mine plan measurements, pho-
to-profile measurements, and known ore thicknesses.

Radon emanation rates were the least well defined of
the parameters involved. It was therefore decided to
vary the emanation rates of the various airways, with
numerous runs of the program in an attempt to attain
calculated working level values similar to the radon
daughter concentrations actually measured underground
by the modified Kusnetz method.

The results relating to one region of the modelled
network, which are discussed in detail here, demon-
strate the capabilities of the VENTRAD computer pro-
gram. Initial estimates of emanation rates were based
on results of previous testwork carried out by Queen'•
University. The emanation rate for in-situ ore was
found to be about 0.26 Bq/(m's). Assuming a typical
thickness of ore on the floor of 15 cm, the resulting
emanation rate was approximately 0.47 Bq/(m*s).

The flow rates involved with the network vary quite
substantially over periods of mouths owing to mine
development progress and seasonal changes. Two sets of
flow rates were therefor* used to modal this network.

Emanation rates of 0.44 Bq/frn's) from the floor and
backs, and 0.74 Bq/fm's) from the ore on the floor were
assumed for nearly all of the airways, as the respec-
tive initial values of 0.26 and 0.47 Bq/(m*s) proved
far too low to yield realistic radon daughter concen-
trations. The values of emanation rates from the tun-
nel walls were then adjusted individually for the
different airways in order to obtain a reasonable cor-
relation between calculated and measured working level
values.

The finally modelled values of radon and radon
daughter concentrations in the example network are dis-
played in Figure 5. The corresponding values of volu-
metric ages and equilibrium ratios, for the same area,
are displayed in Figure 6.

0.
i)(2400)

X032 FLOW DISTRIBUTION (a)

(41

MEASURED WL
^O032- CALCO, Wt

0-03̂ 5J)<990) C0NC.. Bq/m*
^ ^ NO.
'70 -

• W V — MINING ZONE

FIGURE 5: WORKING LEVEL AND RADON CONCENTRATION
RESULTS FOR TEST NETWORK

As may be observed from Figure 5(a), a fairly good
correlation with the measured working level values was
obtained. The tunnel wall emanation rates finally used
were approximately 3 Bq/(mIs) for all the airways lead-
ing from node 20, 6.3 Bq/(izi*sJ for the airway feeding
node 20, a very low emanation rate of 0.26 Bq/(m*s) for
airway 23-25, and an extremely high emanation rate of
9.25 Bq/dn's) for airway 23-24.

Figure 5 clearly shows how radon and radon daughter
concentrations become reduced with increased flow
rates. This is due to reduced air residence times which
limit the growth of radon daughters and allow more
dilution of diffused radon. The radon concentrations
were mostly in the 550-950 Bq/m1 range, with equilib-
rium ratios trending in the same fashion from 7 to 15%.

At node 22, the decreased flow rate caused an
increase in radon and radon daughter concentrations.
However, at the beginning of the feed airway, node 20,
these concentrations were reduced owing to the greater
incoming air flow rate. These results show that, in
some situations, a particular node's radon-related con-
tamination may be more dependent on its immediate air
Inflow rate than on the contamination of previous
areas. This effect would not be directly observable
with application of working level growth theory to
individual mine airways.
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For the hypothetical mining zone between nodes 24
and 37, the effect of nore than doubling the flow rate
reduced the air residence time by 24 minutes. This led
to a 705. reduction in the final working level value and
a 50% reduction in the final radon concentration.

FLOW DISTRIBUTION to)

Er.%
.VOLUMETRIC

NOOENO.

•70 — FLOWMTE. m'/«

-<VW-—MINING ZONE

FIGURE 6: AGE AND EQUILIBRIUM RATIO RESULTS
FOR TEST NETWORK

A not»bl« effect was observed in conjunction with
the hypothetical mining zone between nodei 21 and 36.
The flow rate into the zone was slightly reduced, which
normally leads to an increased radon-related contain-
inatlon. However, the final contamination at node 36
was actually reduced. In this case, the lower incoming
contamination to airway 20-21, in going from the flow
(a) to flow (b) distribution, had store of an effect than
the actual flow rate reduction itself.

Many of the modelled emanation rates were far higher
than values indicated from previous laboratory analysis
and underground testwork. It would appear most likely
that this was due to inaccurate rock surface area
determination, due to factors such as wall roughness
and large cracks, which cannot be accounted for from
mine plans.

In order to fully validate any models produced by
the program, a small network would have to be analysed
in detail, with accurate monitoring, to determine radon
daughter concentrations, and laboratory analysis to

fully evaluate emanation rates. By modifying values of
emanating areas to produce a satisfactory model, it
could well prove feasible to derive relationships
between the tunnel cross-sectional area and the emanat-
ing surface area for various tunnel orientations, to
account for jointing and slabbing effects. Models for
a more extensive network at the same mine could then be
built up. The VENTRAD program could then be employed to
assess numerous factors involved with radon-related
contamination for various alternative ventilation
arrangements.

The program could also be of great value in
tracing the cause of abnormalities in routinely meas-
ured radon-related parameters. If these abnormalities
were due to isolated influxes of contaminated air, the
program would allow an estimation of both their magni-
tude and nature.

CONCLUSIONS

The VENTRAD computer program allows the simulation
of the growth and decay of radon-related contamination
in the air of a mine ventilation network. Use of the
program gives a clear appreciation of the effect of
flow rate on radon-related contamination. The
inter-relation of contamination levels in different
airways may also be clearly observed, a feature unat-
tainable with the application of conventional radon
growth theory to individual mine airways.

In addition, hypothetical leakages of contaminated
air into mine airways may be simulated, drawing atten-
tion to the effects of such influxes on the ensuing air
condition. A good appreciation may also be gained of
the significance of other radon-related parameters
involved with networks, besides the working level val-
ues that are routinely measured.

If models produced by the program could be fully
validated, decisions involved in ventilation planning
with respect to radon-related contamination could be
made on a firm quantitative basis. The program could
also be of great value in tracing the causa of abnor-
malities in routinely measured radon-related parame-
ters.
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DISCUSSION

Question (Thoapkins): Dr. Notley Is to be
complimented on supplying the Industry with •
valuable tool for assessing the Banner In which
radioactivity increases In the nine ventilation
system. As all the factor* in the problem
constantly vary with changing mine conditions It
vill take soae tl«e to learn how to use this tool
properly. The Ideal would be to monitor all the
nodes simultaneously, which may not be physically
or economically feasible in all Mines. Therefore,
It will be necessary to study what compromises
with the ideal sampling method can be tolerated so
that the computer can be used successfully. Of
all the component* In the air, the most useful one
Is the radon concentration of the air for the
successful control of the radioactivity. If
sources of radon can be Identified then the means
to control these sources can be simplified.

concentrations. Also, no thoron is indicated. In
fact we can have fairly good agreement with WL but
strong disagreement with the decay product
concentrations and disequilibrium ratio. Do you
have any thoughts on the subject?

Answer: I was expecting precisely this question
on model predictions from you. No, we have not
compared the model predictions with individual
radon daughter concentrations, nor has a computer
program yet been written by us taking thoron into
account.

Answer: This is more of a comment than a
question. However, I agree with Professor
Thompklns that a. tremendous amount of field work
Is required to obtain valid Input data. The radon
concentration in the air Is, of course, one of the
parameters tracked by the program.

Question (Ferdinand): What considerations are
taken into account for such non-static operation*
•• train traffic (when the pressure gradients
change, resulting In a decrease in air flow) and
also In mining activities such as skipping and
cage operation?

Answer: The program described in the paper models
eteady state condition* only. The transient
effects caused by moving vehicles would require a
completely different approach. These effect*, if
they can be defined adequately, could be
superimposed on our model if the net result can be
interpreted a* an Increase or decrease In the
radon concentration in the air at defined points.
However, to paraphrase Aristotle, I would caution
anyone agalnat looking for more precision in this
topic than the nature of the subject admits.

Question (Ugu): The theoretical values quoted In
your paper seem to agree remarkably well with your
experimental measurement*. In the Golden
(Colorado) Conference, I presented a study on a
variety of mine model* for radon and thoron and
radon/thoron mixtures. Theoretical data were
compared with experimental data collected In
several underground uranium mines over a period of
more than three years. A revised version of this
work concluded that, on the basis of the
experimental data collected, no model seemed to be
clearly superior to any other. In fact better
agreement waa found in some casee with the less
sophisticated model.

I see that fair comparison it obtained only for
the working level (WL) and not with the more
fundamental variables, I.e., decay product
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ABSTRACT

A microcomputer-based monitoring and alam system
was tested in two active U.S. uranium sines. The
system Monitored radon, radon daughters, air velocity,
air door position, and fan operation. The computer
was programmed to control fans at predetermined times,
after power failures, and when radiation levels
exceeded preset values.

Major problem that occurred during the two tests
were power fluctuation and broken cables. The power
problem waa corrected by installing an uninterrup-
tible power aupply. Cut and damaged cables could be
reduced by better placement and guarding.

INTRODUCTION

The uranium mining industry has a major health
haxard In radiation exposures to its underground
peraonnel. Death of uranium miners from lung cancer
is higher than it is for the general population. The
industry controls this problem by diluting and
removing the radon daughters and with fresh air.
Bloomster (1> reports that ventilation costs for
14 different U.S. uranium mines ranged from $0.38
to $7.55/lb of U.O.. As the mines become larger,
more complex, ana deeper, these ventilation coats
will become even higher. The reduced market prices
for uranium in today's economy and those projected
for the future will not support ever Increasing costs
of this nature. A means to reduce costs and still
improve the working environment must be found.

The U.S. Department of the Interior, Bureau of
Minesi has been inveatigating a monitoring system that
continuously monitors fan operation, air velocities,
radon and radon daughter concentrations, air-door
positions, temperature, humidity, and barometric
pressure and gives alarms when undesirable conditions
exist. Sheeran (3, 4) completely describes the
system. This system can alr.o control fan operation,
both manually (through the keyboard) and automatic-
ally.

The computer-based system prints out shift reports
which give the selected channel shift averages. By
selecting the channels monitoring air velocities and
WL in various location* of the mine, the ventilation
engineer can use these reports to predict future
ventllstlon needs. The dats can also be used to
compare personnel exposure records to average WL
concentrations near the work aites.

FIELD TESTS

Two field evaluations In active mines were per-
formed with the system, one in 1982 (Mine A) end one
in 1983 (Mine B). Mine A operated during the test
on one production shift; Mine B operated with two

shifts dedicated primarily to development work.

The main purpose of the 1962 test was to evaluate
reliability and operation of the system in an active
mine environment. The 1983 test continued to eval-
uate reliability and went on to test specific system
capabilities such as controlling radiation concentra-
tion by automatically activating fans. A description
of each test follows.

Mine A

Mine A is located In southeastern Utah in the
Lisbon Valley uranium area. It produces uranium from
sandstones oi 'he upper Morrison formation. As can
be seen from a portion of the generalized map of the
workings (fig. 1), the mine is complex due to the
nature of the ore and the mining practices used.
Numerous bulkheads were used to seal off work-out
areas.

Ventilation. The mine operated on a push-pull venti-
lation system with surface fans located at one intake
and one exhaust borehole. Entry to the mine was
gained through a decline, which also served as a venti-
lation intake during the test. Secondary fans within
the mine directed fresh air to the working faces.

An escape drift intercepted the mine near the
bottom of the decline and exited through old workings
of an adjacent mine. This drift:, a posted high-
radiation area, was ventilated by a secondary fan
which drew a spill, of intake air from the main. When
in operation, the secondary fan limited the radiation
concentration to between 1 and 2 WL.

Mine power was provided by a utility company.
During the summer, power interruptions occurred fairly
frequently, especially during thunderstorms. These
often shut down fans and allowed radiation concentra-
tions to build-up in certain areas of the mine. The
primary fans were on automatic timers and would auto-
matically restart after the outages. Secondary fans
had to be restarted manually before the Bureau's
system was Installed. When these secondary fan
shutdowns occurred outside the shift, they some-
times went undetected for some time and allowed high
radiation levels to build up, especially in the
escapeway.

Svatem configuration. The system configuration at
Mine A Included five continuous WL monitors, three
pressure monitors, three anemometers, three comound-
able fans, and three fan monitors. The radiation
monitors used a S-mln count period and had their ac
power status monitored by the computer system.
Electronic Interfaces called accessor* were used to
connect the various field devices to the computer.
A dc voltage booster waa installed in the mine to
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FIGURE 1: GENERAL LAYOUT OF NINE A SHOWING VENTILATION AND MAIN WORKING AREA

overcoM U n a voltage loaaaa dua to tha length of
trunk cabla Ufa.

Tha procaaaor waa locatad in tha mine offlea, and
the trunk cabla waa routad from thara Into tha mine.
A battary backup ayatea waa uaad to auataln system
powar through tha fraquant powar bumps, and a powar
conditioner waa uaad to daan up tha ac powar input.
Only ona prlntar waa uaad for racordlng both loga
and alarm-normal avanta.

Evtnt aaquandng programs wara wrlttan to turn on
tha commendable fana, to flash warning llghta, and to
drlva centralized undarground lights that indicated
various alarm conditions.

Shift raporta wara aat up for ganaratlon thraa
times a day, at 0000, 0800, and 1600 houra. Thaaa
raporta conalatad of prlntouta containing avaragad
valuaa for radiation and praaaura such aa tha ona
shown balow:

HAY 26, 1982 16:00:00
8 W.L.#209 (979)
11 W.L.I210 (983)
14 W.L.I211 (EXHAUST)
24 IKTAKI PRESSURE

SHIFT XEPORT
0.2752600 W.L.
0.6307800 W.L.
0.3015480 W.L.
560.00000 m HG

HO OF SAMPLES - 480.

Thasa data wara latar kaypunchad Into tha Buraau'a
computer and uaad In data analysis.

Rasulta. Overall reliability of the system was very
good in this initial test. For the 3-month test
period, vary few problems occurred that Interfered
with data collection or Monitoring. Mine personnel
used the system quite often to check radiation levels
and to monitor and control the fans. Only minor
procaasor difficulties occurred; tha most serious
happened whan lightning daatroyad a main Mine trans-
former near the alne office. The system was turned
off for several weeks afterwards so that a complete
diagnosis could be made of the damage, which turned
out to be very minor.

All of the cosaMndable accaaaors ware Interfaced
to aecondary fana at the fan starters, and switches
wara lnatalled to allow manual as well aa computer
control. The fana worked well with tha system *»
long as these awltchaa were in tha proper position.
Tha miners frequently shut down these fans during
blasting and sometimes returned switches to the wrong
position for computar control. Because of this and
an installation oversight, tha automatic sequencing
program wrlttan to activate the fana after a power
Interruption waa never fully teated.

Radiation data collected In tha ahlft reporta
ahowad atrong correlations between mining activity
and WL concentration. Typically, working days may
be Identified In the data by WL highs, whereas
minimal activity led to lower-level peaks for the
weekends (fig. 2). Barometric pressure data were
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discarded in the data analysis because the averaging
procedure used in this test lacked sufficient
resolution to pick up anything less than gross
pressure trends. To overcome this, a paper tape
punch was interfaced to the system for the next test.

Also, as an experiment, the intake and exhaust WL
concentrations were measured from a working stupe and
recorded on the shift report. A portion of these
data are shown graphed with escape drift WX concen-
tration in figure 2. There was a good correlation
between the stope shift reports and weekly grab
samples taken in the stope by mine personnel over
the duration of the test.

FIGURE 2 :
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SHIFT REPORT TRENDS FROM STOPE
AND ESCAPE AREAS IN NINE A

Mine B

Mine B is located In south-central Utah near the
Henry Mountains area. Uranium In this area Is
mined fro* sandstones of the upper Morrison Formation.
The nine was In development during the test. Two
parallel adits in the side of a mesa provided mine
access, and development work was taking place on
both sides of the adits. A concurrent test run In
Mine B by Colorado School of Mines personnel sought
to determine the relationship between continuous
monitoring and grab sampling results (2).

Ventilation. Mine B (fig. 3) employed exhaust-type
ventilation which used five fans; fresh air was drawn
tn through the portals. An air door was used to
force air to the west intake branch so that the
advancing face could be ventilated. The main
ventilation areas of interest to the test were at
vcntholes 1,4, and 6, and at the secondary 308 fan.
A low-horsepower exhaust fan, located at venthole 1,
provided negative pressure needed to keep radon from
this sealed developed area from leaking into the
main intake airways. Venthole 4 ventilated a small
development area on the west side, and venthole 6
ventilated several development areas on both the east
and west sides of the mine. The 308 fan was overcast
and was used to draw fresh air to workings on the
east side; this air exhausted at venthole 6.
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FIGURE i: GENERA!. LAYOUT OK MINE B
SHOWING AREAS MONITORF.D

All power at Mine B was generated on site with
diesel engines. Although this power was fairly
reliable, It seemed to contain transients that
caused a processor problem. Consequently, .in
uninterruptible power supply (UPS) system was
Installed that solved the problem.

System configuration. System configuration Included
eight continuous monitors for radon and seven for VI,
all with 10-min count periodB. Six of these monitors
were paired and located together In three places
(areas 1, 2, and 3 on fig. 3), to study the relation-
ship between radon and its daughters. Four command-
able fans were installed at the following locations:
venthole 1, venthole 4, venthole 6, and the 308 fan.
Three secondary fans were monitored for on and
off status, and the air-door position was also
monitored. Five anemometers were located in the
Intake and return drifts.

At the surface, the processor was located in the
mine office with two printers, one for events and
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alarms and the other for log printouts. A paper
tape punch was used to collect the data from trend
logs programmed to punch out every 10 min. A pressure
monitor was located near the processor with raw data
being fed to the tape punch. A time-date accessor was
Installed In the office and was programmed together
with sequences to turn the 308 fan on and off at
specified times.

Event sequencing programs were written to alarm
when the air-door stayed open for more than 2 min,
and also to turn on warning lights prior to automatic
fan startups. Special accessors to display under-
ground alarm conditions were mounted in the probe
shack at the portal; sequencing programs were written
to drive the LED's representing these various alarm
conditions.

Shift reports for Mine B were set up to conform
to their two working shifts and were printed at 0300,
0700, and 1700 hours. Trend logs were printed and
punched on paper Lape every 10 minutes.

Results. Due to circumstances that precluded proper
system maintenance at Mine B, system reliability
had to be graded poor overall. Unlike the test at
Mine A, this test had no person to devote to
fiysten maintenance. As a result, line damage
accumulated to the point that no meaningful data
were being generated by the system. The line damage
was a combination of equipment scrapes and maintenance
crew oversights. Data collected in the initial part
of the test tended to be piecemeal because of frequent
processor stops (later remedied by installation of
the UPS system described above.)

Based on the data collected by monitoring the air-
dour, the mine was able to determine that insignifi-
cant air quantities were lost through the operation
of the dour. Prior to this, they had contemplated
installing .in >iir lock to prevent ventilation
.short-circuits in this area.

Thf 108 cummnndahle fan was successfully controlled
.lutumnttcal ly through n sequence program triggered
by thf time-date accessor. More would have been
done with Fan control, however, soon after Installa-
tion, development work In the area ceased and the
308 ran was disabled.

The coramandable primary fans were used very little
in the tent. They were rewired for fall-aafe
operation after an unplanned shutdown caused by a
shorted circuit in the trunk tine. The fan *t
vcnthole 1 was used to some extent in some ventilation
studies run by mine personnel.

The area at venthole 6 contained an anemometer, a
fan controller, a radon monitor, and a working level
monitor. Data collected from this location (fig. 4)
were used in estimating the quantity of radon released
to the atmosphere. For a 16 day period, radon
emission averaged about 1.1 Ci per day from this
veiitholi.1.

I.SO

CONCLUSIONS

A computer system auch as the one described above
offers many advantages to the uranium mining industry
in controlling the underground radiation hazards.
Its ability to remotely and automatically control
ventilation can save many dollars in electricity, »»

ISO > l t 232 tis
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FIGURE U: GRAPHED TREND LOC DATA FROM
MOX1TORIKC AREA 1 IN MINE B

well as in personnel time. The continuous radiation
monitoring is a valuable tool that hives a dynamic
picture of underfcround condlttonn in which ventilation
plays so large a rule. Ah.i alarm levels may be set
by the operator at any desired limit*; alarms may
Round both underground and <*t the surface. These
alarms nay be used to trigger other events through the
processor. Data may be recorded for later analysis
by engineers through the use of shift report and trend
log functions.

Many Important practical lessons have been learned
in the field tests conducted with the system. Overall
reliability was good, and the tests demonstrated that
power problems stemming from electrical noise could
be overcome. Cables in the mine Must be well
protected from damage by Mining equipment. Because
the mining situation is dynamic, maintenance to the
system must be performed on an ongoing basis. Con-
tinuous radiation monitors may be placed at the
entrance and e/.ic of a work area to give average con-
centration; however, they arc not sufficiently robust
for placement in some work areas.

Communication with the computer is accomplished
by entering 3-letter mnemonic commands to which the
computer responds with a series of prompts. Sequence
programs were easily constructed to do a variety of
things, ranging from turning on fans to printing a
message when an air-door had been open for longer
than 2 min. Other than a 8-btt conversion of raw
data to engineering units, no data handling package
wa» available on the machine, which runs full time
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to perform its control and monitoring capabilities.
The paper tape punch interfaced to the computer is a
great timesaver when transferring system data to a
mainframe for analysis. However, the system would be
enhanced as a data acquisition tool if it could be
changed to record with a more compact and reliable
medium.
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Question (Ferdinand): How nany channels can be
monitored at the sane tine and can you nonltor
either the fan or the WL uonitor on the sane
cable?

Answer: The processor can have approximately 500
channels for monitoring radon, radon daughters,
fan operation, velocity or any analog or digital
signal. A separate channel would be required for
computer control of a fan operation. One cable
consisting of 2 pair of shielded cables is strung
from the processor to the farthest monitor with
branches from this cable to all other detectors.

Question (Bigu): How often have you had signal
cable intentionally damaged?

Answer: On a few occasions, we have had some
problems.

DISCDSSION

Question (King): This is a comment. No response
is required of the speaker. In our experience
with this system, the original installation cost
is minimal because the cable used is lightweight,
easy to hang and easy to connect. However, a
considerable commitment for system maintenance is
necessary. Perhaps one person, as suggested by
Mr. Franklin, is appropriate. However, that
person must be well trained and very familiar with
the system in order to troubleshoot and repair it
efficiently.

Question (Pogorski): How much servicing is
required to maintain the system?

Answer: The airflow should be checked each time
the engineer is at the working level monitor, but
at least once a month. Filters should be changed
at least weekly depending upon contamination
levels. Calibration sources should be installed
once a month to ensure that all electronics are
functioning properly.
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ABSTRACT

To be able to measure long period mean radon con-
centrations we have constructed a radon detector
called EROS. The function of EROS is based on elec-
trostatic collection of charged Po-218 atoms on an
aluminium foil. A cellulose nitrate film is used as
detector material. The alphas from Po-214 on the foil
are collimated before they reach the cellulose ni-
trate film. The collimation and partial absorption of
the energy of the alpha particles cause them to
traverse the cellulose nitrate film perpendicularly
and to have about the same energy, making the holes
to be counted regular in shape and size. After a
measurement period of about one month, the film is
etched in NaOH. The film reading is performed using a
microscope or a microfiche reader. The response of
EROS depends on the relative humidity of the air. The
minimum detectable concentration of EROS in a one-
month period is about 40 Bq/m3 (1 pCi/1).

with plastic tape allowing radon to diffuse into the
chamber. The Po-218 atoms born in the chamber are
partly collected on a charged aluminium foil. The
collecting voltage used is 30 V, and the foil has
negative potential. The alphas from radon daughters
traversing the foil are collimated before they reach
the cellulose nitrate film. The diameter of the col-
limator is 10 mm and the length of the collimator is
20 mm. At the other end of the collimator there is
also a film holder and place for the battery. The
voltage can be switched on and off, to start and to
stop the measurement. The aluminium foil and the
collimator air gap act as an absorber and reduce the
energy of the alphas from Po-214 to 2.3 MeV. The
alphas from Po-218 atoms are not detected. After a
measurement period of about one month the film is
etched in 10 % NaOH solution for 150 minutes, the
temperature of the etchant being 60 °C. The response
of EROS depends on the collecting voltage and the
relative humidity of the air.

INTRODUCTION

Bare cellulose nitrate films are widely used as
nuclear track detectors to measure airborne radon
(Rn-222) ccncentration. This kind of measurement
involves some problems, however. The response of the
film depends on the state of equilibrium between
radon and radon daughters. In dusty environment, dust
might gather on the film, reducing the alpha particle
exposure of the film. Moreover, the reading of the
film is very difficult when the sizes and the shapes
of the holes on the film do vary considerably due to
the fact that the alphas traversing the film have
different energies and different directions. The
first two of these problemes can be avoided by en-
closing the film in a cup, the opening of which is
covered with a filter which permits infiltration of
the gaseous radon but discriminates against the dust
and radon daughters. The reading of the film can be
made easier by collecting the radon daughters in the
cup on some conductive material, using electrostatic
collection, and then collimating the alphas before
they reach the film. In this kind of detector con-
struction, the holes on the film are regular in shape
and size. This paper describes the construction and
operation of this kind of radon detector.

DESCRIPTION AND OPERATION OF THE DETECTOR

The construction of the detector is shown in
Figure 1. We named the detector EROS - Electronic
Radon Observation System - and did it with a humorous
twinkle in our eyes. The only electronics in the %
original version of EROS is the battery which gener-
ates the collecting voltage. The case of the monitor
is made of aluminium. The collection chamber is
hemispherical with a diameter of 100 mm. The hemi-
sphere hae eight windows. The windows are covered

FIGURE 1: THE ORIGINAL VERSION OF EROS. 1. aluminium
case, 2. aluminium foil, 3. collimator pipe, 4.

alfa-sensitive film, 5. battery

DETECTOR TESTING AND CALIBRATION

The evaluation of the detector response, as
tracks/cm* per Bq d/m3, was performed in a radon
chamber. During these measurements the radon concen-
tration in the chamber was about 7 000 Bq/m* (200
pCi/1). The measurement times were 4-7 days.
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The response of EROS vs. the collecting voltage is
presented in Figure 2. During these measurements the
relative humidity of the air was kept stable. Five to
ten measurements were made in each voltage setting. A
collecting voltage of 30 V was chosen to be used in
our regular measurements.

o.oe
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FIGURE 2: THE RESPONSE (R) OF EROS VS.
THE COLLECTING VOLTAGE

The response of EROS vs. the relative humidity of
the air is presented in Figure 3. During these meas-
urements the collecting voltage was 30 V. In this
test five different relative humidity values were
used and with each of them five to eight measurements
were carried out.

must be known or it must be estimated somehow. In our
underground mines, however, the relative humidity is
all the time about 100 X. The background of the film
can be read from the film outside the collimator end
area and it is normally about 10 tracks per cm*, The
minimum detectable concentration in a measurement of
one month is about 40 Bq/m3 (1 pCi/1).

Contrary to what was expected, all of the holes on
the film were not of the same size. Most of the holes
had a diameter of about 10 |im, and for about 10 % it
was less than 5 \xm. The relative proportion of the
smaller holes also varied slightly. We think that the
smaller holes are due to radon in the collimator
pipe. Some of the smaller holes might also be due to
the alphas from Po-218 atoms on the foil. A photo-
graph of the etched cellulose nitrate film, irradia-
ted in EROS, is presented in Figure 4.
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FIGURE 3: THE RESPONSE (R) OF EROS VS.
THE RELATIVE HUMIDITY

The radon concentration during a certain time
period can be calculated according to the formula

'Rn

where T is the number of tracks per cm' on the film
eand t is the measurement time in hours. R is the
response of the detector and it is taken from the
graph in Figure 3. The relative humidity of the air

FIGURE 4: PHOTOGRAPH OF A FILM IRRADIATED
IN EROS X 260

When reading the film, we used the number of
larger holes only to determine the radon concentra-
tion. The factors affecting the error are the number
of the holes and the relative humidity of the air, if
it is not known. An error is also due to the fact
that we have 50 detectors, which are not calibrated
individually, but we use the same sensitivity for all
of them. However, their construction may vary af-
fecting their response. These give a standard error
of about 25 %.

When studying the effect of collecting voltage on
the response of the detector, we also wanted to
clarify the response of EROS, when no collecting
voltage is used or when the collecting voltage of 30
V is reversed. A small series of measurements showed
that with a zero collecting voltage the number of the
holes on the film was about 10 % of the holes on the
film with a 30 V collecting voltage. With the re-
versed voltage the percentage was about 5 %. Only the
large holes were counted in these tests. However, the
size distribution of the holes was no longer as
apparent as before.

In some surroundings, the thoron (Rn-220) may
cause some problems in measurements with EROS, but w«
considered that the plastic tape on the windows of
the hemisphere discriminates against thoron. This has
not bean tested, but the material of the windows can
be chosen to match this requirement.
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FURTHER DEVELOPMENT

In estimating the radon concentration during
working hours, an error is made due to difference in
concentrations between night and day because in many
cases ventilation is shut down during night time. A
further developed version of EROS is provided with a
film transfer system in which one part of the film is
irradiated during working hours (8 h) and another
part during night time (16 h) and weekends. The film
transfer system is automatic and battery-operated.
This version is under testing at the time of writing
this paper.

We have used cellulose nitrate film LR 115 type II
supplied by Kodak-Pathe. However, we think that any
other kind of film can be used if necessary. Using
different kinds of absorbers, the energy of the
alphas can be adjusted to meet the requirements of
the film.

Acknowledgements - The authors are indebted to Mr J.
Lehtinen for his many ideas when constructing the
technir-el details of EROS.

DISCUSSION

Question (Jonassen): Since Che collecting field
must be strongest at the edges of the foil one
should expect higher activity there. Has this
been shown?

Answer: The activity distribution on the
collecting foil was not investigated, but it is
quite true that the activity Increases towards the
edges. That however does not affect the operation
of EROS.

Question (Jonassen): The decrease in response
with Increasing relative humidity is usually
explained by a decrease in ion aobility. Have you
checked this by conpeniating with Increased
collecting field?

Answer: The fact was verified in a similar kind
of detector, constructed earlier in our
laboratory. With higher collecting voltage the
curve in Figure 3 was moved to the left. In the
construction we used, the detector response was
independent of relative humidity beyond the
humidity value of 40Z.
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ABSTRACT

The properties of permanently charged electret
foils in collecting radon daughters were examined in
the laboratory. Based on the results of these
experiments, a passive radon daughter dosimeter was
designed* Six of these dosimeters were then exposed
in a Canadian uranium mine in two separate tests for
periods of up to five days. In the second mine test
four out of six dosimeters performed satisfactorily.
Electret* in the two remaining dosimeters were
damaged accidentally during the test period. This
paper describes the design of the electret dosimeter
and presents results of the two mine tests.

INTRODUCTION

Personal radon daughter dosimeters for underground
miners usually employ pumps for continuously drawing
air through a filter. The radon daughters activity
deposited on the filter is detected continuously by
means of a detector facing ihe filter. However, in
such 'active' dosimeters, pumps often prove to be
unreliable and expensive to maintain. A passive
system with no moving parts would avoid these
problems. Although attempts have been made in the
past to develop passive radon daughter dosimeters
(1-5), no design has emerged as a reliable
alternative to active radon daughter dosimeters for
routine use in uranium mines. Problems with previous
designs of passive radon daughter dosimeters have
been mainly a result of using track etch detector
film in an open configuration (exposed to dust and
wind). Poor sensitivity results from reliance on
ordinary diffusion in the absence of an external
force. Lack of protection mean* that defection of
activil— is dependent upon wind direction. In
previous passive dosimeter designs, no provision was
made for alpha energy discrimination. Further, alpha
emitter* in the air also registered on the detector
at various angle" of incidence.

As an alternative to a pump, the electrostatic
force provided by the permanently charged surface of
an electret is applied here. Preliminary experiments
carried out inside a radon chamber showed a
dependence of the electrostatically collected
activity on the radon daughters concentration (6).
It was also established that the collection of radon
daughters in the presence of artificially generated
aerotolt (70,000 - 200,000/cm3) could be compared
with their collection on a Eilter using a pump. The
electrostatic flow rate defined in an analogous
manner to the pump flow rate was found to be
reasonably constant for a fixed electric field (7)
under varying conditions of radon daughter
concentrations! aerosol sizes and aerosol diameter.

An electret made from 25 pm thick Teflon FEP film
was found to have properties suitable for use in a
dosimeter. The optimum electret potential for
dosimetric purposes, in the presence of an external
shield for eliminating wind effects, was found to be

>2500 V (negative).

LABORATORY MEASUREMENTS

For the laboratory trials of a passive electret
dosimeter for radon daughters, electrets were
prepared by the breakdown voltage application method
(8). Negative surface potentials as high as 3000 V
were achieved. A replica of the CEA* dosimeter (9)
head was modified by replacing its pump filter
assembly by an electret stretched across the face of
an aluminum disc. The aerosol entrance passage was
made wider to accommodate the short range of
electrostatic forces. The dosimeter design is shown
in Fig. 1.

ALUMINUM lASC

FIG. I. SCHEMATIC CROSS-SECTION OF THE PASSIVE
ELECTRET DOSIMETER.

An insulating ring (of internal diameter 2.1 cm)
was placed on the electret in order to cover any
irregularities in the edges of the electret. This
ring also allows the electret to be handled by its
edges without losing significant charge. Both the
electret and the insulating ring are held in plsce by
means of a thin coating of glue around the edges.

In order to eliminate external wind velocity
effects, the dosimeter was palced inside a "mall,
open-sided cylindrical enclosure. However, based on
experiment* carried out inside a wind tunnel in a
radon chamber, (using a CEA dosimeter as a
reference), it was found that open sided cylindrical
baffle* were not effective (Table 1). The wind
tunnel consisted of a galvanized steel tube, 18 cm
diameter, 60 cm long, with an axial fan located at
one end. The dosimeter was supported at the centre
of the tube and its position was radially adjustable.
The wind velocity at the centre of the tube was

* Commissariat a l'Energie Atomique.
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TABLE 1

Results frum Simultaneous Exposure of Electret Dosimeter (with Open-Ended Cylindrical
Enclosures) and CEA Dogineter in Wind Tunnel. R.H. 80-9031, Temp. 26-30*0
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Expt.
no.

1

2

3

4

5

Exposure
time

1 h

1 h

45 "in

75 "in

75 min

Orientation

Upright

Parallel to
wind direction

Upright

Parallel to
wind direction

Inclined at
45* angle

Enclosure
dia. (cm)

3.8

3.8

3.3

3.6

3.6

-2000 V Electret
No. of tracks

RaA

104

160

26

144

118

dosimeter
counted

RaC

37

69

16

60

26

CEA
No. of 1

RaA

108

68

56

110

94

dosimeter
Lracks counted

RaC1

23

29

20

22

33

measured to be about 250 c*/« using a Florite air
velocity meter (Model no. 3035A, Bacharach Instrument
Co., Pittsburgh, PA, U.S.A).

As « result of large variations in registered
activity with respect to the orientation of the
dosimeter in the wind tunnel, the cylindrical barrier
design was substantially modified. The housing was
modified to farm a complete enclosure for the
dosimeter, with tne holes on the top and ten holes on
the bottom for entry ami exit of air (Fig. 2 ) .

777////////////
. . PASSIVE ELECTRET /

/ , DOSIMETER /

'//////////////

HOLES fOR Aid
EMTRY OR EXIT

NUT AND SCREW TO HOLD
THE DOSIMETER

1200 -

FIG. 2. DIFFUSION BARRIER WITH THE PASSIVE ELECTRET
DOSIMETER IN PLACE.

This diffusion barrier proved to be effective against
external wind velocity efftcts. However the surface
pottntial of the electret had to be increased to
greater than 7500V to compensate partially for the
limited access of aerosol* to the electret surface*
In order to confirm the track etch results for the
effectiveness of this diffusion barrier a silicon
surface barrier detector in conjunction with an a-
spectrometer was used in place of the dosimeter head.
The results of five experiments, for 3000 sec
exposures, are presented in Fig. 3. A typical ot-
spectrum obtained in such a test is shown in Fig. 4.

FIG. 3. INTEGRATED ALPHA COUNTS (6 x RaA + 7.68 x
RaC1) OBTAINED FROM THE o-SPECTROMETER FOR THE
BLECTKET DOSIMETER AT DIFFERENT ORIENTATIONS IN THE
WIND RaC) OBTAINED FROM THE O-SPECTROMETER FOR THE
TUNNEL. DOSIMETER POSITIONS WITH RESPECT TO THE WIND
DIRECTION ARE: • PARALLEL TO WIND DIRECTION
(FRONTWARDS), • NORMAL TO WIND DIRECTION, D INCLINED
AT 45*C ANGLE TO WIND DIRECTION, + PARALLEL TO WIND
DIRECTION (BACKWARDS).

The dosimeter configuration as shown in Fig. 2 was
adopted for two series of mine tests in an Elliot
Lake uranium mine. The dosimeter weighs 120 t>
compared to 320 g for the CEA dosimeter, and is about
one third of the volume of the CEA dosimeter. The
mine tests are described in the next section.
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FIG. 4. A TYPICAL a-SPECTKUM KKOM ACTlVltY COLLECTED
IN AN ELKCTKKT DOStMETKK.

NINE: TESTS OK PASSIVE Kt.KOTRET DOSINETKK

Initial Test

In Che first series of test*, electrets were
prepared fro* 25 MM thick foil electret material
(supplied by the Sheldshl Company, Minnesota).
Although in previous laboratory tests it had been
found that this material could not hold surface
potentials of -3000 V, and could only hold -2500 V
Cor More than a week, it waa nevertheless decided to
use the Material at its highest surface potential
because of its commercial availability. Ten
electret* were formed at 10 KV applied for 1 min.
The electrets were then stored in a drawer to allow
the charge to stabilize. Based on measurements of
charge decay over three days, six electreta were
chosen for incorporation into the dosimeters.

The edges of each electret were carefully trimmed
and the eUctret stretched across the surface of the
aluminum base. In order to protect the electret from
losing charge fron dirt and moisture retained on its
surface, • protective cover of non-aluminUed Teflon
PEP film (25 Um thickness) was placed over the
electret. The surface potential displayed on this
protective cover was found to be similar to that of
the electret underneath due to the mechanism of
induced polarUation. The electret, the protective
cover and thin insulating ring placed on the cover
were all secured to the aluminum base by a thin
coating of glue. Track etch detector film (Xodak
LR-215, Type II) waa placed on the aluminum strip
containing the appropriate absorbers, which were
located at the top of the dosimeter head. An
aluminum cover followed by a rubber strip were placed
on top of the detector film, and the dosimeter lid
secured in place by means of two long screws passing
through two thin spacers holding the dosimeter head
apart from the base (Fig. I). The dosimeter waa then
placed inside the diffusion barrier housing as shown
in Fig. 2 and secured by tightening three screws at
each end of the dosimeter. A vinyl strap was
provided for each dosimeter housing to enable the
miners to wear the dosimeters on their belts. Each
dosimeter was assigned an identification number and
was worn by the miners along with a reference CBA
dosimeter.

For -In; first test, electret potentials could only
be measured a few ilays after the test (when the
dosimeters were to arrive by mail). Under these
circumstances, there vould have bom) no way of
knowing, in the event of charge loss, when an
electret showed the first signs of charge decay. The
dosimeters were therefore exposed for 1, 2, 3, 4 or 5
days. The sixth dosimeter was exposed for one day.
The surface potentials of the electrets were checked
on January II anil the dosimeters were assembled and
mailed to Elliot Lake the same day. The tests were
conducted January 17 —21 and the dosimeters were
returned by February 4. The exposed track etch
dosimeters were etched but large clusters of tracks
around the collim.itur edges region made it impossible
to count the actual tracks. The day by day surface
potential decay pattern was, however, obtained. The
decrease in surface potential seemed to increase with
the exposure period. Greatest deterioration in
surface potential occurred for dosimeter no. 5,
exposed by mistake for six days (with a 2-day gap
befiiie the list day of the exposure) instead of for
five days as had been originally planned. However,
since the polentiils were read 12-15 days after
exposure, tin' ex;Kt pattern of decay could not be
ost-ibl is-lic.l.

The following conclusions may be drawn from the
mine Lest:

i) In order to obi iin useful track etch data,
precautions should be taken to eliminate any
possibility of contamination of detector films, which
causes track clusters to form due to Che deposited
dust.

ii) In order to measure the charge decay
characteristics of an electret after exposure under
•nine conditions, the electret potential should be
measured at the end of each day.

iii) The electrets should also be checked at the
end of e.icli day far any visible contamination that
might affect r.heir potential.

iv) If the surface potential is degraded only on
the cover of the electret and if the electret itself
is intact, the protective cover should be replaced.

v) An attempt should be made to form electrets
with higher surface potentials and better utability.

vi) The dosimeters proved rugged onouyh to be used
in a mine environment.

Second Mine Test

Drawing upon the conclusions of the initial mine
test, another test was planned. Further experiments
on electret formation were carried out in an attempt
to obtain more stable electrets with higher surface
potentials. Doubly aluminized Teflon FEP, which was
sarlier rejected in favour of the commercial
electret-foil, was found to be capable of holding
high surface potentials (>3000 V) for a minimum of
one week when formed at 10 KV applied for I minute.
Electrets for the second test were therefore prepared
with thin material.

Equipment for making electrets and measuring
surface potentials was transported to Elliot Lake and
arrangements were made to check the dosimeters at the
end of each day. The tests were conducted for five
days (April 4-8) and all six dosimeters were exposed
for the same period of five days.
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TABLE 2

Summary of Electret Behaviour During Secoml Him; Test
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Dosimeter
No.

1

2

3

4

5

6

April 4

Initial voltage
on April 3
• -3800 V
After exposure,
•ax. potential
» -3300 V
Clean surface

Initial voltage
on April 3
« -3600 V
After exposure,
Max. potential
• -3500 V

Initial voltage
on April 3
• -3400 V

After exposure,
•ax. potential
» -3000 V
Clean surface

Initial voltage
on April 3
- -3600 V

After «xpofurt,
Max. potential
- -3200 V
Clean surface

Initial voltage
on April 3
• -3000 V

After expoturet
max. potential
- -2800 V
Slightly eon
taminated

Initial potential
• -3000 V

After exposure
- -3000 V on 3/4
of surface, 1/4
of surface con
taninatitd, with
+500 V on a con
taminated spot.

April 5

Max. potential
• -2800 V

Clean surface

Max. potential
• -3200 V

Max. potential
• -1500 V
Under the cuver,
max. potential
• -3400 V

Cover replaced
New potential
• -J400 V

Max. potential
• -2800 V

Clean surface

Max. potential
- -2000 V
Visible con-
tamination
iJlectret

replaced
New potential
• -3600 V

Max. potential
• -2300 V

Electret
replaced

Nev potential
• -3800 V

April 6

Max. potential
• -2500 V

Clean surf ice

Max. potential
- -2700 V

April 7

Mix. potential
= -2500 V

Clean surface

Max. potential
- -2700 V

VISIBLE CONTAMINATION

Maximum potential
• -2800 V

I Max. potential
• -1500 V
Under the eovijr,
max. potential
• -2400 V

April 8

Max. potential
• -2300 V

Clean surface

Max. potential
- -2300 V

Max. potential
• -2000 V

VIS[HUE CONTAMINATION

Max. potential
« -2600 V

Clean surface

Max. potential
Smear from glue
noticed
electret
replaced

New potential
" -3800 V

Max. potential
- -1000 V
Under cover,
max. potential
- -2800 V
Cover replaced

New potential
- -2800 V

Cover replaced
New potential
« -2400 V

Max. potential
- -1600 V
under cover,
max. potential
• -2500 V

VISIBLE CONTAMI-
NATION

Cover replaced
New pot. - -2S00

Max. potential ~
-3500 V in one
half and -1500
in other half

Max. potential
- -1800 V
Under cover,
max. potential
« -2*00 V
Water drop* in
the dosimeter

Cover replaced

Max. potential
• -1200 V

V

Max. potential
-2500 V in one
half and -1500
in other half

Max. potential
• -1400 V
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TABLE 3

Summary of Electret Dosimeter Results from Second Mine Test

CEA dosimeter data

Miner
No.

1

2

3

3

5

h

Occupation

Electrical
foreman

Electrician

Jumbo d r i l l

Shift
supervisor

Underground
mechanic

Underground
mechanic

Dos.
no.

D-86

D-89

D-88

D-50

D-60

1)87

Flow
rate

(L/hr)

3.72

4.06

3.72

3.04

3.89

3.72

RnWI.

0.08

0.21

0.49

0.36

O.OS

0.20

TnWL

0.13

0.12

0.24

0.24

0.076

0.15

Passive dosimeter data

Dos. E.S. Flow KnW], TnUI.
no. r»t«

(L/hr)

Crab
sample

Average6

(KnWJJ

0.13 0.13 0.09

2*

3 2

5U

b5

1

1

1

-

0.20

0.45

0.36

«

0.15

0.25

0.13

._

* *

0.08

0.92

0.15

Q.OH

0.15

• 4 day* exposure. Did not report for work on April 7.
2 Calculated for 3 day exposure. Voltage dropped below 2000 V on 2 days.
} Calculated for 3 days. Voltage dropped below 2000 V on 3 days.
* Too many inconsistencies. Electret data rejected.
5 Same as above.
6 Average over the test period.

five days. A reference CEA dosimeter was worn by
each miner along with the passive dosimeter. The
track etch detector side of each dosimeter was
securely scaled with tape so that dust could not
reach the detector surface or the collimator edge* on
the absorbers. Table 2 summarizes daily measurements
on Che electret dosimeters. Table 3 compares the
electret dosimeters with the reference dosimeters.

RESULTS AND DISCUSSION

foil electret material was used for making
electrets in the first mine teat. Degradation of
surface potential, however, called for improvements
In Che elcctreti used for the second mine testa
Electrets with much higher surface potentials (~
-3800 V) were prepared, and these retained a maximum
of -2300 V after five days exposure in the Mines,
electret covers were changed when the surface
potential was found to bt less than 2000 V on the
cover but greater than 2000 V on the clactret
underneath. However, each changing appeared to lower
the electret charge* Electrets were changed during
the second test in dosimeters no. 5 and 6 which
behaved unprtdictably. Sealing the dosimeter heads
helped in eliminating contamination of the detector
films and subsequent track cluster formation due to
dust deposition. Contamination baa also been
observed in the CEA head*

Two of the six dosimeters (dosimeters no». I and
2) did not require a cover or electrct change during
the taat period. Covers had to bt replaced twice in
dosimeter no. i and one* in dosimeter no. *.
Dosimeters no* i and 6, which suffered maximum
deterioration in electret potential, were both worn

by underground mechanics. Uoiiiir.eter no. 5 suffered a
setback when smear from glue was noticed under the
electret surface (changed one day earlier) at the end
of the third day of tests, while no. 6 had water
drops inside on at least one occasion. Dosimeters
nos. 5 and 6 were also found to be the dirtiest of
the six dosimeter* each day after mine exposure.
Exposure readings from thesa latter dosinters were
rejected due to inconsistencies in their electret
behaviour (Table 2). Relative to the reference CEA
dosimeter exposure data, the three remaining passive
dosimeters gave radon daughter Working Levels within
<8Z of the CEA reference and thoron daughter Working
Levels within <25? of the CEA reference, correspon-
ding to a I L/hr flow rate equivalent in the electret
dosimeter.

The electrostatic flow rate for the passive
dosimeters were in general found to be about 1/4 -
1/3 of that of the CEA dosimeter, possibly as a
result of a lower unattached fraction at the high
aerosol concentrations in the diesel-opcratcd nines
wherein the test was carried out. The presence of a
smaller fraction of unattached radon daughters could
result in a decrease in the collected activity due to
a lower electrostatic aerosol migration velocity, as
can be saen from the following explanation. If the
attached fraction is large, the average site of the
radon daughter-carrying particles will be large, and
these large particles will experience large drag
forces. Further, fewer coulombic forces would exist
since the carrier aerosol would neutralise many'radon
daughter ions during the process of attachment. The
presence of fewer coulombic forces would again reduce
the electrostatic flow rate. In high aerosol
concentrations the unattached fraction, <jf radon
daughters would be negligible, thereby limiting the
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number of radon daughters existing as free ions.
Polarization of aerosols alone would becowe the
dominant mechanism responsible far electrostatic
collection. The relationship between electrostatic
flow rate and aerosol concentration needs to be
investigated more thoroughly in the high and low
ranges of aerosol concentration.

There is no apparent reason why the voltage stayed
above 2300 V for two dosimeters (no. 1 and no. 2),
particularly given that the surface of the clectret
in dosimeter no. 2 looked dirty (with a splash-like
nark on it) at the end of the very first day of
tests. In three of the remaining four dosimeters,
the surface potential started to decay after two or
three days of exposure.

In general, the electret dosiweter proved to be
rugged enough for use in the mine atmosphere and no
part of the dosimeters suffered any physical damage
in the mine tests. Further developmental work is
therefore warranted.
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DISCUSSION

Question (Jonassen): How did you differentiate
experimentally between Coulomb deposition and
polarized deposition?

Answer: No attempt was made to differentiate
experimentally between Coulomb deposition and
deposition due to Induced polarization. All
experiments were based upon comparison with
collection of activity by the CEA dosimeter.

Question (Jonassen): Is the decay of surface
charge caused by Internal leakage In the electrode
material or by neutralisation by ordinary air
Ions?

Answer: The decay of surface charge is caused
mainly by neutralization due to air ions. The
Internal charge decay plays a smaller role In
charge decay.

Question (Ahmed): Could you give an Idea of the
size and weight of your dosimeter compared to
those of the CEA dosimeter?

Answer: The elertret dosimeter weighs only IZOg
compared to 32Og for the CEA dosimeter. The slue
Is also about one third of the CEA dosimeter
site.

Question (Ahmed): You mentioned, as a precaution,
that the dust load on the protective cover has to
be checked dally and the cover changed
accordingly. Who la going to do that, the
worker?

Answer: This work only describes the dosimeter In
It* Initial developmental stage. With more tests,
If the feasibility of using the dosimeter over a
on* week period without any problems can be
established, the protective cover on the electret
doc* not need to be checked on a dally basis.
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AUTOMATIC DISCRIMINATION AND READ-OUT OF TRACKS OF RaA AND RaC ON CR39 USING IMAGE ANALYSIS

H. L. PAI

R.A.D. Service & Instruments Ltd.
Toronto, Ontario

ABSTRACT

At the 7th International Conference on
Solid State Dosimetry, we reported that the
tracks of RaA and RaC in a CR39 detector
could be separated by means of size discri-
mination. (1) At this meeting, we will
report the latest development of the auto-
matic discrimination and read-out of the
tracks of RaA and RaC on CR39 using
conventional electronic image analysis
equipment.

INTRODUCTION

Lately, High Resolution Alpha-particle
Spectroe ony using measurement• on the etched
track on CR39 has been developed. (2)
However, thia time-consuming technique is not
convenient for the radon daughter dosimeters
which are used to process large number of
samples in a reasonably short time.
Fortunately, the differentiation of RaA (
E * 6.0 MeV) from RaC1 (E - 7.68 MeV) does
not require high resolution. The technique
reported here is using the image analysis
system to differentiate RaA from Rac* by
their different track size at normal inci-
dence on CR39.

Basics For The Size Differentiation

Based upon the non-linear characteristics
of both track diameter-energy curve and
range-energy curve, two alpha emitters of
different energy can be differentiated by
their tracks.

Non-linearity of the track diameter-energy
curve. The relationship is shown in Figure

200X
2 hours etching

Non-linearity of the range-energy curve.
The relationship is shown in Figure 2.

!
a

1"
1 2 3 4 5 E (MeV)

FIGURE li TRACK DIAMETER-ENERGV CURVE

Two alpha emitters can be differentiated
if the lower energy alpha is degraded to 1
MeV or less.

20 30 40 SO
Thickness of Absorber (uM)

FIGURE 2: RANGE-ENERGY CURVE

The effect is to enhance the energy
difference between two alpha emitters after
passing through the same absorber. For
example, after passing through a 2 cm air
gap and 18 uM polycarbonate film, RaA is
degraded from 6.0 MeV to 1 MeV, and RaC
from 7.8 MeV to 4.3 MeV. Their residual
energy difference is increased, hence their
differentiation by track size is more
feasible.

Example Of Radon Daughter Differentiation
Using Image Analysis System

The image analysis system, supplied by
Image Technology Corporation, automatically
measures the size and read out the numbers
of tracks. Figure 3 and 4 show the track
diameter distributions of 1 MeV and 4.3 MeV
alpha particles respectively, irradiating
normally on CR39 detector.

Figure 5 shows the track diameter
distribution produced in CR39 covered with
18 uM film, irradiated through a 2 cm colli-
mator by radon daughters on a filter. From
this figure, two groups of tracks are
differentiated - one group of size in the
range 9.5 - 10.5 jiM (from RaA) and another
group in 7.0 - 8.0 uM (from RaC1).
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Although, in general, * non-linear
relationship between the track diameter and Its
corresponding alpha residual energy Is predicted,
the relationship Is very clofie to linear for low
energies he low 6 MeV. This was verified to be
true using monoenergetic alpha beams of 1, 4.3,
and 5.3 MeV impinging on CR39 (Manufactured by
America Acrylics ,-ind Plastics Inc.) and the
results were described In the presentation.

The above data were accumulated using 6
hours of etching time (6.25N NaOH at 75*F) and
microscope objective magnifying power of 40X.
Currently, the resolution (for length measurement)
of our iraagt: analysis system Is £ 0.5 aileron.
Since the difference In track diameter Is more
than 1 micron between alpha residual energies of
4.3 and 5.3 MeV, the complete discrimination of
two alpha emitters of 4.3 and 5.3 MeV seems to be
possible.

The graph shown In the saae slide does
not represent the tabular data discussed above.
Instead, It is the result of the measurements when
a microscope magnifying power of 20X is adopted.
By decreasing the magnifying power to 20X, the
resolution is degraded to about +_1micron. The
diameter difference between 4.3 and 5.3 HeV is
just within the current instrument resolution
Halt. Therefore, it Is no longer completely
differentiate.

For doslmetric purpose, where a large
number of detectors oust be processed in a
reasonably short tine, the choice of the
nagnifying power is a major concern. In order to
establish adequate counting statistics, higher
magnifying power (for Instance, 40X) requires more
fields to be scanned. Further information about
higher nagnifying power scanning using the
automatic microscope platform control currently
under installation will be reported elsewhere.

The non-linear range and energy
relationship provides a simple nethod of size
discrimination if the residual energy of the lower
energy alpha emitter is degraded to around 1 HeV.
Under this condition, a single field scanning
using etching time of 2 hours and magnifying power
of 10X will be sufficient. This allows for the
direct calculation of potential alpha energy
concentration for a mixture of radlonuclides.
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EXPERIENCES WITH A PASSIVE INTEGRATING
RADON DOSEMETER COMBINING ACTIVATED
CHARCOAL AND TLD.

E.STRANDEN, A.K. KOLSTAD and B. LIND

National Institute of Radiation Hygiene
P.O. Box 55, N-1345 Oster&s, Norway

ABSTRACT.

A passive integrating radon dosemeter
combining activated charcoal and TLD Is
described. The dosemeter has been tested
both in room atmosphere and in mining environ-
ments. Some surveyprograms utilizing the
dosemeter are outlined.

where: C •= radon concentration in air
D « net dose to the TL-dosemeter

G(Tg,TDt » a time function (hr) of the
exposure time, T_ and the decay
time. T D

 E

u « a calibration constant

(Bgnf3 per mR hr'1) .

INTRODUCTION.

Different techniques for using activated
charcoal as a radon dosemeter have been
published in the litterature. The activated
charcoal is exposed to the radon atmosphere
for a certain period of time, and the Y-radia-
tion from RaB in the charcoal container is
detected afterwords. The disadvantage of this
method is that the result will depend stronly
on the radon concentration in air during the
last day of exposure. In practice, this method
will only yield the mean value of the radon
concentration during a very limited time
period. Furthermore, the ^-measurements must
be carried out after a short time period, due
to the decay of radon.

In a recent paper (1), we described the
principles and calibration of a dosemeter
combining activated charcoal and TLD. In the
present paper we will briefly outline the
principles of this dosemeter (the ETB dose-
meter) and some experiences gained with the
dosemeter in the laboratory and in field
measurements.

TABLE 1: THE MAIN CHARACTERISTICS OF THE
ETB DOSEMETER.

CHARCOAL CONTAINER;

MATERIAL: PLASTIC, VOLUME: 150 ml
TWIST-ON CAP, TWIST-ON SCREEN.

TLD-MATERIAL:

CaP2: Dy (TLD-200 RIBBON)

PRODUCER: HARSHAW, SENSITIVITY SPREAD:
TOTAL ± St IN EACH GROUP.

BACKGROUND CORRECTION:

TLD SHIELDED WITH 1 mmCu ON TWIST-ON CAP

ACTIVATED CHARCOAL:

NORIT PK 1-3, PEAT BASED,
GRAIN SIZE: 1-3 mm, PRODUCER: NORIT,
NETHERLANDS.

PRINCIPLES AND DESIGN OF THE DOSEMETER.

In Table l,the main characteristics of a
ETB dosemeter are shown.

A CaF_:Dy dosemeter is placed in the center
of the cnarcoal. This TL dosemeter is detecting
continously (3-radiation from RaB and RaC
produced by the adsorbed radon. For the
correction of y-background, a TL dosemeter
is placed on the twist-on cap. When reaching
the site of measurements, the twist-on cap is
replaced with a twist-on screen. After the
exposure time, the twist-on screen is again
replaced by the twist-on cap.

Before the dosemeter is sent out, the
charcoal is heated to 250 C for 3 hr. to remove
adsorbed radon.

The mean radon concentration in air during
the exposure time is determined by the following
simple equation:

The procedure for determining the time
function G(T ,T ) and the calibration
factor is outlined in our previous paper on
the dosemeter (1).

By using this new principle, the mean
radon concentration of longer exposure times
will be detected. Furthermore, the decay
time between exposure and TLD readout is
not critical, because the absorbed radon
will continue to irradiate the TL detector
during the decay time. As a matter of fact,
it may be shown that a reasonable decay time
will improve the certainty of the result.

D/G(TE,TD) (1)
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DETECTION LIMIT AND UNCERTAINTIES.

The detection limit is dependent on the
exposure time and decay time, and on the
statistical uncertainties of the TL-readout.
We have selected dosemeters and grouped them
according to their sensitivity, and each
group have a total spread of i 5 t. The
statistical standard deviation of TL readout
within each group is thus lower than 2 t.
For an exposure time of 100 hr and more, ,
the detection limit is lower than 20 Bq/m
for a background of 0.01 mR/hr. The relative
standard deviation is lower than 10,% for
radon concentrations above 100 Bq/m .

FIELD TESTS.

The dosemeters have been tested in normal
room atmospheres and in mining environments.
To test the influence of strong variations
in radon concentrations upon the result, we
performed the following simple experiment:
One dosemeter was exposed to about 850 Bqm"3

in room atmosphere for two days followed by
two days exposure to 450 Bqm . Another
dosemeter was exposed to 450 Bqm"3 for 2 days
followed by a two days exposure to 850 Bqm"
When the dosemeters were evaluated after
a decay time of 3 days, the results were equal
(600 - 650 Bqm"3) within the uncertainties
of the experiment. The Y-readout of the
charcoal containers, however, was strongly
influenced by the exposure history.

Another experiment was performed in colla-
boration with K.Ulbak and O.Klinder,
National Institute of Radiation Hygiene,
Denmark.

Dosemeters were placed in the basement of
the Technical University of Denmark for ex-
posure times reaching from 16 hr to 664 hr.
The radon concentrations in the basement
varied from about 400 Bqm"3 to about 2000 Bqm"3

during this time period. The radon concen-
tration was continuously measured by a
flow-through scintillation cell system. The
mean integrated radon concentrations were
calculated from the continuous measurements
and the ETB measurements. The results are
shown in Table 2.

As seen from the table 1, the results are
in very good agreement for exposure times
below 400 hr, taking the uncertainties of both
measurement systems into consideration.
For larger exposure times, a saturation effect
seems to occure in the integrated charcoal/TLD
system. This is probably due to humidity in
the air.

The dosemeter system was also tested at two
different sites in a mine. At each site,
6 dosemeters were exposed for 40 hr, and the
radon concentration was measured continously
by a ionization chamber. The 6 dosemeters at
each site all showed values within - 10 *
of the values obtained by continous measure-
ments. In the mine, the relative humidity of
the air was above 90 % and the atmosphere was
very dusty.

TABLE 2: MEAN RADON CONCENTRATIONS POKING
DIFFERENT EXPOSURE TIHES OBTAINED

Exposure
Time

(hr)

16
40
48
64
72
88
96
160
180
211
232
256
380
592
664

Mean radon concentration <Bgm~ )
Scintillation

cell

681
771
715
725
712
680
660
585
604
622
625
613
623
783
759

ETB

621
842
959
686
734
761
875
598
619
573
509
574
544
565
498

Scint/ETB

1.10
0.92
0.75
1.06
0.97
0.89
0.75
0.98
0.98
1.09
1.23
1.13
1.15
1.39
1.52

ONGOING PROGRAMS UTILIZING THE ETB DOSEMETER.

Two major radonsurveys utilizing the ETB
dosemeter have recently been started in
Norway:

1) A survey on radon in houses.

2) A survey of radon in mines and other
underground workplaces.

The house study was started late fall of
1983. During the heating reason 1983-84
about 500 houses were surveied. In each
house, the radon concentration was measured
in the bedroom an living room. This program
is planned to cover about 3000 houses,
distributed throughout the whole country.
The dosemeters are sent by mail, and the
exposure tine is between 5 and 7 days.

The survey of Norwegian nines was started
in the summer 1984, and by end of August 1984
all the Norwegian mines were surveied once.
The exposure time used for the Mines is 3 days.
The shorter exposure time in mines is due to
the uncertainties concerning the effect of
humidity during larger integration times.

We may also mention that the National
Institute of Radiation Hygiene in Denmark
has started a survey on radon in indoor air
by utilizing the ETB dosemeter. (2)

DISCUSSION AND CONCLUSIONS.

The experiences with the activated charcoal/
TLD combination confirm that this dosemeter
is a suitable passive integrating radon
monitor for dwellings and mines. The main
advantages of the dosemeter are the following:

1) The materials used are reusable and
inexpensive.

2) The dosemeter is rugged and small enough
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to be sent by mail.

3) The handling of the dosemeter at the site
of measurement is very straight forward
and may be done by unscilled persons.

4) The most usable exposure time is about a
week in dwellings and perhaps somewhat
shorter in mines. This makes it possible
to do large scale surveys in a limited
time with a limited number of dosemeters.
In fact, all the Norwegian mines may be
covered several times each year (if
necessary) with 100 dosemeters.

The useful integration time is short compared
to for instance nuclear track etching. This
could be an advantage, but if there are large
temporal variations, a longer integration
time would be preferable. This would, however,
be overcome by doing repeated measurements
in mines (or dwellings) where the radon
concentrations are suspected to be high.

The ETB dosemeter is superior to the tradi-
tional charcoal technique because it inte-
grates the radon concentration during the
whole exposure period. Furthermore, by the
use of the charcoal/TLD combination, the
sensitivity is increased during the decay time.

DISCUSSION

Question (Oswald): We have observed Chat screw-on
lids are not very good for keeping radon out of
containers. Have you found this to be a problen?

Answer: In aost cases, the tiae lag between the
preparation of the dosimeter to the start of
exposure is only 2-3 days, and during such short
periods this would not be a problem. He have,
however, found that In sone cases, when this tine
lag was a few weeks, the results indicate that
there must have been some radon leakage into the
container. Therefore we always te l l the people at
site to start the exposure as quickly as possible
after the arrival of the dosimeter.

Question (Oswald): what Units the exposure tia
in houses to about a week?

Answer: As you nay see fron the results in Table
2, there is an under-response of the ETB dosimeter
for exposure tines larger than about 400 hours.
This i s probably due to a saturation effect caused
by adsorbed moisture in the charcoal.

In most atmospheres, the result may be
influenced by the moisture. For short exposure
times, this uncertainties seems to be rela-
tively small, but for longer exposure times in
mining atmospheres, the radon concentration
may be underestimated due to the moisture.
To overcome this problem, further studies on
water adsorbers would be needed.
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gamma-ray background in transit and during
exposure?
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site are asked to put the twist—on cap close to
the container.
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V/ajig Rui-kai Wang Ming-chaug Li Koi.g-quan

Wang Sherig-de and

r>epartuietjt of mine ventilf.blon wi-X r.vJ-J^Uon p ro tec t ion

Research I n s t i t u t e of Uranium Mining, Iil?-'i

ABSTRACT

This paper describes a new method called

active carbon filter snu a instrument named

model KF-601, which can be used for the

measurement of radon and thoron concentration.

Bxpeet results can be given in JC'-io

minutes with a digital display.

The lowest lin'.il.s of radon and ti:orcn

measurement for the KF-601 yre 0.74Bii/L(2x1C""

Ci/L) and 1.113q/L(3x1C~" Ci/L) respectively.

INTRODUCTION

Quick ineasureinfii.it of radon and thoron,

especialy monitoring tli&r.i in situ, is the

probler.i needed to solve urgently at present

in rediatioi) protection of urr-niiiin and

thorium mines and thorium mill in China.

There is not any suitable method and portable

monitoring instrument for these work so far,

A better method and apparatus obtained in our

research work might be recommended to meet

this challenge.

METHOD PRINCIPLE AED CALCULATION CONCERNED

1» The saturated concentration of radon and

thoron plating out on the activated carbon

filter (filter for short) is directly pro-

portional to the concentration of radon and

thoron of environmental air in which filter

exists.

It is well known, the active carbon has a

strong ability to absorb radon, so Joes the
fij ter. UsuraUy f i l ter ' s inter-surface is
very large, approximately 100Uma per cram.
Suveifil active spots s.rk existed in the
iriter-surfae-3o, which might be csl3sd absorp-
tion center(i). Then active spots hre covered
when radon (or thoron) is absorbed on these
centers.

Obviously, the; absorption velocity of
r&don »'i is directly proportional to the free
surface(1-ff) of f i l ter , and to the number of
air grfjmmolecule J* of radon pei1 j»iit volume.

Y, = V"(1- tr)

wher«: 1— tatol surface of fijter before
absorption;

ir— surface occupied by radon.

While V̂  , velocity of rsdon escaped from
fil ter surface, is directly propoi-tional to .

V, = Z, 0-
'*(her. absoi-ptiori reaches equilibrium, i . e .

(1 )

where: K. = K, / Kt
K, ,KZ— constants

If X is assumed to be number of gramma-

lecule of radon absorbed on fi]ter per unit

area, ? is the number of active spot per

unit area, then:

for K0Ji«1, then:

X = X.- P/A -J*

P is constant for particular filter; A is

Avogadro constant; let K'=KO-P/A, becuase

y- =K"C;( C is environmental radon concentra-

tion ) then:

X ,= KG (3)



8b INSTRUMENTATION 487

where: K = K'JC"

From foiinula(3)» we found that X is

directly proportional to C.

For K^WI, formula(2) turns to:
XLimit = P^

X is called limit absorption.

In fact, K, is of the order of million

in most of ai2"(1), value of./1, however, is

of magnitude of 10"'* to 10 graranole/I/

in the oase of we measured, so formuia(3)

is suitable for the range of concentration

we considered.

ins value of between 0.2 to 59x10"'° Ci/L
of radon concentration is obtained in test.

At this range the amount of saturated absorp-

tion of filter is directly proportional to

radon's activety, so is thoron, as tabled,4,

5,6,7 and figure 1 shown.

A relationship between environmental

radon concentration C and d. particle counts

N measured on filter can be obtained from

formula (5).

Assuming Y is radon activety of a filter

with the area of S, as it is saturated (con-

taining one grain carbon ). then:

y = X.S.A.J^

w h i l e : N = k . X . S .

a n d : X = If / ( k ^

then: C = n/Ck.K.S.A.*^ 1 <tT)

let: o,= k.K.S.A.^6-1

then: C = N / (j,.*,, ) (4)

where: X — number of radon's air grammole
of filter absorbed per unit ar
areaj

k— radon daughters corrected

coefficient;

t— self-absorption coefficient of

filter;

*l— detector efficiency;

<tp=O.955iT~'s> , temperature cor-

rected coefficient;

j# — calibration coefficient;

A j ^ — radon decay constant.

At the particular sampling condition,

3^^=19 counts/min as radon concentration is

10~'° Ci/L, and J0Tn
=1° coun'*:s/min a s thoron

concentration is 10"'° Ci/L. Fornaila(4) is

used in practical measurement.

2. "o eliminate thft iiii'luê ce of radon

J-vughters ">u£ tlioron J^ughters to d

'ilift influence of radon ami thorcu daugh—

i.c-3'.'j to .u'ii'iplifig can lie elini^nated by means

of f 3.3 fcering awl ifieping pui-e radon a/id

ti'wic.i enter GAb'x^ling systen. auU rer-cb

fij'i-er'i sui'f.ioe.

The filtering is fulfilled by filter

which consists of two layers of filtering

cloth and one layer of f.ilteriiig paper. In

additionf the filter not onJy ha.v a strong

ability to absorb radon MA thorou but also

has a ability to filter its daughters. As

filter's back is taken for measuring, »o the

reliability of eliminating radon and thoron

daughters is increased.

3. Mobile sampling measurement

(a) The following regulation must be

satisfied when conduct radiation raeasurement.

Concentration of radiation element must

not be vary steeply at measuring time t, in

other word P\t«1. For thoron ̂ =1.26x10"*s"'.

if t = 60a, then A?nt = 0.76, obviously, it

can not satisfy the condition ^t«1. Only

mobile sampling can keep thoron concentra-

tion unchangeable at a spot in sampling

system.

At a certain sampling flow rate thoron

concentration at each spot can be given as

follows

When filter is saturated, thoron contri-

bution may be calculated from formula(6).

where: E — Tn decay emanation quantity

(Ci/s) inside the volume V2%

Eo—quantity of thorium that goes

into ('*',+ Wa) system in unit

time;

V,—total volume (em*) of sampling

system ahead of filter;
W,—equivalent volume (cm*) of

filter;
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V— sampling flow rate (cm*/s);
N— total ct particle counts (epm);
•'•Tn— calibration coefficient of

thoron.
Clearly, from fornml.a(6) a stable value

of E can be obtained in V2 when sampling
flow rate is taken a.-> V, while for ration, of
course, tho condition of Tv^-t**! is satis-
fied.

(b) To eliminate contamination of radon
daughters on detector head.

Mobile agjnpling also has the iidvant^e of
. eliminating contamination to instruments
caused by radon daughters. For tliere is not
much room remain inside sampling apparatus,
usually several ml, while V=10 l/min, so the
time which radon passes sampling apparatus
is very short, and the volume of radon
daughter accumulated is less also.

In addition, because of the filtering of
air, most of the radon and its daughter are
carried away, even if some of RaA is left, it
does not play an important roll to measuring.

4."Waiting Method" is needed in the condition
radon and thoron are mixed.

"Waiting Method" may also be called'Twice
Times Measurement", first the total number of
radon and thoron are measured, then wait
three minutes, after the thoron attached on
filter is decayed completely second measuring
begins to get counts of radon W,j.,a ,
finally, radon and thoron concentration can
be obtained from the foromla(7),(8).

A 5.49Mev
3.825days

d 6.00Mev.
3.05min

RaC

Tn

19.7min

6.28Mey
54.5 s

d 7.68Mev .
1.64x10"*s

6.7_7Mev
0.158 s 10.64h

ThC

Through radon aruJ thocon d«eay chain, we
know thoron irwi i-adon half-lixs urn 54.5 s
and J.SP.5 days respectively, when "Waiting
Method" is applied, after three mi'iutes the
remain thoron contribution to measurement is
less than 10 percent, and 5 percent for
radon. This results from the reason that j.p-
is H S twice as j»jn- Hadon and thor-on concen-
tration in the mixed state are calculated as
follows.

fadr t7>

where: R— risiiig coefficient introduced
for different measuring time.

5. Select of measuring time.

Beginning time depends upon the saturated
state of filter. In fact, at the beginning
the filter is easy to absorb, and its absorp-
tion ability decrease as sampling increase,
until it reaches the state of saturation,
formula(9) represents this procedure.

Q = BCo(i-e~
Pt ) (9)

where: Q — saturated radon quantity(Ci/g)
absorbed on filter in the same
tempreture condition;

t — sampling time (minutes);
Co—environmental radon contrac-

tion (Ci/i);
B — constants (g/l);
p — constants (min~' ).

For V=10 L/min P =1 five minutes period
is enough for sampling, since the quantity •
of radon absorbed on filter approximately
reaches maximum value after five minutes, as
Fig 4 and Fig 6 shown.

In addition, it is found from the accumu-
lation of pure radon (table 1) at the time
period of 5-20 minutes the total activity of
Rn + RaA + RaC' approaches to 2, i.e. the
stable state. For fast measuring, 5-10
minutes can also be accepted.
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TABLE 1 ACCUMULATION OF PURE RADON

t(min)

1
2
3
4
5
6
7
8
9

10
11
12

i ; ->
14
15
16
17
18
19
20
25
30

Rn

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.
0.
0.

RaA

.204

.366

.495

.590

.680

.745

.79T

.838

.871

.898

.918

.93?

.948

.959

.967

.974

.979
983
987
989
997
999

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0 .

RaC

_

—
_

_
.003
.010
.014
.018
.024
.028
.034
.041
.047
.054
.062
.069
.078
086
132
184

Hn+RaA+RaC'

1
1
1
1
1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2

.204

.366

.495

.593

.680

.745

.305

.848

.885

.916

.94?

.963

.982

.999

.014

.028

.041

.053

.065

.075

.129

.133

SOME PARAMETERS OP METHOD(2)

1. A relation between radon (or thoron)
concentration C and d count rate N in filter
is shown in Fig.1.

0 2' ~4" 6 B 1t) 12 14
Rn(Tn) CO!»C. (x10"(0 Ci/L)

FIG.1 TEE RELATIONSHIP 3ETVEEK En
(Tn) C01JC. AHD COUNTS RATE.

It gives the linear equations for
and thoron(ll).

V R H — a correla'';:'-on coefficient of radon,
y ™ — a correlation coefficient of thoron.

2. The effects of temperature on count rate

o? f i l te r .

(a) In measuring radon, baseu on many

teate, an emp.i rio forwula which cun be used

to correct the count r>ite --it temperature T*C

is obtained at the condition of constant

source strengh.
IT? = 1JT.J$'AT <1S)

< i T =O.955 a - | 5 )

where: N T — ̂  count in temperature T#C
(eount/inin);

IJ~ _(J. — d count in temperature
(count/min);

d T — corrected coefficient of
temperature.

As compared, we found that the value from
empiric formula is well coincide with that
from measuring, as shown in Fig 2, the
maximum relative deviation is less than 10$.
In addition, the result obtained is similar
with that of ctTa=(288/Ta)'*'

7 (3) as well,
its maximum relative deviation is about 9$.

A
0.5

E-l 4T=0-955
fT-15)

FIG.-5

15 20 25

T3MP3RATURE ( # C)

n— TEMPSiUTl-iffi CURVE

30

(b) From many tests of thoron measurement,
the effect of temperature to count rate is
not obvious, as shown in Fig 3.

3, The relationship between flow rate, samp-
ling time and count rate, is shown in
Fig 4,5.

(a) Radon measuring (under the condition
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of constant temperature and 1x10"'° Ci/L radon 4. The effect of the mass thickness of filter

radioactivity) is shown in Fig 4.

(b) Thoron measuring (the tlioron concen-

tration is constant) is shown in Fig 5.

J
1

0.5

* *

i .. —

X

0 10 20 30

TEMPERATURE (*C)

FIG. 3 THE EFFECT OF TEMPERATURE TO JTn

20

a

o
S 10

o
o

— 0 —

5 10

TIME (mir.)

15

FIG.4 THE RELATION BETWEEN FLCtf RATE,

SAI.iPI.ING TIME AMI) COUNT RATE

o
o

8
•a!

10

o
o

0 5 10

TIME (min)

FIG.5 THE SAMPLING TIME AS A FUNCTION
OF COUNT RATE

i-:i shown in Fig 6,

•3 30
o

10 fc, i*

o

0
10 20 3fi 40

iti33 TEIC'MIESS (mg/em )

Tir. :.;AS3 TCICKTKPS OF FILTER AS

A FUNCTION OF C0U1IT RATE

5. The other parameters related to filter,

TABLE2. OTHER PARAMETERS OF FILTER

Ho

1

2

3

4

5
6

7

8

Item

mass thickness

(mg/cm)

quantity of carbon

(mg/cm )

quantity of paper

pulp(mg/cm )

quantity of gel

(mg/cm )

size of carbon(mm)

resistance(mmH20)

material of paper
pulp
quantity of radon
absorped(Ci/g)

A-Filter

26.1

13.0-15.0

11.0-13.0

0.36-0.72

50

150

mulberry

paper

B-Filter

2B.4-31.3

21.4-24.3

7.0

0.35-0.53

50

176-198

mulberry

paper
—9

1 .1-1 .2x10 *

* environmental radon concentration is

2x10 ~(0 Ci/L.

THE MODEL ZF-601 RADON-THORON MONITOR

The model KF-601 radon-thoron monitor is

a special apparatus based on filter method.

Its schematic diagram is shown in Fig 7.

Major technical characteristics of KF-601

radon-thoron monitor are:

Sensitivity: 200 mv;

Time resolution: 4.*s;
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Power: about ^OUrnvt
Background: 0.5 count/min;
Working temperature: -10'c—+45*Cj
Gross weight: about 3«5Xg.

in out

oi'jxiiToiso paor. TAB us 5

1- Sampler

3- Scintillator

5- DC Transducer

7- Main Amplifier

9- Translator

11- Power Supplies

FIG. 7 ?>

2- Carbon. 5'i] ter

4- Pho (.omultiplier

6- Preamp

8- Trigger

W- Digit'* 1 OiAplsy

OF KK-601

TEST RESULTS (2)

The results obtained from lab and in situ

with KF-601 radon-thoron monitor are shown

in table 3. Other common radon and thoron

monitors used indoor are presented also.

1. Test data in lab

TABLE 3. TEST DATA IN LAB

1

2

3
4
5
6

T

<%>

11

11

10

13
10

11

KF-601

Cio-1oci/iJ
En

6.2

7.3
7.8
8.2
9.6

11.6

In

FD-125

Hn Tn

FD-105K

6o-1ociA)
Rn

6.3
7.4
7.9
8.0

12.4
12.1

Tn

,T
Hn

-1.6
-1.3
-1.2
+2.4
-22.5
-4.1

7

9
10

11

12

U
14

15
16

17

15

19
20

2 1

11

?.c

51
2»
i'

6

6

10

17
16

3?

J-1
31

33
33

1P.6
?.6?
2.00

2.26

1.69
1.6S
2.20

?.33
2.63

" . 4 ?

1,->0

?.34

5 - ^
6.'0

0.95
1.^2

1.46
1.19

2.:4

2.1c
?.'r

1 '-1

'-• ) :

••"!'

o.4fi

1.00

2.5"
3.70
5.30
6.10

1.05
1.06

1.17
1.09

0.99

12.5
2.65

2. "2

1.70
1.60

?.1O

2.37
2.60

1.05

1.04

1.04
1.07
1.02

+0.8

+1.0
- 1 0

+2

0

+5

+5
0

+3

~".<3

+10

- ^ . 1

+4.3

-6.4
+11

- 1 4

-?.6

-1.9
+36
+17

* .Relative- Deviation.

2. "eat dnta in situ

TABLE 4 . TEST DATA If? AN UHAI-fl'JK MII3

No

1
?
?
4

6
7

KF-601

(10-'° Ci/L)

0.16
0.38
1.90
1.98
3.54
3.70
6.02

FD-105K

(iO- |OCi/L)

0.14
0.32
1.67
2.20
4.0
3.30
5.75

S

+14.0
+18.2
+7.0
-5.8
-11.5
-2.S
+4.S

T

(•c)
25
24
18
20
20
20
21

TA3LE 5 . TEST DATA IK A THORIUM KILL

Ho

1
2
3
4
5
6
7
8
9

10
11
12
13
14

loca-
tion

a
a
b
c
c
c
d
d
d
e
e
e
f
g

background
(10- | fCi/L)

KF-601

0.05
0.17
0.04
0.07

0.05
0.05

0.10
0.28

0.10
0.03

FD-105

4.73
2.45
0.11
1.74
3.15
3.15
0.40

0.40
0.78

1.10
0.31

(10"

KP-601

1.42
0.66
0.10
13.8
3.20
2.05
1.58
1.58
0.84
8.4
6.2
4.5
2.26
0.12

I n
6 Ci/L)
FD-105A

1.40
0.52
0.11
15.7
3.37
2.07
1.00
1.00
0.76
6.0
5.4
4 .0

1.28
0.10

(f
(*)
+1
+21
-10
- 1 4
-5
+1?
+37
+37
+10
+29
+13
+11
+43
+17



492 RUI-KAIEML.

TA3LE6. VS.': iJAT/i liJ AV

KISS

So

• ;

3

:;
6
7
8
9

10
! 1
1 2

T

("C

14
14
12
11
11
13
13
13
13
14
12
12

Loca
ti.on

H
n
b
b
c
-.1
d
e
f
6
h
i

KF-601
(10"'
Rn

6.0
3.5
29
6.?
15.5
18.fi
17.0
59
51

.6
3.2
4.3

°Ci/I,
Tn

1.6
?.O
2.1
1.1
5.0
4 .0
a.4
12.4
21.6
2.7
1 .2
4.4

D-105K
(iO" l*Ci/L)
Hn

6.1
3.3
32.2
B.e
14.4
22.4
17.0
61
54
2.0
4.9
4.9

•3n

1.9
1.9
5.7
I . ' .
6.9
4.3
6.7
7.1
13.4
1.7
2.1
2.1

S

Kn

-2
+7
-1.?
_36

-17
0

-3
- 6
—""
-35
-1.?

Tn

-5
+3
-63
- 1 6
-28
-7

+74
+61
+59
-43
+108

a resul t ir. 10-13 mir'jl*'; witji a diejl-.il

A nuinliyr of Sat*, olit'-iir.eo ii : mine i/Ojcfj
ed the r^no*•teiMJity i s inucii t e t t e r for
t l ioron inft/soUi'feiKfe.'it.

TJii; lov.i;.'jt I j i i i j to of i(i'—C'j' I'auon and

tlioi-on hv* 0.74 Bq/L (2X10"1 Ci/L) nnii 1.11
3 q / i ( 3x10~ C i / L ) Toj:' yvi.iu;' >3i!'J titoj-on m«u

surenei i i j'ftsptit;11 wsly •

Thanks ejigiubc.r i i '*eu-^uHj. "or h i s

ji <j.t oui1 ifsearoh on XF-631 isonlloi'.

"rfhen EP-601 radon-thoron monitor i s used
i'j i.he coiidition of radon-thoron raxxtured
f ie ld , because of no standard method ami be
b-.ken n.a a c r i t e r i a in underground mint;,
mobile ft-amplifig r e su l t s of FD-105K emanation
electrojnent i s s t i l l accepted aa a reference.

7. REPEATABILITY

A O

1
?
'j

4
5

KP-601

windless

2 . 2
1.9
1 «O

2 . 0
2.1 :.3

2.0-5

+12.-4

constant
•wind

4 . 3
3.6
3.^ '
2.9
2 • V

3.70

±232

Oo~-
windle^s

2 . 9
5 .0
U9

3.3 Li

2.C-1

±U?JJ

^ )
ooaatunt
wind

2 . 7
1.3
2 . 6
? .3
' • ^

2.40

+37/'

1. l ipatof , Gel Physical Chemistry, 1954.
2. iffaijg Kui.-k-ii e t . , Labors .torj Report o

Activated darbo/i 7i . ' ter for Radon and
j'ivoroii Fefisureu Ketbod, 19B0.

3. J.W. Thomas, Evaluation of /ictivfated
Carbon Canisters for Rsiioj' Protectioi.

i.'ies, 1S74.

Table 7 i s the r e s u l t of Tn concentrat ion

jneasured repea t ly in a point in radon-thoroi;

n.dxtured f i e l d .

Prom table- 7 wo found tha t the nipeats.M-

l i t y of ICc'-6r,1 i s b e t t e r tlv,n tliat of FB-105K

i"or measuririg thoron.

Il-e KP-CiG'i 2'auon-tborori monitor can give
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ABSTRACT

The IAEA tan recently recommended values for the
annual Units of Intake of uranlua and thorium ore
dust. Their values are based on data recommended by
the ICRP. This paper reviews these calculations of
AL1 and concludes that they have a range of at least
ei> ".d<T of Magnitude in their values. One of the main
.auscs of the large range is the aerosol particle
size, and particle size dependent ALI are recommended
for use in radiation protection. These values are
nost likely overly conservative, and their use in
calculating risk? from exposures to ore dust is not
recoaaended.

1. INTRODUCTION

The IAEA has recently recoomended (1) that the

equation

50 0.C2

ODTh

200

be used to liait the radiological hazard to alners in
uranium and thorium mines. This equation is a direct
interpretation of ICKP recoaaendations (2, 3, 4, 5),
where

Hj d is the annual deep dose equivalent index in Sv.
'(It should be noted that this quantity is not a
practical one, and will not be used in aost
countries.),

IRnD i s t n e annual intake of potential alpha energy of
radon daughters in joules,

'•TnD
is the annual intake of potential alpha energy of

thoron daughters in joules,

*0Du i s t h e a n n u a l i n t a k e oi uranium ore dust in Bq of
total long-lived alpha activity,

and

I 0 D T h is the annual intake of uranium ore dust in Bq
of total long-lived alpha activity.

The annual limits of intake (ALI) of 1700 fiq and
200 Bq for long lived alpha activity of uraniua and
thorium ore dust respectively were calculated from
models and paraaeters developed (4) for use with
industrial compounds normally encountered in the
workplace, and may not be appropriate for ore dust.
These values also do not take into account the shorter
lived isotopes that are present in ore. In addition,
the limits for radon and thoron daughters used in the
above equation are based, at least in part, on the
regional lung concept (5) (with the TB and P region
each assigned a weighting factor of 0.06), whereas the
ALI's for ore dust are based on the composite lung
concept (4) (with a weighting factor of 0.12).

Since the ALI's for ore dust are potent ia l ly very
luportant In the estimation of the radiological
hazards, and for monitoring prograas In Bines, i t us*
decided to review the aodels and paraaeters that were
used to calculate then. This paper presents the
resul ts of th i s review, with emphasis on the main
uncertainties in the ca lcu lat ions , and gives the
resul ts of calculat ions using dif ferent aodels and
paraaeters, and of using the regional dose concept.

2. GENERAL CONSIDERATION

The ICRP has recoaaended that the committed dose
(dose i s understood to mean dose equivalent throughout
this paper) be used to compare doses froa Intakes of
radioact ivi ty to annual dose l i m i t s . The annual l i a i t
on the dose to any organ Is 0.5 Sv (except th* lens of
the eye , which i s 0.15 Sv) and the annual l i a i t on
e f f e c t i v e dose i s 0.05 Sv; the e f f ec t ive dose being
the weighted sum of a l l organ doses ( 2 ) .

The committed organ dose Is defined by:

H50,T = I
50 years

0
dt

where H~(t) is the dose rate to organ T following
single intake of radioactivity at t » 0. The
coaaitted effective dose is given by:

"50
rt it

T 50.T

where WT are the weighting factors recoaaended by ICRP
(2). Secondary Halts derived froa the coaaitted
doses, called annual l ia i ts on Intake (All) have been
recommended for use in radiation protection. These
are defined as the smaller of ALINS and ALIS for a
given radionuclide, where ALI»S is the ratio of the
annual l iai t on organ dose (the non-stochastic l ia i t )
to the committed organ dose per unit Intake of
activity of the radionuclide under consideration, and
ALI is the ratio r<" the annual l ia i t on effective
dose (the stochastic l ia i t ) to the coaaitted effective
dose per unit intake.

When mixtures of radionudides are being
considered, the ALI of the mixture can be calculated
by the reciprocal sum of the ALI's of the
radionuclldes making up the mixture (2, 4 ) . This
procedure was used (6) to calculate the ALI's given by
the IAEA (1) froa the individual ALI's of the uraniua
and thorium decay chain radionuclides given by IOtP
(4). However, since these ALI'a are a mixture of ALIS

and AUNc, i t is more appropriate to calculate the
committed organ doses froa each of the radloauclieea
and calculate the ALI froa their SUB. this procedure-
Is usad in this paper.
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TABLE 1

MAIN ISOTOPES AND THEIR HALFLIVES AND DECAY W E S IN THE URANIUM (a) AND THORIUM (b) DECAY CHAINS
IF AN ISOTOPE IS LISTED AS BEING A PARENT, IT IS ASSUMED TO BE INHALED AND

ITS CONTRIBUTION TO DOSE CALCULATED

TABLE 2

; ISOTOPE

U-238

Th-234

1 Pu-234m

U-234

Th-230

Ra-226

Rn-222

Po-218

Pb-214

Bi-2l4

Po-214

Pb-21O

Bi-210

Po-210

(a) URANIUM

4.5 x 109 a

24.1 d

j 1.17 a

; 2.5 x 105 a

1 8.0 x 104 a

| 1.6 x 103 a

3.8 d

3.05 min

' 26.8 coin
i

19.7 min

164 us

22.3 a

5.01 d

138 d

CHAIN

i DECAY
. TYPE

!

! a

6

e
a

a

a

a

a

e

e
a

e
e
a

i
PARENT

Yes

: NO

No

' Yes

; Yes

Yes

No

No

No

No

No

Yes

No

Yes

1
i
: ISOTOPE

Th-232

Ra-226

Ac-228

Th-228

Ra-224

Rn-220

Po-216

Pb-212

Bi-212

Po-212 C64Z)

Tl-208 (36Z)

(b) THORIUM CHAIN

! ' DECAY

1.4 X IO10 a

5.75 y

6.1 b

1.9 a

3.66 d

55 s

0.15 s

10.6 h

60.6 sin

a

e
e
a

a

a

a

S
a(36Z)

) 6C64Z)

304 ns 1 a

3.05 Bin 6

!

i

' PARENT j

: Yes i
j Yes :

No j

| Yes !

! Ye, 1
i •

No

NO i
No i

No j
j

No j

No I

j

!

DEFOSITIOH FRACTIONS (D.) AHD CLEARANCE HALFT1MES (t. FOR THE ICRP LUNG MODEL SHOWN IN FIGURE 1

! ! i

. Region \ f. Compartment

i N-P : 0.30 i A ( B ) c

i i i B < G )

' X-B ;0.08 i C ( B )

1 ! 1 D(G)

E(B)

| i F(G)
P ! 0.25 ! G(G)

I 1
i j

: i
Lymph i — J(B)

Tissue — | K ,

Class D 1 Class W ! Class Y

Di(b) j t, (days) i D.

. i

0.5 ! 0.01 i 0.1

0.5 1 0.01 j 0.9

0.95

0.05

0.8

0

0

0.2

0

1

0.01 j 0.5

0.2 j 0.5

0.5 j 0.15

( 0.4

— j 0.4

0.5 ' 0.05

- io
i
i

0.5 | --

~~ i ~

t^ (days)

0.01

0.4

0.01

0.2

50

1

50

50

\
50 j

|
1

0.01

0.99

0.01

0.99

0.05

0.4

0.4

0.135

0.015

tj (days)

0.01

0.4

0.01

0.2

500

i !

500

500 |

500 1

1000

(a) For an AflAD » 1.0 Urn (see Fig. 3 for other part ic le s izes )

(b) Deposition probability in a coopartnent is £. D.

(c) (B) - transferred to blood; (G) - transferred to GI tract; (L) - transferred to lyaph tissue
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Table 1 gives the main radlonuclldca In uranlua
(uraniua chain) and thorium (thoriiai chain) orea,
along with their half-lives and decay types. In
principle, the dose from each of these would have to
be calculated; however, because of their short
half-lives, intakes of sone of the radionuclides do not
contribute significantly to the dose froa ores, and
hence only coaaitted doses frosi those listed as being
:• parent In Table 1 were calculated. It should be
noted that even though some of these radionuclides do
nut contribute to dose, they will still be aeasured *»
aipha activity in air as they are supported by their
long lived parent. Therefore, while the dose froa
uranium and thoriua ores is attributed to the long
lived radionuclides (generally called "long lived
alpha"), the alpha activity in air Includes the
contribution froa the short lived alpha ealttlng
r.-xUoniiclldes, except for those that are lost froa the
,>urtides by radon emanation or by recoil. In this
work 502 of the radon (Rn-222) and all of the thoron
(Kn-220) progeny are aasuaed to reaain in particle;
hence the SUB of the committed doses per Bq Intake of
the radionuclides given in Table 1 was divided by 6.5
and 6 for the uraniua and thoriiai chains respectively
to get the coaaitted dose from ores per Bq of alpha
activity inhaled. The value of 50% for radon progeny
is based on measurements on ore dust by Duport and
Eduardson (7) whereas the thoron assumption Is based
on its short half-life, and particle size and recoil
path length considerations (8).

3. DOSIMETRY CALCULATIONS

All dosiaetry calculations were done using the
computer code GENMOD. This is a comprehensive code
developed at CRNL that interacts with files containing
metabolic data and dosiaetry factors. It has been
described in detail elsewhere (9, 10, 11). The
overall aodel used by GENMOD for all elements except
radium is shown in Fig. 1, which Is essentially that
used by ICRP (4). Fig. 2 shows the metabolic aodel
used for radiua; this aodel replacing coapartaents Q
and X£j of Fig. 1 to calculate coaaitted doses froa
radiua isotopes.

Inhaled activity is deposited in the coapartaents
labelled with an asterisk in Fig. 1. The fractions
deposited in each region (naseo-pharynx (N-P),
tracheo-bronchial <T-B) and pulmonary (F) region) are
assumed to be a function of particle size only (see
Fig. 3). A particle size (AHAD) of 1 um is normally
used. The fraction deposited in the compartments In
each region of the lung is aot assumed to be particle
size dependent nor is their clearance rate (see Table
2). These parameters are normally assumed to depend
only on solubility class (4). Strand and solubility
classes (D, H and Y) values are given in Table 2.

The parameters used for the GI tract aodel
(compartments L-P) except for f̂  (see below) are those
recommended by ICRP (4). The paraaeters for the
metabolic aodels are those recommended by ICRP (4) or
Johnson and Myers (10), with the exception of those
for thoriua. Thoriua is normally assuaed to
concentrate on bone surfaces (4). However, this
assiaiption is not well supported experimentally, and
ins effect on ALI's is examined below.
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EXCEPT RADIUM IN THIS PAPER.
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The aodels described briefly above were used to
calculate coaaitted doses and hence ALI's using
various assumptions as described below.

FIGURE 2 METABOLIC MODEL FOR RADIUM USED IN THIS
PAPER.
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TABLE 3

-1,HT'J'ED EFFECTIVE DOSE EQUIVALENT (Sv Bq ) FOR INHALATION OF THE MOST SIGNIFICANT LONG LIVED HADIONUCLIDES
TCANIUM AND THORIUM ODE DUST, FOR VARIOUS MODEL ASSUMPTIONS. THE COMMITTED EFFECTIVE DOSE EQUIVALENT FOR
i: OUSTS ARE CALCULATED BY ASSUMING THAT THERE ARE 6.5 Bq AND 6.0 Bq OF a ACTIVITY IN THE DECAY OF U-ORE

AND TH-ORE DUST, RESPECTIVELY

ICRF I CASE 1 CASE 2 CASE 3 CASE 4 CASE 5 CASE 6

| U-Nat

j Th-230

j Ra-226

! Pb-210

i Po-210

j
! U-Ore Dust
i

i Th-232

! Ra-228

I Th-228

j Ra-224

Th-Ore Dust
!

3.30-5)

6.9(-5)

2.3(-6)

4.K-6)

2.4(-6)

2.2(-5)

3.2(-4)

9.3(-5)

8.6 (-7)

6.9(-5)

; 3.3(-5) 3.3(-5)

6.9(-5) 6.3C-5)

3.6C-5) 3.6(-5)

2.8(-5) 2.7(-5)

4.6(-6) 4.5(-6)

3.1(-5) 3.0(-5)

3.2(-4) 2.8C-4)

7.5(-5) 7.5(-5)

9.3(-5) ; 9.0(-5)

8.5(-7) 1 8.0(-7)
_ i j

8.K-5) ' 7.5(-5)

3.0(-5)

4.0(-5)

. 3.3(-5)

i 2.3C-5)

4.4(-6)

2.5C-5)

1.6(-4)

5.8C-5)

7.7(-5)

8.5(-7)

4.9(-5)

3.0(-5)

3.3(-5)

• 3.3(-5)

j 2.3C-5)

j 4.4(-6)
j—-•--'•—™

! 2.3(-5)

5.8{-5)

7.4 (-5)

8.5C-7)

3.6C-5) '

1.4(-5)

4.3<-6)

1.3C-5)

2.7(-5)

3.9(-5)

6.9 (-5)

8.5(-7)

2.5(-5) i

8.9(-6)

9.7C-6)

7.9(-6)

2.4(-6)

7.4<-6)

2.2(-5)

3.8(-5)

4.7(-7)

1.3 (-5)

TABLE 4

COMMITTED DOSE EQUIVALENT (Sv Bq ) TO THE INDICATED ORGANS FROM INHALED
URANIUM AND THORIUM ORE DUST FOR VARIOUS MODEL ASSUMPTIONS

J
i
i
•

ICRP

Case

Case

Case

Case

Case

Case

1

2

3

4

5

6

9

2

2

ll-Ore

2(-5)

K-4)

K-4)

2.0(-4)

2

1

1

O(-4)

K-4)
1C-4)

LUNG

Th-Ore

2.

3.

3.

3.

3.

1.

! 1-

7(-4)

7 (-4)

7 (-4)

4 (-4)

4{-4)

9 (-4)

9 (-4)

i

1

1

1

3

1

1

1

BONE

U-Ore

.4(-4)

.3(-4)

.O(-4)

.0(-5)

.6(-6)

.6 (-6)

.6(-6)

SURFACES

! Th-Ore

J

8.

8.

6.

2.

1.

1.

U

8(-4)

8 (-4)

9 (-4)

O(-4)

0(-5)

0(-5)

1

1

RED BONE

ll-Ore

.5(-5)

.O(-5)

8.2(-6)

2

1

1

1

3 (-6)

2(-7)

2(-7)

2 (-7)

1
1

i

I

•

j

MARROW

Th-Ore

7.

7.

5.

1.

6.

6.

6.

O(-5)

O(-5)

6 (-5)

6(-5)

5(-7)

5(-7)

5(-7)

GONADS

U-Ore

8.3(-8)

3.8(-8)

3.0(-8>

9.3(-9)

9.3(-9)

9.3(-9)

9.3(-9)

Th-Ore

1.5(-7) j
1.5{-7) j

1.3(-7) |

3.6(-8) j

3.6(-8) ;

3.6(-8) j

3.6(-8) j
i
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TABLE 5

ANNUAL LIMITS ON INTAKE (Bq) FOR STOCHASTIC (ALIg) AND NON-STOCHASTIC

DOSE LIMITS FOR URANIUM AND THORIUM ORE DUST, CALCULATED FOR VARIOUS MODEL ASSUMPTIONS

ICRP

Case 1

Case 2

Case 3

Case 4

Case 5

Case 6

URANIUM ORE DUST

ALIS

2300

1600

1700

2000

2200

3900

6800

ALI • ORGAN
no ,

3600 j BS

3800 ; BS

5000 ! BS

17000 ! BS

31000 | BS

31000 i BS

4500 ! Lung

THORIUM ORE DUST

ALIg

720

630

670

1000

1400

2000

3800

570

570

720

2500

5000

5000

2600 ;

ORGAN

BS

BS

BS

BS

BS

BS

Lung

TABLE 6

THE EFFECT OF VARYING THE PARTICLE SIZE ON
THE CALCULATED VALUES OF ALIg AND ALINg

AMAD

(uo)

0.5

1.0

2.0

5.0

10.0

URANIUM (

CASE 1

ALIS

1000

1600

2200

4600

6900

2500

3800

4900

8600

10000

DRE DUST j THORIUM

CASE 4 CASE 1

ALIg

1300

2200

2700

6000

9600

A"NS ; ALIs

22000 i 410

27000 630

16000 . 830

17000 : 1700

19000 : 2300
I

A L INS

380

580

730

1300

1500

3RE DUST

[ CASE 4

ALIS

750

1400

1500

3300

5200

A L INS

38000

48000

20000

31000

35000

TABLE 7

THE EFFECT OF VARYING THE MAIN LUNG RETENTION COMPONENT ON
THE CALCULATED VALUES OF ALI. AND A L L .

HALF-LIFE

(days)

100

200

500

1000

2000

URANIUM ORE DUST

CASE 1

ALIS

2300

2200

1600

1200

740

A L INS

3800

3800

3700

3700

3600

CASE 4

ALIS

3000

2700

1900

1300

790

ALINS

61000

61000

62000

64000

66000

THORIUM ORE DUST

CASE 1

ALIS

790

730

630

490

340

^ N S

580

580

570

570

560

CASE 4

ALIg

2000

1200

1400

790

470

* " »

48000

48000

48000

48000

48000
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0.05 0.1 0.2 0.5 1.0

AMAD (/Am)

5.0 10.0

FIGURE 3 REGIONAL DEPOSITION PROBABILITY AS A
FUNCTION OF AERODYNAMIC PARTICLE SIZE (AMAD)
USED IN THIS REPORT

Tables 3, 4 and 5 give the results of calculations
for a 1|U (AMAD) particle size. The various model
assumptions used for these calculations were:

ICRP Committed doses were calculated using the least
soluble class given by ICRP (4). All lung model
parameters are those used by ICRP (4).

Case 1 All radionuclides are assumed to be Class Y
(Table 2), and have an fi - 0.0002 as ore dust is
assumed to be fairly insoluble. Provided fj is small,
uncertainties in f̂  do not impact on the dose.

Case 2 There is evidence that the ICRP clearance
model (Table 2) over-predicts the amount of activity
cleared to the blood directly from the P region of the
lung for some insoluble compounds (12, 13). The ICRP
clearance to blood of 5% of the deposited activity in
the pulmonary region for Class Y, was reduced to 1%,
and that to the GI tract (long term) was increased
from 402 to 44%. This "split" between clearance
routes is most likely particle size dependent,
although no attempt is made to model this factor
here.

Case 3 The ICRP clearance model also has 13.5% of the
activity deposited in the P region being cleared to
blood via lymph nodes (Table 2). This fraction may be
appropriate for very small particles, or those that
are slightly soluble, but is probably too large for
large insoluble particles. Case 3 gives the results
for the percent cleared to blood via lymph nodes set
to 2%, and that cleared to lymph nodes that stays
there indefinitely changed from 1.5% to 2%. The
changes made in Cases 1 and 2 remain, except of course
the amount cleared to the GI tract is increased to
55%.

Case 4 The ICRP model assumes that any thorium going
to the skeleton is retained on bone surfaces with a
half-life of 8000 days. Case 4 gives the -esults of
calculations assuming that the thorium going to the
skeleton is uniformly distributed in mineral bone.
The modifications used in Case 3 are retained.

Case 5 The ICRP has recommended that the TB and P

regions of the lung and thu lung associated lymph
nodes be considered as a single organ (4). Activity
in the lymph nodes is therefore normally included in
lung dose calculations. However, the alpha activity
in lymph nodes is not thought to make a significant
contribution to the risk of lung cancer, and is not
included in calculating the lung dose in Case 5.

Case 6 The ICRP has recently (5) used a weighting
factor of 0.06 separately for the dose to the TB and P
regions of the lung for radon and thoron daughter
dose calculations; the normal practise being to use a
weighting factor of 0.12 to the composite lung. The
effect of applying this regional lung concept (5) to
ore dusts is given by the results in Case 6. (This
change and the one in Case 5, was considered
previously (14). One immediately obvious effect is
that the lung dose can now exceed the non-stochastic
dose limit before the stochastic dose limit is
exceeded (Table 5). This is not possible with a
weighting factor greater than 0.1, as 0.1 is the ratio
of the stochastic to the non-stochastic limit.

The results in Tables 3 to 5 used a deposition
pattern recoomended for a l p AMAD particle size.
This value is probably too small for ore dust in
mines; for example, Duport and Edwardson (7) recommend
an interium value of 5 ym AMAD for Elliot Lake mines,
based on limited measurements. Table 6 gives the
model results (ALI's only; the bone surface dose
governs the ALINS) for particle sizes (see Fig. 3)
ranging from 0.5 ym to 10 |jm, with the Case 1 and Case
4 assumptions (given above) used. Space limitations
do not allow all the results obtained to be presented.
Case 1 and Case 4 were selected as these represent the
most (Case 1) and least (Case 4) conservative cases
considered above that only involve changes to the
metabolic models. Cases 5 and 6 are even less
conservative but these involve changes in the
methodology used to do lung dosimetry.

As mentioned earlier, lung clearance rates are
likely a function of particle size (15, 16). While
their dependence is not modelled explicitly here, the
effects of changing the lung clearance rates on Case 1
and Case 4 results are given in Table 7. Only the
rates for compartments E, G, H and I (Table 2 and Fig.
1) were varied, the result of which is that the
contribution to committed doses from activity in the
lymph nodes and in other organs is hardly affected.
(Note that ALINS, which is set by the dose to bone
surfaces is virtually unchanged in the cases given in
Table 6).

4. DISCUSSION AND CONCLUSIONS

The results given in Tables 3 to 7 represent
reasonable ranges of committed doses and ALI's for ore
dusts. The ALI's (smaller of ALIS and ALINS) range
from about 1000 Bq to 10000 Bq for uranium ore, and
from about 300 Bq to 5000 Bq for thorium ore dust.
Even higher valus than these would be obtained if Case
5 and 6 results were included in Tables 6 and 7.
Except for particle size distribution, there is very
little evidence to choose any of the results over
others. It therefore seems inappropriate to adopt
fixed values for ALI's for ore dusts at this ti«e.
Reasonable values for radiation protection purposes as
a function of particle size are those for Case 1 given
in Table 6. However, these values are probably too
conservative to be used as a basis for estiaatiig
risks to miners from exposures to ore dust. This
conservatism could result from three main factors:
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Lung Clearance Model

The model used In Case 1 could result In Coo much
activity being cleared to the blood, either directly
or via lymph nodes. Whether or not this is actually
the case depends on such factors as: the solubility
of the particles In the lung fluids, and perhaps
inside macrophages; the transport of the "solubilized"
compounds out of the lung and lymph nodes; the
transport of particles out of the lung by macrophages
and cilia action, which may be particle size and
particle "chemistry" dependent. It will also depend
on the distribution of deposition of activity as a
function of particle size for a given AMAD within the
various regions of the lung. Until an improved
understanding the effect of these sort of processes is
obtained, which will probably require major revisions
o ti'i lung model (17), the degree of conservatism in
Case 1 results cannot be estimated.

Metabolic Model

The only change to the metabolic models discussed
in Section 3 is the changing of the retention in the
skeleton from being on bone surfaces to being in
mineral bone. With this change (Case 4), the bone
surface dose is no longer limiting for thorium ores,
and the ALI is mainly governed by the dose to lung for
both uranium and thorium ore dust. It is recognized
that bone remodelling results in burial of some
thorium in mineral bone (4); whether or not this is a
major factor in thorium from the region of bone
remaining in dosttal cells during its long residence
in the skeleton of man, as is assumed to occur for
uranium (4), has not been adequately documented.

There are also uncertainties in other parameters
used in the metabolic models, particularly for uranium
and thorium isotopes. However, the retention and
distribution in bone is the only ones that have a
large impact on the ALI for ore dust (particularly
thorium ore dust). Of course, doses to other organs
would be higher relative to lung doses if the
methodology for lung dosimetry were modified in such a
way as to reduce lung dose.

Lung Dosimetry

As shown in previous work (14), and reflected in
the results in Tables 3 to 5, the exclusion of the
activity in lymph nodes decreases the committed lung
dose by about a factor of two (Table 4; Case S
compared to Case 4), and the changing of the weighting
factor for the pulmonary region (there is little
contribution from activity in the TB region (14)) from
0.12 to 0.06 decreases the effective dose by a further
factor of almost two (Table 5; Case 6 compared to Case
5). These changes appear reasonable, but the basis
for the current practise should be reviewed before any
changes are recommended. It should also be noted that
the exclusion of activity in lymph nodes (which would
not be valid for beta and gamma emitters) from lung
dose calculations could cause major difficulties in in
vivo monitoring programs.
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Question (Scripsick): I've observed that most in
vitro dissolution work is only capable of
determining half times less than or equal to 500
days, thus leaving the possibility of longer
half-time components. How would this impact
upon dosimetric models?

Answer: Long-term retention in lung will add to
committed lung dose. However, in vitro study
results are hard to interpret directly because
mechanical clearance, which is probably related to
solubility, is also an important clearance
mechanism.

DISCUSSION

Question (Wrenn): At the University of Utah,
Radiobiology Division, we have completed studies
of bone sarcoma induction from injected 226Ra
and "^Th in dogs. Based on the observed
linear dose response at lower doses, the 228Th
(a surface seeker) is 8 times more effective in
inducing bone sarcoma than "ORa (a volume
seeker). We know that even bone surface seekers
will redistribute and become burled, but not
become truly uniform in distribution.

Thus I would suggest that a change in the
calculational method for 230Th which
eliminates most of the surface dose may be
misleading, since redistribution of initial
surface activity does not reduce the toxicity to
that equivalent to volume seekers.

Answer: Yes, I agree that it would be wrong to
assume arbitrarily that thorium is a volume
seeker, and I have assumed it to be a surface
seeker for the purpose of calculating ALI's for
radiation protection. This assumption may however
still overestimate the risk of bone sarcoma, as,
in the fifty years following intake, some of the
thorium will be buried in bone by "remodelling"
(the biological term used to describe the
continuous formation of new bone tissue).

Question (Jacob!): In the evaluation of inhaled
activity, a reference breathing rate of 1.2
m3/n>in, for workers, is applied. Is this value
also on the safe side for miners? Are
experimental data available?

Answer: We have no experimental data on breathing
rates in miners. However, what is important is
the product of the activity inhaled and the
deposition fractions. There is evidence that the
ICRP deposition fractions should be nodified, and
hence it is probably not very productive to
consider using a different breathing rate without
also considering changing the deposition
fractions.
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CONCENTRATIONS OF 2 1 0Pb IN URANIUM MINiSRS' LUNGS
AND ITS STATUS OP EQUILIBRIA WITH 2 3 8U, 2 3 4U, and 30,PTh

NARAYANI P. SINGH, DAVID BENNETT, GBNO SACCOMANNO*, AND McDONALD E. WRENN

Radiobiology Division, Department of Pharmacology
University of Utah School of Medicine

Salt Lake City, Utah 84112

*St. Mary's Hospital, Grand Junction, Colorado

INTRODUCTION

Animal experiments, including mice, cats and
dogs, have demonstrated that controlled inhalation
exposures to radon daughters alone or to mixtures of
radon daughters and other substances, such as cigar-
ette smoke and diesel fumes, produce lung tumors (1-
6). Since 1951, the short-lived daughters of radon
have been considered the primary source of irradiation
of the tracheobronchial epithelium, causing a high
incidence of lung cancer in uranium miners relative to
control groups (7-9). However, the lungs have also
been exposed to alpha particles emitted from long-
lived radionuclides such as 2 3 8U, 23 V, Th and
210,Po.

238,, 2 3 4U and 2 3 0ThThe concentrations of " B U ,
measured in whole lungs from fourteen former uranium
miners' obtained at autopsy have already been reported
(10,11). The concentrations of ^J in these miners'
lungs ranged from 6 - 3 1 1 pCi/kg wet weight (average
of 89 pCi/kg); the concentration range of U was 6 -
325 pCi/kg wet weight (average of 95 pCi/kg). The
average concentration of Th was 91 pCi/kg with a
range of 16 - 306 pCi/kg. The mean concentration
ratio of Th to 2 3*U was near unity, suggesting that
mobilization of "Si, 2 3 8 0 and 2 3 0Th in uranium
miners' lungs occurs at the same rate. The mean radia-

tion dose rate received by these uranium miners' lungs
at death was 24.2 rarad/yr from 2 3 8U, 2 3 4U —•« 2 3 0 « -and 0Th.

Here we report measurements of the concentrations
of 2 1 0Pb and 2 1 0Po in eight of the miners' lungs in
which the concentrations of 2 3 8U, 2 3*U and 2 3 0Th had
already been measured. With these additional data, we
determined the absolute and relative amounts of fflb
and 2 1 0Po to 2 3 8U, 2 3 4U and 2 3 0Th, and calculated the
additional radiation dose rate from Po, an alpha
emitter with an energy of 5.305 MeV. We also calcu-
lated the radiation dose rates to those uranium
miners' longs from 2 3 8U and its daughter products
including " V 23°Th, 2 2 6Ra, 2 2 2Rn, * 1 8 P ° , 2 > i and
2 1 4Po assuming they are in equilibrium with 2 3 8

MATERIALS AND METHODS

Tissue Collection

Whole lungs from eight uranium miners were col-
lected at autopsy by Dr. Geno Saccomanno of St. Mary's
Hospital, Grand Junction, CO. Dr. Oscar Ajerbach of
the Veterans Administration Hospital in East Orange,
New Jersey, performed detailed histological studies on
six of the lungs; they were then preserved in forma-
lin, packed in plastic bags, and sent to our labora-
tory for radiochemical analysis. The other two lungs

TABLE 1
Occupational, Smoking, Medical and Personal Histories of Former Uranium Miners

Sample Date of Date of
No. Birth Death

Age at Date of Occupational Smoking
Death Retirement History Habits

Cause of
Death Miscellaneous

U-214 11-28-15 10-20-70 55 1963

0-215 07-07-08 10-25-70 60

U-241 04-15-23 10-29-71 48

U-242 01-29-15 10-21-71 56 8/1966

U-243

U-343

U-522

y-536

08-26-08 11-20-71

00-00-23 12-03-82

OB-10-37 06-04-82

63

78

59

45

1965

5549 WLM
17 yrs UGU
3177 WIH
18 yrs UGU
2057 WLM

3087 WLM
28 yrs OGU
2 yrs HRUG
1951 WLM
20 yrs UGU
3 yrs HRUG

10 yrs UGU

1 ppd x 30 yrs Bronchogenic
guit

1 ppd
in 1956
45 yrs

1 ppd x 42 yrs

2 ppd x 44 yrs
quit in 1967

cancer
Bronchogenic

cancer
Bronchogenic

cancer

Bronchogenic
cancer

Bronchogenic
cancer

Broncho-
pneumonia

1982

1 ppd x 40 yrs Oat cell
quit in 4/1982 carcinoma
"heavy" smoker

Some mill
experience
Oil shale
refining
4-47,11-48
No mill work

Autopsy—Carcinoma
of lung, history
"long" mining ac-
tivity, no smoking
history
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229,,

were frozen, packed in dry ice and sent directly to
our laboratory for radiochemical analysis. The
detailed occupational, smoking and pathological
histories are given in Table 1.

Sample Preparation

Lung SDeciraens were weighed, spiked with T I ,
JTh, and Po tracers, and placed in appropriately

sized beakers. The tissues were wet ashed in HNOj
until completely dissolved. Concentrated H.SO^ was
added, and wet ashing was continued with alternate
additions of HNO^ and H,O, until all organic materials
were removed. The solutions were heated to dryness
and redissolved in 1:1 HNO,. A minimum aliquot of 1
gra was taken from each tissue after dissolution in 1:1
HNOj. The aliquot was taken to dryness and redissolved
in approximately 25 ml of 0.5 M HC1, which was trans-
ferred into the deposition cell. An additional 350 ml
of 0.5H HC1 and 300 mg of ascorbic acid (to reduce
iron from ferric to ferrous) was added to the cell.

Determination of 2 1 0Pb and 2 1 0Po

A method reported by Holtzman (12) was used for
the determinations of 21"Pb and 2 °Po in these lungs,
with slight modification in the deposition cell, which
consisted of a 500 ml polyethylene Boston round bottle
with the bottom removed ana a polyethylene supporting
disk and ring fitted into the grooves of the bottle
neck. A silver planchet was centered on the ring and
covered with the supporting disk. The bottle cap was
tightened to keep the planchet in position, and the
bottle was held upright by a brass holder Eitted
around the bottle cap.

The cell was placed in a C'S'C water bath and the
contents were stirred constantly for approximately six
hours; the cells were covered to prevent excessive
evaporation. The cells were removed from the water
bath and dismantled. The lung solutions from miners
U-536 and U-522 were saved in glass bottles for fur-
ther analysis after one half-life of 2'0Po (138.4
days) had elapsed. The planchet was rinsed with dis-
tilled water and placed under an infra-red lamp until
dry. Alpha-spectrometric counting for 2 1 0Po in the
sample and Po tracer added for the determinations
of radiochemical recoveries was performed.

RESULTS AND DISCUSSIONS

210
P

210
The concentrations of Pb in the lungs of eight

former uranium miners are given in Table 2, ranging
from 17 pCi/kg to 3330 pCi/kg wet weight. Since all
but two of these uranium miners died ten to twelve
years before this radiochemical analysis, all the

Po present in their lungs at the time of death had
decayed to stable Pb by the time it was performed.
However, reliable information on Po concentrations
at the time of death can be obtained from 2 1 0Pb (21 y)
concentrations because they were in equilibrium at the
time of analysis. On the other hand, Po deter-
minations in the lungs of the two uranium miners who
died in 1982 (U-536 and U-522) should be quite
reliable because the Po did not have sufficient
time to decay between the time of death and time of
analysis. The concentration of Po in the lungs of
these two miners at death seems to be close to equil-
ibrium witn 2 1 0Pb.

For comparison with Pb, the concentrations of
238U, 234o and 230Th in these former uranium miners'
lungs ara also given in Table 2. The Pb concentra-
tion was much higher than the concentrations of O,
234U and Th. Table 3 .gives the^concentration ra-
tios of 234a/238U, l 3 i W 2 i V and 2 1 V ^

CONCENTRATIONS OF
IN URANIUM MINERS

TABLE 2

!38T, 234ru.
230Th, AND 2 1 0Pb

LJNGS (pCi/kg wet weight)

I.D. #

U-214
3-215
U-241
U-242
U-243
U-343
U-522
U-536

238U

311
197
110
110
71.
16.
28.
1.

F

5
3
7
60

234 U

325
212
120
104
92.3
16.6
31.5
2.42

230 T h

213
305
147
106
106.8
51.1
56.6
3.74

210 p b

3333
997
676
504
278
151
1130
17

Mean
X ± SD 106 113 124 885

CONCENTRATION RATIOS OP
2 1 0Pb/ 3 Th IN URANIUM MINERS

TABLE 3
P 234U/238U, 23OTh/234U, AND

LONGS

I.D. #

U-214
U-215
U-241
'J-242
U-243
U-343
U-522
U-536

2 3 4u/ 2 3 8u

1.05
1.08
1.09
0.95
1.29
1.02
1.10
1.51

230Tb/234u

0.66
1.44
1.23
1.02
1.16
3.08
1.80
1.55

21OPb/23OTh

15.6
3.26
4.58
4.75
2.60
2.95
20.0
4.55

Mean
X ± SD 1.14 ± 0.18
Ratio of means
from Table 1 1.07

1.49 ± 0.73 7.28 ± 6.61

1.10

of

7.14

2 1 OPb/ 2 3 OTh
7.16 ± 6.61; whereas the
2 3 4 U / 2 3 8 U and 2 Th/ 0

The concentration ratio
from 2.6 to 20 with a mean of
mean concentration ratios of "*u/"°D and ""Th/*
were 1.14 ± 0.18 and 1.49 ± 0.73, respectively, sug-
gesting that 2^8and ^ a r e o l o s e t o equilibrium
with the parent 3 u. However, the concentration of
^'uPb is much higher than those of Z 3 8 U , Z3*U and

Th, its long-lived parents in the uranium C5?i n'
suggesting that there are sources of intake ~* Z1O*>~
and Pb in addition to uranium 01

of
ore dust.

Po

210,,A typical alpha-spectrum of Po in a uranium
miner's lung is shown in Figure 1. Po-209, added as
an internal tracer to determine the radiochemical
recovery of °Po, has an alpha-energy of 4.88 MeV.
There appears to be no interference between the alpha-
energy peaks of °Po and Po, nor is any inter-
ference present from other radionuclides present in
the uranium miner's lungs.
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300

200-

DC

100-

Po-210
(5 305 MeV) I CONCLUSIONS

Po - 209 recovery = 94.69 %
Po-210 activity = 996.9 119.2 pCi/kg
Chamber Elficeincy = 15.19 %
Counting Time = 923 minutes

150 200 250 300
CHANNEL NUMBER

350 400

FIGURE 1: ALPHA-SPSCfRUM PROM A URANI
WITH ADDED 2 0 9PO TRACER, SHOWING THE 2

H MINER'S LUNG
°PO PEAK

210n1. Levels of " u P b are much higher than those of
longer-lived patents in the uranium chain, suggesting
that there are sources of intake of Po and Pb in
addition to uranium ore dust in uranium miners' lungs:
a. Inhalation of radon gas, which eventually decays

to Po in the body, some of which is deposited
in lung via blood,

b. Inhalation and deposition of short-lived radon
daughters in the l'Jig. and

c. Direct inhalation of Pb present in the mine air
which is not associated with uranium ore.

2. The higher concentrations of '°Pb in the miners'
lungs compared to longer-lived parents U, U, and
230Th suggest either that inhaled z 1 0Pb not associated
with uranium ore is retained in the lung for longer
times than 238U, 234U, and 230Th, that it is recircu-
lated to the lung front accumulated skeletal burdens,

Pb inor that there is a much larger deposition of
lungs from sources 1a, b, and c.
3. In all but two lungs, 2 1 0Po
librium because of the long storage time before
analys is.

and Pb are in equi-

The radiation dose rate to lung from Po is
given in Table 3. The dose rate is calculated as D •
18.7 CE, where D * dose rate in mrad/yr, C * activity
concentration in tissue in pCi/gm wet weight, and E »
energy absorbed per disintegration (HeV).

The radiation dose rate from 210oPo varied from
1.7 to 331 mrad/yr with an average of 88 mrad/yr. The
combined radiation dose rates from 2 3 8 0 , 2 3 4U and
230Th are alao given in Table 4, varying from 0.68 to
72 mrad/yr with an average of 29.1 mrad/yr. The radi-
ation dose rate from Po alone is approximately
three times higher than the combined radiation dose
rates from 2 3 8u, 2 3 4u and 230Th. We also calculated
the radiation dose rates to those uranium miners'
I U M S from 2 3 8O and daughter nsc-ducts including 234U,
230Th, 226Ra, 222Rn, 2 T 8Po, * i 4Biand 2TSVo assuming
they are in equilibrium with 0. The combined
radiation dose rates are given in Table 4, Column 3.
The total radiation dose rates from all these nuclides
were close to the dose rate from Po alone.

TABLE 4
COMPARISON OF RADIATION OOSE RATES TO URANIUM MINERS'
LONGS PROM 210Po, PROM 2 3 8O, 2 3 4U AND 23OTh COMBINED
..mrad/yr) AND ALL THE MEMBERS OF THE SERIES EXCLUDING

210PO

I.D. •

U-214
U-215
0-241
0-242
IT-243
U-343
0-522
U-536

210Po

331
99
67
50
28
15
112
1.7

238Ur 234U ana

" u T h Combined

72
61
32
27
23
7.2
10
0.68

All members of
series combined
excluding 210Po

219
139
78
78
50
11
20
1.1

Mean 88.0 29.1 745
•Assuming_that all.the members including 226Ra, 222Rn,

Po.
2 3 8u!

2' 4Bi and 2 1 4Po are in equilibrium with parent
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Question (Bernstein): Your conclusions depend in
large part on factors related to the selection of
deceased individuals for study: on the sampling of
sections (and regions within sections) of lung for
examination and measurement of radionuclides and
on lifestyle (smoking) and other exposure factors.
Can you provide any data on the concentrations of
radionuclides in the lungs of miners who died with
no evidence of lung cancer (all of your miners,
including the one who died of pneumonia had lung
cancer) but had comparable exposure histories
underground? Can you describe your methods for
eliminating or controlling for selection biases in
choice of lungs and lung tissue for study?

Answer: The 21oPb/23oTh concentration
ratios in all the lungs were higher than the
2 3 OTh/ 2 3 4U concentration ratios. However,
the concentrations of individual elements varied
from 1.60 to 311 pCi/kg for 2 3%, 2.42 to 325
pCi/kg for 2 3 4 U , 3.74 to 305 pCi/kg for
2 3 0Th and 17 to 3333 pCi/kg for 2l°Pb.
Therefore, 1 think that if one analyzes lungs from
former uranium miners who did not have any lung
cancer, one may not obtain anything different from
what we are observing in the uranium miners' lungs
who got lung cancer. We did not exclude any
uranium miner's lung from this study; therefore,
we do not have any deliberate bias in the data.

DISCDSSIOM

Question (James): The doses that you quoted are
really very low in relation to dose limits. Do
you have any means of determining whether part of
the activity that you measure is in bronchial
tissue, in which case doses could be much higher?

Question (Toohey): Have you done any multivariate
regressions of 2*0pb concentrations in the
lungs vs. exposure (in WLM), etc., to try and sort
out the various possible sources of intake?

Answer: We are going to try to do such analysis.
However we are not very optimistic about it
because 2'"pb in the lung may have come from
sources other than through direct inhalation.

Answer: The present data on dose calculation are
for the whole lung; however, there is a good
possibility that most of the dose may be delivered
to bronchial tissues. We are planning to determine
the dose rates to different parts of the uranium
miners' lungs in the very near future.

Question (Johnson): I believe ICR't lists lead as
a Class D compound. Your data indicates that lead
is much less soluble than this. Could you comment
on this?

Question (Eockwood): Is there a correlation
between the measurements of 2'0pb in the lungs
of the miners and the exposures in WLM estimated
by Dr. Archer and referred to in one of your
tables?

Answer: No,

Answer: At this stage, all we can say is that the
mean concentration of 210Pb is almost seven
times higher than the concentrations of 23°U,
2 3 4U, and 2 3 0Th. We do not have any proof
to say that 2 1 0Pb is more insoluble than the
assumed Class D. However, one should realize that
the dissolution of the elements may be affected by
the matrix. 21"pb in mines may not be in an
elemental form but may be in a complex matrix
which may not dissolve as Class D.
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Pb-210 CUNCCNTIJATIUNS '.N TliH ULUOJ VF KAOUUU VJUHKc'Ka .MIL)
UNDERffiiOUNU MINHKsi OF ZliJC-LrAU MINE

T. Ooraariski, D. CJoniat;, ./. ;;hru;';ci'jlcwoki.

Institute of Occupational f-U;t!icinc!; 'JO-95O LOUZ, P.O. Box 199,
f'alord

ABSTRACT

Tiie investigations of Pb-230 concentra-
tion in the blood of 140 underground miners
and of 80 ground workers, non-miners, are
described in the paper.
It is found that:
- the mean concentration of Pb-210 in the

blood of non-miners in the industrial
region in , Poland being approximately
0,11 Bq.dm*"14 (3,0 pCi/liter) seems to be
constant accross the age groups and ma-
tches the values found in the Unites Sta-
tes and Sweden; and

- the use of Pb-210 as a bio-indicator of
miner exposure is probably valid even if
the braak between the end of exposure and
blood sampling is avoided.

INTRODUCTION

Estimation of the Pb-210 concentration in
the miners* blood is sometimes treated as
the bio-indicator of radon daughter intake
during work, (l, 2, 3) Though this test is
not perfect and can sometimes be inconvenient
because its application calls for 3 few-
-months break between the exposure end and
blood sampling) it remains the only rela-
tively way to estimate exposure when other
means are not available.

The investigations described below are
aimed at presenting the results of Pb-210
concentrations in the blood of miners em-
ployed in a large, typical zinc-lead under-
ground deep mine against the similar results
obtained for a population of workers (non-
-miners) in the same geographical industrial
region in Poland. The results presented be-
low can be handled as informational data
about the Pb-210 concentration in the blood
of a non-miner population in this country,
and can be a proof of the Blanchard method
that we have applied for current non-uranium
miners. (3)

2000 miners. Moreover, those investigations
covered as well the working population liv-
ing in the vicinity of the mine.

Blood samples (20 ml) were collected from
two groups of healthy volunteers. The first
group was composed of typical 140 miners
that have been employed either always in
this particular underground mine or in a sim-
ilar mine. The other group consisted of 80
workers, non-miners, that have never worked
in underground mines but have always lived
and worked on the surface in the same ge-
ographical region of the country, close to
the mine. Though the total miners' popula-
tion employed in the mine is much larger
than the specified number of tested workers,
only this number of volunteers was available
to us at our estabilished criteria.

Every blood sample was taken with medical
assistance. IVe used a classic method of
Pb-210 concentration estimation that has
been used by other investigators. (3, 4, 5)
There was no break between the end of under-
ground work of particular miners. This
modification seems to be most remarkable in
comparison with the "classic" Blanchard
method that recommends a few-months*
break. (3) The duration of solution storage
for the equilibrium process of Pb-210/Po-210
was not less than one year. The low-level
background alpha scintillation counter
(ca 0,5 counts/hour) was used for measure-
ments. The duration of measurement was usu-
ally 24 or 48 hours. The recovery yield of
nickel precipitation process was 95,5 % *
£ 1,2 % S.D. at the 5 hours of precipitation"
I~t slow stirring. Specially selected rea-
gents, carriers and nickel sheet of low-
-level natural radioactivity were used for
the analytical treatment.

The corrections for the loses occuring
during the storage period, and types of car-
riers that have been found in auxiliary
methodological studies as well as the cor-
rection for radioactive decay were obviously
included in our final calculations.

RESULTS

METHODS

iYe conducted our investigations in a typ-
ical industrial mining area of Poland,
namely, in the northern part of Upper
Silesia, in one of its largest zinc-lead

We present our results for both groups in
Figure 1, where the concentration of Pb-210
is presented versus the duration of time
that the professional miners had worked
grouped in suitable age-subgroups. we had to
reject 6 results from the pool of miners and
4 results from the non-miner pool due to of

mines (ooleslav-Mine), which employs about technical reasons. The numbers of miners in
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each subgrouo as well as this standard devi-
ations ( 3.J.) and errors (3.E.) for every
subgroup are presented in the Table 1. .«'e
hava not searched for a corrslation betwaon
Pb-210 concentrations and rhe smoking be-
cause of the snail number of individuals in
those appropriate subgroups- Only the
correlation between the individual agas of
the workers seenad to bs oasy to consider.
The S.3. and S.E. range has been cj leu I;) ted
according to the log-normal distribution of
results which seemed to be a bstter approxi-
mation than the normal one. However, we have
treated the 5.a. and S.E. values as an in-
dicator of results spread merely because ive
know that the assumption of log-normal dis-
tribution of results has not been proved.
Figure 2 presents the net values obtained
for the miner subgroup by simply sub-
stracting from each subgroup the mean value
obtained for the whole group of non-miners.

By least-squares analysis, the equations
shown in Figure 2 were derived to describe
the relationship between Pb-210 in the blood
and duration of professional work. The; line
of best fit through the points of Fig. ?.,
however, has been shifted slightly to pass
through the origin, as the intsircept is
statistically indistinguishable from zero.
Thus, the corrected linear regression line
is either

4,75 • 1CT3 . x

whe re : y -

x -

or

mean Pb-210 concentrat ion, ex-
pressed as [Bq - dra"'J,
mean durat ion of work i . e .
number of years.

y » 0,176 • x

where: y - mean Pb-21.0 concentration, ex-
pressed as [pCi/liter],

x - mean duration of work i.e.
number of years,

at rho linedr correlation coefficient to be
O.GSil. The probability that there is no
correlation ar this value- is <t>,l.

JISOJbalPN AND CONCLUSIONS

The mean value derived from the pool of
results for 76 non-miners is in rather good
agreement with similar results for non-
-miners pointed out by other investigators,
namely Blpnchard who found the value
0,1 Bq-dm"3 (2,6 pCi/liter), for the U.a.
New Mexico area. (3) Snihs describes the
value 0,11 Bq.dm-3 (3,0 pCi/liter), for a
normal, non-arctic population in Sweden. (6)
Also, ths UNSCEAR 77 Report gives the
alues 0,10 and 0.07 Bq/kg of blood (2,7
and 2,0 pCi/kg of blood) for the "normal"
population in the southern part of Finland
and Sweden, respectively. (7) In the
comparison with the above mentioned values,
we found that the mean value of 2,99 pCi/
/liter seems to be valid for the population
from the industrial area, and proves the
correctness of our measuring method.

Except in the first subgroup of miners,
we see that the mean Pb-210 concentration
is always higher for the miners than the
suitable mean for the other workers. This
f3Ct does not contradict the fact of ele-
vated concentrations of radon daughter
products in this nine as well as in other
similar mines. In the first survey of
zinc-lead mines, done in 1968 through 1969,
it was found that the average concentration
of radon progeny was about 0,5 Working
Level.* Supposing that during the 20 to 30

-31 '.Vorking,. Level {'.'A.) • 21 /jO • m
= 1,3 • 10 J MeV/liter is the traditional
unit used to estimation of alpha po-
tential energy concentration in air.
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TABLc 1: NUMBERS OF INDIVIDUALS IN AGE SUBGROUPS AND THE iiATiGUS OF S
ERROR /S.c./ AND STANOARD DEVIATION /S.0./» cXPRcSScO AS [pq

Age

0

5

10

15

20

25

30

35

40

subgroups
/years/

- 5

- 10

- 15

- 20

- 25

- 30

- 35

- 40

- 45

Total

M

Number of
individuals

2

14

31

20

41

22

4

134

i n e

0
0

0
0

o
0

0
0

o
o

o.
o,

0,
0.

r s

,0821
,0768

,183
,0886

,129
,0409

,117
0452

223
0905

128
0378

273
167

- 0,113
- 0,121

- 0,310
- 0,639

- 0,213
- 0.669

- 0,201
- 0,519

- 0.312
- 0.772

- 0.247
- 0.834

- O.726
- 1.18

Number of
individuals

4

12

11

3

7

15

17

3

4

76

Hon-ainers

Kange

0,0959
0,0780

0,0656
0,0342

0,106
0,0442

0.0751
0,0631

0,123
0.0973

0,0642
0,0242

0.108
0.0594

0.230
0,184

0,0175
0,0103

0.0981
0,0396

%£'//
- 0,145
- 0.178

- 0,111
- 0,214

- 0,225
- 0,539

- 0,121
- 0,144

- 0.165
- O.2O9

- 0,127
- 0,336

- 0,159
- 0.290

- 0,423
- 0,528

- 0,0507
- 0,0861

- 0,124
- 0.307

previous years i.e., before 1970 the con-
centration remained at the same level, one
can expect that cumulative exposure of
miners employed in Boleslav-Mine as well as
in other mines in the same region should not
exceed the levels 110-170 Working Level
Months.* Using the Blanchard (3) cor-
relation, we can calculated that the mean
concentration of lead (9,01 pCi/liter)in our
subgroup (25-30 year), indicated in Figure 2.
corresponds to the value 115 WLM. Thus, our
data does not contradict the Blanchard
relation; however, we would not like to
derive our own coefficients because we are
not sure of the miners' exposure before
1970.

In summary two conclusions can be drawn,
namely:
1/ the mean concentration of Pb-210 in the

blood of non-miners in the industrial
region in Poland being 0,11 Bq dm"3
(3,0 pCi/liter) seems to be valid and

* 1 Working Level Month (WLM) > 1 WL<170
hours, is the traditional unit used to
estimation of exposure to radon daughter
oroducts.

•etches similar values found in United
States New Mexico area, and Sweden; and

2/ the use of Pb-2lO as a bio-indicator of
miner exposure probably is valid even if
the break between the end of exposure
and blood sampling is avoided.
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DISCUSSION

Cerement (Singh): head accumulates in bone, which
acts as a reservoir. Bone i s divided into two
kinds of compartments called active and Inactive
reservoirs. Lead can get out of the active
reservoir and circulate in blood which then may go
to other soft tissues including lung. Depending
on the amount of exposure, there «ay be large
amounts of Pb in bone. If that Pb recirculates in
the lung then there nay be a correlation with
exposure.
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ABSTRACT

Investigation of the size of residual uranium
bearing particles in uranium miners' and millers'
lungs is warranted because significant inhalation of
uranium dust particles can occur in certain occupa-
tional areas. The local uranium concentrations in
the particle deposition sites in the lungs are or-

£3 of magnitude higher than the average 0.3 ppm
throughout the lungs reported in the litera-

ture, making microPIXE (particle induced x-ray emis-
sion) techniques feasible for detecting such parti-
cles. A proton miccopcobe was used in association
with neutron induced autoradiographs to scan lung
tissues obtained at autopsy for uranium bearing
particles.

INTRODUCTION

The size distribution of uranium bearing parti-
cles conmonly found in some occupational areas of
active uranium mines and mills is still largely
uninvestigated. However, there are limited data
available on the uranium content of air participates
near a uranium mine and on emissions from uranium
mills and other industrial installations (1~5'.
Occupational monitoring programs in uranium mines
ana mills usually reflect the International Atomic
Energy Agency (IAEA) recommendations ' ' and/or the
regulatory guide 8-30 of the United States Nuclear

Regulatory Commission (USNRC) (7). However, inves-
tigation of the size distribution of residual
uranium bearing particles in uranium miners' and
millers' lungs is warranted because significant
inhalation of uranium can occur in certain occupa-
tional areas.

Singh et al. reported an average concentration
i-i uranium miners' lungs of 89 pCi Z 3 H U A g wet
i.-i.uht (" 0.3 ppM U) in 13 autopsy samples with a

range text 6.1 to 311 pCi 238u/kg wet weight (8).
These authors suspect that the uranium concentra-
tions in miners' lungs might be associated wifi
large inhaled particles which do not clear the lungs
as rapidly as submicron particles '",9). Consider-
ing the large mass of the longs compared to the rel-
atively small mass and diameter of uranium bearing
particles regionally deposited in the lungs, the
local uranium concentrations in the deposition sites
of these particles are orders of magnitude higher
than the average uranium concentration (~ 0.3 ppaa V)
reported by Singh et al. in uranium miners' lungs
*8'. Recently, Paschoa et al. demonstrated the feas-
ibility of using microPIXG (particle induced x-ray
emission) techniques to search for iranium bearing
particles in lung tissues, when the local
concentrations are higher than about 5 ppm U (10)

This paper describes the method and discusses
preliminary results obtained in a search for uranium
bearing particles embedded in lung tissues collected
at autopsy from former uranium miners and millers.

UPC and DAC FOR URANIUM

Table 1 summarizes data taken from Poaroy et
al.' ' on typical levels of uranium concentrations
in occupational areas of Canadian uranium sills.

TABLE 1. TYPICAL URANIUM CONCENTRATIONS IN CANADIAN
URANIUM MILGS FOR THE Y3AR 1980. DATA TAKEN FROM
POMROY ET AL. {11)

Concentration
pg D/«3

9 - 9 3
45 - 117
60 - 301

Precipitation
Drying
Packaging

Work supported by USNRC contract managed by DOE
contract DE-AC02-76EV00119.

On leave from Pontificia Universidade Catolica,
aepto. de Fisica, Rio de Janeiro, RJ, Brazil.
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Uranium concentrations in the precipitation and
drying areas, where respiratory protection is
usually not required, range from 9 to 117 119 cr/m3.
These levels are below the (MPC)a for uranium in
occupational areas, which are 210 and 180 vg U/m3

Cor insoluble and soluble uranium compounds respec-
tively t'2', but in some cases higher than the
present USNRC standard which is 1 x 10" ° iCi/ml
(i.e., 75 Hg U/m3 or 3.7 Bq/m3) (13). However, as
shown in Table 2, the derived air concentrations
(DAC) for uranium inhalation recommended by ICRP 30,
are 20 Bq 238u/m3 (i.e., 540 pCi 238U/m3 or • 1600
g U/m ) for class D compounds such as UFg, UO2P2

TABLE 2. SUMMARY OF LIMITS TOR 0 INHALATION

Limit
9 'J/™3

Type and/or class Reference

210
180
75

1600
800
56

0.6 - 5.2
0.8 - 8.6
2.3 - 23

45

M?C
MPC
NRC
DAC
DAC
DAC
DAC -
DAC
DAC •

DAC

(insoluble)
(soluble)

standard
- D
- W
- *
- Y (0.5 in AMAD)
- X (1.0 pm AMAD)
- y (5.0 vm AMAD)
(proposed)

12
12
13
14
14
14
15
15
15
17

and OO2(NO3)2j 10 Bq
 238U/m3 (i.e., 270 pCi 238U/m3

or » 800 pg U/m3) for class W compounds such as
UO3, UF4 and UCI4; and 0.7 Bq

 z38U/m3 (i.e., 19
pCi 238U/m3 or » 56 w 0/« ) for class Y compounds
such as UOj and UjO^ l"*'. Thus, some concentrations
of uranium in air listed in Table 1 are higher than
the class Y DAC recommended by ICRP 30 for U3Og.
Borak et al. calculated a series of DACs for uranium
in ore dust based on distinct dose limitation sys-
tems ' '. These DACs are as low as 0.6 ug U-nat/m3

(for 0.5 Mm activity median aerodynamic diameter -
AMAD) up to 19 and 23 yg U-nat/m3 (for 5.0 \n AMAD),
respectively based on weighted dose equivalent com-
mitment with a weighting factor of 0.12 for relative
risk of cancer induction from lung rather than whole
body irradiation, and on the final generic environ-
mental impact statement on uranium milling, which
assumes a 15 rem/yr dose equivalent limit >15'16'.
More recently, McGuire reviewed the rationale behind
the currently adopted limit on intake by inhalation
of airborne uranium ore dust from mines and mills,
based on reports published in the literature, and
emphasized that uranium ore dusts in mills are
associated with particles of about 10 m ' '.
HcGuire introduced a DAC for uranium ore dust of 0.6
x 10" ' ijCi/ml (considered to be equivalent to 45
Iig U/m 3), assuming equilibrium of 2 3 8U with a mix-
ture of its long-lived alpha emitter daughters
present in dust ' ''.

In addition, studies reported by Chan and
Lippmann suggested the possibility of a significant
tracheobronchial deposition of particles with an

al. indicated that this is the case only when there
is a well defined proportionality between mass
and activity of the particles < 2 a >. Thus, it is

reasonable to assert that observation of uranium
bearing particles approximately 10 ]im diameter
retained in the lungs could provide information
leading to a «mre adequate DAC for uranium.

S.V4PU5 COLLSCTION AND PREPARATION

Lung and other tissue samples are collected at
autopsy from different geographic locations in the
United States. An established autopsy protocol is
followed, and the collected tissue samples ace
shipped to the University of Utah Radiobiology
Division for cadioohentical analysis *21'. Infor-
mation on the cause of death, date of death, age at
death, race, sex, smoking habits, presence and type
of tumors, weight of organs, and occupational and
residential history are available from pathology
data sheets.

Portions of lung tissues containing more dense
materials are visually selected and reserved for
neutron-induced fission track autoradioagraphs and
microPIXZ analysis. Lung tissue samples are fixed
in cold buffered formalin, rinsed in phosphate buf-
fer, and dehydrated either in ethyl alcohol or ace-
tone of increasing concentrations. The samples are
then infiltrated at 4* - 10*C with benzoylperoxide
activated methylmethacrylate 1:100. The larger
samples should be peeinfiltrated with a 1:1 mixture
of absolute ethanol and methylmethacrylate. A
vacuum, corresponding to a low pressure between 15
and 20 mbar, helps to ensure even infiltration.
After the preinfiltration, embedding is completed in
a partially prepolymerized resin.

NEUTRON INDUCED AUTORADIOGRAPHS

Prior to microPIXS analysis, selected lung tis-
sue samples fixed in methylmethacrylate are irradi-
ated in contact with solid state nuclear track
detectors (SSNTD) in the thermal flux of the KIT
research reactor (HITR-II) at the 1PH1 location with
a flux of about 8 x 10 2 n/cm -s at 4.90 Mf, in
order to obtain autoradiographs of the uranium bear-
ing particles. In this case, the SSNTD was Lexan.
Neutron induced fission fragments of 2 3 5u leave
latent tracks in the SSNTD, which are then chemi-
cally etched with potassium hydroxide to make them
visible under the microscope. A typical autoradio-
graph of uranium bearing particles found in a lung
tissue section is shown in Figure 1, constituting
evidence that uranium is nonuniformly distributed in
lungs, and is locally concentrated in clusters of
atoms or ore dust particles. Further studies using
neutron induced autoradiographs of uranium bearing
particles in lung tissues are planned, since more
detailed information on the nonuniform distribution
of uranium in lung tissues can be obtained by this
technique.

The star-shaped patterns of neutron induced
fission tracks (star-tracks) appear in the SSWTD,
but not in the lung tissue sample. Since the loca-
tions of the uranium bearing particles mist be known
to ascertain the local deposition of energy by alpha
particles for dosimetric purposes and to learn the
elemental composition, size and uranium concentra-
tions of the particles by microPIXE, holes which are
easily identifiable under a Microscope are drilled
through both the tissue and the SSNTD.
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EXPERIMENTAL ARRANGEMENT FOR MICR0PIX3

Figure 2 shows the experimental arrangement Coc
sample irradiation for inicroPIXS analysis at Brook-
haven National Laboratory (BNL). A 2.5 HeV proton
microbeam, approximately 20 am in diameter, is
obtained by focusing the proton beam produced by a
3.5 MeV Van de Graaf accelerator with a quadrupole
triplet. A two-dimensional scanning system allows
perpendicular displacements, as small as 5 m/step,

Y-CURSOR

?W" . -.,.' 100 ffcm '

FIGURE 1: NEUTRON INDUCED FISSION TRACK AUTORADIO-
ORAPH OF URANIUM BEARING PARTICLES IN A LONG TISSUS
SAMPLE:.

of the target holder inside the scattering chamber
by means of x and y cursors. The characteristic x-
rays emitted by the sample due to the interaction of
protons with atoms ace registered in the form of x-
ray spectra by a lithium-drifted silicon (Si-Li)
detector connected with a multichannel analyzer.
Both the scanning and detecting systems can be com-
puter controlled. Data acquisition is based on a
multiparameter analyzer system. A total memory of
97K 16-bit words is available for on-line data
storage and analysis, so a large number of irradia-
tions in different parts of one sample can be per-
formed without human intervention. Magnetic tapes
can also be used foe data storage and acquisition
for later analysis. The localization of the irradi-
ated sites can also be made afterward by the marks

?IGURE 2 : SCHEMATIC REPRESENTATION OF THE J5XPSHI-
MENTAL ARRANGEMENT FOR MICROPIXB ANALYSIS AT BNL.

left in the tissue by the microbeam. Figure 3 shows
three beam marks left in an irradiated tissue. The
darker and lighter parts oE the beam marks reflect
higher and lower local beam intensities/ respec-
tively, due to a lens aberration effect produced in
the profcoa beam by the quadrupole triplet.

The calibration approach for microPIXS analysis
has been discussed elsewhere 'Z2'. The current
detection limits for uraoiu-n in the BNL microPIXE
system are batwoen 5 and 10 ppm, depending on
parameters such as irradiation time, background and
sample matrix effects.

An annular particle detector can be optionally
used in the scattering chamber to allow Rutherford
Backscattecing (RBS) measurements simultaneously
with the detection of characteristic x-rays " 2'.
RBS of protons is a function of the proton beam
intensity and the composition of the target sample;
thus it is possible to normalize measurements of
characteristic x-rays in relation to detected
backscattered protons, as discussed elsewhere '•"'.

PRELIMINARY RGS'JLTS AND DISCUSSION

After the sites of the star-tracks which appear
in the antoradiographs have been approximately
localized in the tissue sample in relation to the
drilled holes, the region aear the tracks is scanned
with the proton microbeam. Although the scanning
area is usually only a few square millimeters, the
time necessary to cover such an area with a 20 m
proton beam at 5 [jm/step between two successive
irradiations is quite long. A minimum irradiation
time of 30 minutes is required to obtain reasonable
counting statistics in the energy region of the x-
ray spectrum around the uranium L Q x-ray peak at
13.613 KeV, and at least 40 irradiations ace neces-
sary to cover 1 mm of tissue with 5 IM between two
consecutive irradiations, a total of 20 hours.
However, improvements in sample preparation to de-
crease the background in the uranium energy region
will result in a reduction of the minimum
irradiation time required to determine the existence
or nonexistence of uranium in the sample being
irradiated.
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FIGURE 3: POSTIRKAOIATION HARKS LEFT IN A LUNG TISSUE SAMPLE BY A PROTON MICROBBAM.

Figure 4 shows an x-ray spectrum of a lung tis-
sue sample irradiated for less than one hour. X-ray
peaks of P, S, K, Caf Ti, V, Cr, Fe, Cu, Zn, and Br
are positively identified in the spectrum. Some of
these eleMnt* were also identified in the x-ray
spectra
defined

of uranium nine dust (22) The barely
V x-ray peaks which appear to the left of

the Cr K Q peak at 5.414 KeV are likely to be asso-
ciated with uranium ore particles. Considering the
images of uranium bearing particles which appear as
star-tracks, a well defined I. peak at the 13.613

KeV position characterizing the sites of lung tissue
corresponding to dense star-tracks in SSNTD would be
expected. However, because of time limitation*, the
entire sample could not be irradiated, and it is
probable that the proton microbeam did not intersect
a portion of the sample corresponding to a star-
track, resulting in no conspicuous uranium L x-ray
peak to the right of the Br K peak (11.92? XeV).
Further research is planned to better localize uran-
ium bearing particles in lung tissues and to charac-
terize the particles' elemental composition.
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LUNG SAMPLE UB ANS 009
DATE: SEP 29 1984
CURRENT: 1 NA
IRRADIATION TIME: 47:53 MIN

9.00
CHANNELS MO1

FIGURE 4. CHARACTERISTIC X-RAY SPECTRUM OF A LUNG TISSUE SAMPLE

Of
An interlaboratQcy comparison of determinations

2 3 8H, 234U, and z30Th in lungs of dogs exposed to
suggests that ura-

than
uranium ore dust (1 pm AMAD)
niura is translocated from the lung more rapidly I
230Th, resulting in a 2 3 0Th/ 2 3 4" activity ratiu _-
high as 7. The Th/ 4U activity ratio in uranium
miners' lungs was near unity, implying secular equi-
librium ' '. The most probable reason for this
difference is that miners are exposed to larger, and
therefore less soluble, particle sizes of uranium
ore compared to the dogs. This hypothesis is sup-
ported by the preliminary results of this study.

CONCLUSIONS

1. Evidence of nonuniform distribution of
uranium in lungs of former uranium miners and mil-
lers has been presented by using neutron induced
fission track autoradiograph techniques.

2. Uranium bearing particles from inhaled ore
dust are likely to be responsible for the nonuniform
distribution of uranium found in the lung samples
analyzed.

3. Considering the increasing evidence that
large diameter uranium bearing particles are depo-
sited in lungs of uranium miners and millers, it
seems wise to reexamine the current limits for
uranium inhalation, in particular the claas V DflC
recommended by the ICRP 30.

4. Preliminary results obtained by means of
coordinate use of a nuclear technique (neutron in-
duced fission track autoradiographs) with an atomic
method (microPIXE analysis) encourage further at-
tempts to localize and characterize the elemental
composition of uranium bearing particles in lung
tissues.

5. The search for uranium bearing particles in
lung tissues of former uranium miners and millers is
important in explaining the high average uranium
concentration in secular equilibrium with its daugh-
ter products Z 3 4u and 2J0Th determined in these
tissues by radiochemical analysis.
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DISCUSSION

Question (Cross)? As these large particles are
being used as pare of the explanation for the near
equilibria of thorium and uranium in miners'
lungs, contrasting with the large disequilibrium
found in the animal experiments, have you
similarly looked at the animal lungs we sent you
and/or are you willing to analyze animal lungs?

Answer: No and Yes.

Question (Johnson): Have you considered using a
larger diameter proton beam to "pre-locate"
regions of interest for further detailed
examination with the micro proton bean. This
could considerably reduce beam time requirements?

Answer: We did use a larger proton bean (500
micron diameter), but the drop in sensitivity made
it impossible to locate the particles. The
facility did not have an operational light source
to locate the particles but one will be available
next winter.



8c DOSIMETRY VI7

Question (Scrlpslck): How were the particle sizes
calculated/ measured:

(1) by counting tracks, or
(2) by measuring size on micrographs?

Answer: Particle sizes were not calculated. The
size range can be seen In Figure 1. The maximum
range of a fission track In lexan Is about 17
microns. Thus the "particles" are large In
relation to this range, and as large as about
200 microns. Perhaps these are aggregations of
particles, as particles this large are not
respirable.

Question (Scripsick): Also, have you considered
microprobe techniques?

Answer: He have considered microprobe techniques
and the PIXIE is a microprobe technique.
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ABSTRACT

Xt is common know Ledge that most underground
uranium mines in the 195U s were very dusty*
Although the major contribution to the broncnial
dose was and is due to inhalation of the snort
lived daughters at radon, inhalation of long lived
•art iculates results in an absorbed alpha dose
which can approach 1/2 rad/year. Measurements from
two mines are presented to show the airborne
activities from the uranium, actiniuii and thorium
series.

INTRODUCTION

The mine atmospheres have been improved aramat
ically since the recognition of nigh levels of
short-lived daughters in the bo's and (Su's, In the
U.S., new standards were promulgated in 1971 wnich
allow a maximum cumulative exposure to 4 working
level months per year (« WLM/y). Tne average
exposure to short-lived daughters in U.S. mines is
reported to be frora i to 2 working level months per
year (WLM/y) . The alpha dose to bronchial
epithelium in the upper tracneobronchial tree
resulting from this exposure tu.5 rad/y per WLM/y)
is 1/i to 1 rad,'y. Thus the dose from short-lived
and long-lived daughters can be comparable
depending upon the activity of the long lived
species.

The epidemiology in the four major studies of
underground miners provides a basis for estimating
l i f e t ime risK of lung cancer. However, the
exposure estimates are exclusively for the short
lived radon daughters and l i t t l e data are available
on past exposure from eitner tne external gamma
rays or tJie alpha dose from inhalation of tne long
lived daughters,

A preliminary report on airborne uraniuw in
these same two mines nas seen presented (1), This
report concludes the measurements performed on air
samples taken in the two mines in Grants, New
Mexico and Uravan, CO. Alpha emitters from each of
the primordial uranium, actinium and thorium series
have been measured in all of the samples available
allowing estimates of average and potential maximum
dose from the long-lived species .

MATERIALS AND METHODS

In 197y, tne U.S. Bureau of Minoi ini t ia ted a
study to evaluate personal monitors for underground
miners. One type of monitor sampled air witn a
pump worn on the belt at low flow rate (1U0
cmJ/min/ through a \'i mm glass fiber f i l ter . Alpha
particles emitced trom material on the filter were
measured with a tiierruoluminescent dosimeter iTLDj.
This monitor was worn ay a miner during tnis
period. Two minus were selected for this test one
in Grants N£4 and one in Urnvtxn, CO. Wet dri l l ing
was in progress in cne mine in Grants and dry
drilling in Uravan .

After tnu test was completed tox short-lived
daugnters, Rouert Droullard of the Bureau
generously gave us tne f i l t e r samples along witn
Clank f i l t e r s from the sane oox used in the
experiment. This allowed the quan t i t a t ive
measurement or tne airuorne alpna emitters .

Radiochemical separation of Po, U, Th and Ra
from the air f i l t e r s was carried out as follows.
After addition >-t tracer for all species measured
tue filters were dissolved in a mixture of HNO3 and
HF and converted to an HC1 medium. The Po was
spontaneously deposited on a metal disc. Uranium
was separated oy anionic ion exchange and
coprecipi ta ted with cerium as tne f luoride.
Thorium was separated by anionic solvent extraction
and coprecipitated with cerium as the fluoride.
Radium was coprecipitated with barium as the sul-
fate and dissolved in alkaline EDTA. The Po-210,
isotopic uranium and isotopic thorium content of
the samples were determined by solid state alpha
spectroroetry. The Ra-22b content of the samples was
determined by tne radon emanation method followed
by counting in 2-liter ionization chambers .

The results reported in dpm/mis for radionuclides
in the uranium , actinium and thorium series are
indicated in Table 1 along with other pertinent
data such as the rauiocnemical yields for the ana -
lyses and the flow rates and sampling times . The
measurements on tne blank filters tire reported in
Td^le 2 , TJK. lower limit of ueteotion (LLD) for
the nuclious measured ranged from u.ub to 1.2
dpii\/jcu.iple. All samples were auout an order of
Magnitude greater than the LLU except for Th-
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22a, *j2 whicn a re r.ot d i s t i n g u i s h a b l e fron
bac>;yrouna in tiiese siim^ l u s ,

BRONCHIAL DOSIMETKV

Bronchial dositretry for lony l ived ult>na
emitters in these mines was: reported prt;v.i ously
( 1 ) , However, for tni.s report an undated
dosimetric model witu che murphometric r.ieayurerients
of Yeh and Schuin (^. and mucus cltarance rates
recalculated tor eacn airway in tne Yen, Schum
bronchial t ree Has j;een usea . Mucus clearance
calculations follow tne mecnod described by
Altshuler et a l . (3), but assume constant MUCUS
^reduction over tne i;roncnial t ree and a mucus
layc*. 1/2 as thicK in ttie terminal broncnioles
(airway generation 10 and smaller) as in trie up^t-r
conducting airways i tracnea to tiirwa^ generation
9 ) .

The particle si^e or aerosols present, in under
ground mines is poorly documented . Altnouyji tnesu
samples were not collected witu particle wizincj in
mind, a scanning electron micrograph was nadu 01
one sample to attempt to estimate aize. One view
i s snown in Figure 1 . No quanti tat ive sissinc; i s
possible but an estimate of 1/2 to b urn for the
large particles is chosen as reasonable. A density
of 2.7 g/cm3 has been repor ted for a i rborne
material collected in uranium mines. Tlius, an
aerodynamic diameter of from 1 to 8 urn i s
reasonable for the larger particles. The dosimetry
i s presented for p a r t i c l e s from 1 to b unt
aerodynamic diameter since larger par t ic les are
removed by the nose very efficiently .

The deposi t ion in the bronchial t r ee i s
calculated using the expression determined by Clian
and Lippmann (4) from measured deposition in hollow
casts of the tracheobronchial tree.

Tracheobronchial deposition calculated nere
uti l izes nasal aeposition determined by Heyder and
Rudolph (5) of 1o% and Vuft ±ur 1 and 5 U1.1 particles
respectively , Deposition is calculated during
inspiration and during expiration following a iui
loss in tlie pulmonary parenchyma From Table 1 i t
i s clear that the radioact ivi ty in tne uraniuw
series i s in equilibrium The alpha doses are
ca lcu la ted for tne uranium s e r i e s assuming
equilibrium and these values are shown in Tables 3
and 4 . The deta i l s of the calculations are shown
in the footnotes . Scott (bj has r ecen t ly
reconstructed typical conditions existing in mines
in the 195o's. He indicates that mouth wreathing
i s common during many di f f icul t tasks and that
breathing ra tes can be as high as 30 lpm. The
alpha doses for mouth breathing at 30 lpm and
par t ic le diameters of 1 and 5 ui.i are shown in
Tables 5 and 6.

A summary of a l l alpha dose estimates to airway
4, which i s a t y p i c a l s i t e of broncliogenic
carcinoma, is shown in Table 7 in units of rad/y
per pCi/ro3 of the parent element U 2ib (assuming
all daughter species in equilibrium. The dose fron
U-«.3!i and the tnoriura series have been .-leglected as
negligible compared witii tnat from uranium series
Members•

The air concentrations 01 the radionuclides
evaluated in the mines in this study suggest a

range- of frun 1 to 10 pCi. m3 of U-23B. A hign
grade ore in r.hes,e areus would contain 1*. uranium.
The valuotj ybown Jjelow yive the range of air
concentrations expected for a nominally dusty
atmosphere of 1 my nij ,

Nominal
Dust Loading

Ore Grade 1,umg,'inj

o.Vt, U

?. u» U

10 tu

pCi U-23o, mi

33

The values in Table 1 suggest that a nominally
dusty atmosphere containing about 1% uranium in tne
ore could apply in tnese mines. An average
bronchial dose based on 3 pCi m3 U-^jci resu l t s in
about 0.1 rad/year with a potential maximum of 1/2
rad. y Lor mouth breathing in an atmosphere of 1U
pCi, m3.

Mention should be made of the dose to ce l l s in
small areas on the bronchial t r e e where
accumulation of material may exist due to impaired
clearance This i s a poorly documented biological
process. If as much as 0.1 mg of a hign grade ore
i1% U) were to reside for one year on 1 cm2 of
epitnelial surface, the annual dose would be ax>out
10 rad or an order of magnitude higher than the
worst case calculated for normal clearance.
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Measured Air Concentrations of honq-Livod Alpha Emitters in The
Actinium diiiJ Thorium Series in Two U.S. Uranium Mines
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Table 2. Measured Alpha Emitters in Glass Fiber Filter Blanks
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Table 3. Alpha Dose tn mrad/y per pci U-2J8/m3.
Breathing Rate for Males 19 lpm.
Particle AHAD 1 uM. See Footnote.

Table 4. Alpha Dose in mrad/y per pCi U-238/m3.
Breathing Rate for Males 19 1pm.
Particle AMAD 5 uM. See Footnote.

GEN

0
1
2
3
4
5
6
7
S
9

10
11
12
13
14
15
16

RIGHT
UPPER

6
7

10
10
10
10
10
10
11
12

7
9

n36
0
0
0

RIGHT
MIDDLE

6
7
4

12
11
11
12
12
13
14

8
9

11
17
46

0
0

RIGHT
LOWER

6
7
4
5
5
4
4
4
4
4
2
2
2
3
3
5

13

LEFT
UPPER

6
5
6
6
6
6
6
6
6
6
4
4
6

18
0
0
0

LEFT
LOWER

6
5
4
4
4
4
3
3
3
4
2
2
3
5

13
0
0

GEN

0
1
2
3
4
5
6
7
3
9

10
11
12
13
14
15
16

RIGHT
UPPER

5
7

a
7
7
6
6
5
5
5
3
3
5

12
0
0
0

BIGHT
MIDDLE

5
7
4
9
8
3
7
7
6
6
3
4
5
6

15
0
0

LUBC

SIGHT
LOWER

5
7
4
5
i
4
3
3
3
2
1
1
1
1
1
1
3

LEFT
UPPER

5
4
4
4
4
3
3
3
3
3
1
2
2
6
0
0
0

LEFT
LOWER

5
4
3
3
2
2
2
2
2
2
1
1
1
2
4
0
0

1. Breathing rate 19 Ipm with a 4 second breathing cycle.
2. Nose breathing, 1 um AMAD particles, nasal deposition 10%.
3. Alpha dose tor uranium series in radioactive equilibrium.
4. Exposure 2000 hours per year.
5. Clearance to tree = 80» of deposited pulmonary activity.
6. Pulmonary half-times. 300 days (40»), 1 day (40%l,

50» of steady state pulmonary burden assumed.
7. Multiply by 0.27 for dose in mGy/y per Bq U-238/m3.

1. Breathing rate 19 1pm with a 4 second breathing cycle.
2. Nose breathing, 1 um AMAD particles, nasal deposition 70%.
3. Alpha dose for uranium series in radioactive equilibrium.
4. Exposure 2000 hours per year.
5. Clearance to tree = 80% o£ deposited pulmonary activity.
6. pulmonary half-times, 300 days (40%), 1 day (40»l,

50% of steady state pulmonary burden assumed.
7. Multiply by 0.27 for dose in mGy/y per Bq U-238/m3.
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Table 5. AlphaOose in mrad/y per pCi U-238/m3.
Breathing Rate foe Hales 30 lpm.
Particle AMAD 1 uH. See Footnote.

RIGHT
GEN UPPER

RIGHT RIGHT
MIDDLE LOWER

0
1
2
3
4
S
6
7
8
9
10
11
12
13
14
15
16

11
13
19
19
IS
18
18
19
20
22
13
16
24
65
0
0
0

1'
13

a
21
21
21
21
22
23
24
14
16
20
30
82
0
0

11
13
8
9
9

a
7
7
4
4
5
5
6
9

23

LEFT
UPPER

11
9

11
11
10
10
10
10
11
12
e
8

12
31
0
0
0

LEFT
LOWER

11
9
7
7
7
6
6
6
6
6
3
4
5
8

24
0
0

1. Breathing rate 30 lpm with a 4 second breathing cycle
2. Mouth breathing, 1 urn AMAD particles.
3. Alpha dot* for uranium scries in radioactive equilibrium.
4. Exposure 2000 hours per year.
5. Clearance to tree • 901 of deposited pulmonary activity.
«. Pulmonary half-times, 300 days 140%), 1 day (40«),

50% of steady state pulmonary burden assumed.
7. Multiply by 0.27 for dose in mGy/y per Bq U-238/m3.

Table C. Alpha Dose in mrad/y per pCi u-238/m3.
Breathing Rate for Males 30 Ipm
particle AMAD S uH. See Footnote.

GEN

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16

RIGHT
UPPER

36
44
53
40
44
39
36
32
30
29
16
19
26
Gl
0
0
0

RIGHT
MIDDLE

36
44
27
50
53
40
44
41
30
37
19
21
25
34
78

0
0

RIGHT
LOtlER

3G
44
27
29
26
23
20
17
15
13
6
7
7
7
7
7
14

LEFT
UPPER

36
24
27
25
23
20
18
17
15
15
8
9
12
30
0
0
0

LEFT
LOWER

36
24
19
18
16
14
13
11
10
9
5
6
7
10
33
0
0

Figure 1

Scanning electron micrograph of filtered air
sample Number 17 from Uravan, Co, (Scale
indicated, approximately 2000 x)

DISCUSSION

Question (Singh):
to the whole lung?

Is 0.5 rad per WLM applicable

Breathing rate 30 lpm with a 4 second breathing cycle.
Mouth breathing, 5 urn AMAD particles
Alpha dose for uranium series in radioactive equilibriun
Exposure 2000 hours per year.
Clearance to tree « 80% of deposited pulmonary activity
Pulmonary half-times. 300 days <40«>, 1 day (40%;

50% of steady state pulmonary burden assumed.
Multiply by 0.27 for dose in nCy/y per Bq U-230.'m3.

Answer: No, 0.5 rad per WLM is the alpha dose
from short-lived radon daughters to surface cells
In the first few airway generations of the lung.

Table 7 Alpha dose to cells in bronchial epithelium
at 22 urn depth in airway 4, right upper lobe fron
inhalation of uranium in series equilibriun

rad.-y per pCi U-238 m3

Nose

Mouth

Breathing

Breathing

18
lum

0.010

0.011

lpm
Sum

0.007

0.023

30
' lum

0.016

0.018

lpm
Sum

0.013

0.044

Question (Chakravatti): You have mentioned that

in respect of past exposure data, when radon

concentrations in nines were high, estimated doses

to the lungs from long-lived dust were not of

relative significance. But at current ndon

concentrations, the effective dose commitment from

long-lived dust would become significant.

* Multiply by 0.27 for dose in Gy/y per Bq U-238/m3
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If the conditions in the past working
environments also had dust: concentrations 3 to 5
times those which prevail today, about 1 mg/ra ,
would your conclusions remain same?

Answer: Yes. As you can see from the tables
presented, even for extraordinarily dusty
conditions with airborne uranium concentrations of
100 pCl/nr*, the annual dose would have been
somewhat greater than 1 rad/year, or perhaps 10-20
rads total. The hot-spot dose to a few cells
could be ten times this value. These doses are to
be compared with average exposures of a few
hundred working level months resulting in an
absorbed dose of over 100 rads to much of the

tree from the short-lived daughters.

Question (Chakravatti): If you were to estimate
the excess lung cancer deaths retrospectively, for
all the study populations (Colorado,
Czechoslovakia, Ontario, etc.) using dosimetric
risks arising from doses received due to radon
daughters, inhalation of radioactive ore dust,
external gamma doses, etc, and if you were to
compare the estimate with those excesses actually
observed:

- would the estimate account correctly for the
observed excesses?

- would you find a deficit amongst the observed
excesses?

- would you find a surplus amongst the observed
excesses?

- can you explain the reason for the difference
if any?

Answer: The calculation you suggest is not
possible to do with any accuracy. The risk
estimates calculated from these three studies
include the effect of long-lived emitters and
gamma ray exposure as well as the radon daughters.
The excess lung cancers (above those expected
normally, considering smoking) are attributed
•olely to short-lived radon daughters. Other
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DEVELOPMENT OF A JOINT LABOUR-MANAGEMENT SAFETY INSPECTION
SYSTEM AT DENISON OPERATION

ANDREW C. RICKABY
V.P., Elliot Lake Operations

Denison Mines Limited

and

LEO W. CERARD
Staff Representative

United Steelworkers of America

ABSTRACT

-uis paper outlines the development of a concept in a
joint approach to safety inspections at Denison
operations, resulting from an agreement reached between
Management and Labour in 1981. A retrospective review
of Safety and Labour Relations dynamics within the
Internal-Responsibility System is provided. Outline of
an evolving organizational structure and safety
performance being realized at the workplace is
discussed.

(Editor's note: Full paper unavailable)
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1983 : ONE YEAR OF INDIVIDUAL POSIMETRY IN FRENCH MINES

5. BERNHARD, J.F. P1NEAU, A, RANNOU, F. 2ETTWOOG

Institut de Protection et de Surete Nucleaire
Commissariat a l'Energie Atomique

Centre d1Etudes Nucleaires de Fontenay-aux-Roses, France

INTRODUCTION

The Integrated system of individual dosimetry
(ISID) developed for uranium mines by the CEA was
presented to the Conference in Golden, Colorado, in
October 1981 III. This dosimetry system was
lc".li?«>d in France in late 1982. On 1 January 1983,
after ten years of experiments with ISID, the ambient
dosimetry based on the measurement of Rn222 was
abandoned. For reasons of computer processing, the
new system was installed in a single step in all
French uranium mines. One thousand seven hundred
miners are therefore equipped with this dosimeter,
which supplies monthly potential individual exposures
to Po218, Po2H, Po212, and Rn222 from which
exposures to the potential alpha energy of Rn222 and
Rn220 daughters are determined. The dosimeter also
gives exposure to long-lived alpha emitters.

Very soon, however, in the second month, many
problems occurred in implementation. Artefacts
appeared, which had not been identified during the
experimental qualification campaigns, which concerned
a maximum of 200 dosimeters. The artefacts, described
below, are associated with the utilization of the
equipment. In 1978/1979, one person was busy
full-time on 200 dosimeters. In 1982, three persons
processed nearly 2000 dosimeters per month. In
addition, automative processing systems could not be
installed from the outset, and this did not ease
matters. Changes in the manufacturing process also
raised a number of development problems.

These artefacts were analyzed, and then
corrected accordingly, and by 1 January 1984, only a
few doubtful points remained, for which supplementary
experiments are under way. Despite these problems,
less than 1% of the 18,700 results expected were
lost, and the values that were erroneous due to the
artefacts were saved in most cases thanks to
cross-checks allowed by the high information density
offered by this dosimeter. In spite of the problems
encountered, these results are mutually consistent.

The second section presents all the results
obtained with individual dosimetry for the "radon" an
"long-lived alpha emitters" risks, and those obtained
for the "external irradiation" risk, with
photographic films. A comparison with ambient
dosimetry is outlined for the mines concerned. For
purposes other than dosimetric, it is shown that the
distribution of exposures to radon daughters
(log-normal) depends on the type of mine and the
group of workers.

Section 3 is devoted to a cost analysis of this
individual dosimetry, reviewed and corrected after
its effective implementation. It is shown that the
early assessments were not too far from present
values 111.

1. ANALYSIS AND CORRECTION OF PROBLEMS ENCOUNTERED
IN THE ROUTINE IMPLEMENTATION OF INDIVIDUAL
DOSIMETRY

1.1. Wearing the dosimeter

The first and not the least problem encountered
was already identified during the one-year experiment
(1978/1979). This was the miners' agreement to wear
this new device. A number of miners "forgot" their
dosimeter, others deliberately blocked the turbine or
dismantled the measuring head, and others
systematically refused to wear it or placed it in
their haversacks. In short, the problem was to
interest the miners in their own dosinetry. Following
this experiment, a training and information plan was
decided and set up before the real startup of the new
dosimetry. The engineers and foremen were trained for
one day, and the miners were trained in small groups
for a few hours. A major training effort was mounted
both for the operating personnel and for the
radiation protection staff themselves, to ensure that
they could provide correct answers to the questions
asked by the miners.

Similarly, the training of the radiation
protection staff for their new task, the prevention
of radiological risks, was indispensable and was
carried out progressively. On the whole, the
information provided was received with interest,
especially by the young miners. Their remarks dealt
mainly with the weight and size of the instrument.

Thanks to this training, very little damage was
caused to the instruments (thirty dosimeters out of
service in the year). The weak point remains the
charging of the instrument, and the radiation
protection staff is forced to make sure that the
dosimeters have been properly replaced in their
charging cavities by the users. Very rarely, if at
all, did the miners report malfunctions of their own
dosimeters. This shows that training must be
continued, because the proper wearing of an
instrument in good working order is the indispensable
prerequisite for good dosimetry.

1.2. Operating problems in the mine

Dosimeter operation raised many problems. The
earliest were mechanical, due to the change in
manufacture. The molding exhibited weak points, the
turbine tended to lock, airflow measurement was
impractical, and tightness between the neasuring head
and the turbine needed improvement. These problems
have been totally resolved: the mold has been
modified, safety grids have been installed to prevent
gravel penetration into the turbine during removal of
the head, a cover was designed to facilitate airflow
measurement, and a special seal was manufactured
between the head and the turbine.
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Afcer a few months, a number of dosimeters were
found to be out of order. Analysis of the
malfunctions revealed faulty design of the electronic
circuit. Subjected to impacts and vibrations, the
battery tended to batter the printed circuit of the
electronics, resulting in broken connections.

The change in manufacture entailed redesigning
the electronics, which could not be tested in full
scale due to the lack of time. Inadequate battery
charging current regulation reduced service life
substantially. The changes made (charging at constant
current) have completely eliminated these problems.

A system designed to monitor the settings of the
charging banks was installed and helps to guarantee
correct power supply, thus avoiding any risk of
overcharging the batteries.

1.3. Sampling rate

In exposure calculations carried out from
dosimeter data, it is well known that the flow rate
has a first order on the results. This implies that
the relative uncertainty on the flow rate measurement
is of the same order of magnitude as the uncertainty
knovra on the other exposure parameters. The knowledge
of the stability of the sampling rate hence becomes
very important.

The main problems encountered in this area were
the following :

- Blocking of the turbines by small solid
particles or dried mud. The elimination of leaks
between the turbine and the head helped to solve part
of the problem. Bits of gravel also fell into the
turbine during removal of the head. This problem was
eliminated by placing safety grids on the air intake
and outlet, and turbine blocking has since
disappeared.

- Internal leaks in the dosimeter: leaks existed
between the turbine and the body, jeopardizing the
rate measurement and causing recycling with the
suction. This problem was solved be a new seal.
Similarly, the improvement in the rate measurement
led to the positioning of a cover, added on by
welding. Due to molding defects, the weld was not
tight, and the insertion of a seal remedied this
problem.

- The rate depends directly on the battery
voltage. This rate is measured by the radiation
protection staff.

When the dosimeter was installed, only one
rate measurement was planned at the mounting and
removal of the head. Since then, the rate is
determined weekly, and to ensure that it would be
representative of the real rate in operation, a
procedure was established: including measurements at
the beginning and end of each shift ; taking account
of the overvoltage existing at the battery terminals
immediately on removal from the charging bank.

This new procedure helped to detect certain
events sooner, such as perforated or wet filters,
with the loss of one week of dosimetry at the worst.
These extremely rare events (< 1%) are very difficult
to avoid, as the air inlets are also water inlets. As
for the wet filter, drying the dosimeter overnight
normally suffices to restore the nominal rate. Tests

are under way to replace the present filter by
a water-repellent filter.

Passage to quantity manufacture of the parts
making up the turbine/motor unit increased the
dimensional tolerances of the parts. It was therefore
necessary to increase the functional clearances and
the nominal flow rate fell slightly, declining from 5
to 3.5 £/h. A new pump is being designed to offset
this deterioration in performance.

Furthermore, regular rate measurement requires a
portable, cheap, accurate flowmeter in the range 0 to
10 £/h, with negligible pressure drop (< 1 mmHJ)).
The flowmeters currently used are unsatisfactory
(frequent recalibrations required), and research is
under way to mount a summating flowmeter in the
dosimeter. All the rate fluctuations, of whatever
origin, will thus be taken into account.

1.4. Operation of the detector

The operation of the detector raised many
problems. The most serious was the observation of a
number of incorrect tracks in the Po218 and Rn222
range. The number of tracks was much higher than
anticipated from the Po218 and Rn222 concentrations
normally found in mines. In addition, the number of
tracks on the Po218 range sometimes exceeded the
number of tracks of the Po214 range, which is
physically impossible.

A large number of films displayed deep scratches
making their automatic readout impossible and
requiring microscopic analysis. Added to this,
development problems (poor bath homogeneity)
sometimes made us doubt the entire system. All
detection efficiency calculations were repeated, a
number of tests were performed, all the assumpticnr
were reviewed (influence of electric charge, free
fraction, recoil nuclei), taking about six months.
The conclusion of these studies served to find that
the main cause of these artefacts was contamination,
and also helped to improve substarfiallv •••••>•

knowledge of the operation of the panrlic; "-..•.•_.-.;3

Contamination stemmed from three sources: inte-
rior of the collimators, screens, sintered bronze of
the radon collimator.

This is partly due to the daughters which are
fixed on these supports, and chiefly due to the
penetration of long-lived aerosols into the head, by
natural means (air inlet) or through malfunctions
(lack of internal tightness). The latter very
important defect also incurred risks of film
scratching by the infiltration of dust.

The following remedies were applied :

- insertion of O-rings on the cover (TLD badge)
and on the collimator;

- modification of the state and treatment of the
internal surface of the collimators;

- since ultrasonic cleaning proved insufficient
to achieve good decontamination, a washing machine
vias installed: washing is followed by nitric rinsing
which plays an important role;
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- systematic monthly replacement of the
screens: a screens manufacturing machine was built.

The Infiltration of mud or fines around the TLD
chip was reduced by mounting a safety cover. The
risks of pollution on removal were thus reduced. The
exterior of the head was also thoroughly cleaned
before dismantling. The installation of this quality
procedure took a long time, but the results justified
the expenditure. Incorrect results have practically
disappeared, and the number of Cracks on the radon
range now agree with calculations. Naturally, the
effort did not deal exclusively with contamination
problems. Major changes were made in the treatment of
the detectors (Section 1.5.).

Incidentally, it should be noted that routine
use raised many other problems: head assembly and
"-sm.-, Liing on the site and in the laboratory; head
identification; internal movement of the detector,
causing a shift in the readout ranges and also
introducing scratches; transport of heads between the
laboratory and the mines.

All these problems required a constant adptation
of the product to its use. For example, it was
necessary to create assembly and dismantling tools,
after the internal shape to secure the film, and thus
change the molds, etc.

While dealing with these practical problems,
studies were continued concerning the collection
efficiency of the measuring head in relation to the
particle size distribution of the mining aerosol.
After the investigations of CHARUAU 111, the work
of TYMEN / 3 / helped to confirm that the collection
efficiency for an AMAD between 10~ um and 10 ym was
around 80£. This efficiency fell to 30% for 10 nm
(free fraction). To increase the collection
efficiency if possible, the sampling rate is
increased. The operation of the radon collimator was
thoroughly analyzed and a fine calculation of the
detection efficiency was performed by HARTLEY*. A
study of the deposition homogeneity of radon
daughters was conducted in a mine by RANNOU / 4 /.
Maximum deviations of 20% were recorded between the
different points of the filter.

1.5. Detector processing

1.5.1. Processing of the TLD chip. An automatic
machine is being built to process the TLD chip, and
several months of experimentation are planned in
1985.

1.5.2. Processing of the filter for measurements of
long-lived aerosols (AVL). The count is currently
made using zinc sulfide scintillators. Given the low
activities to be measured (a few becquerels), the
value and stability of natural movement are vitally
important. Fluctuations in the latter, probably due
to variations in the atmospheric concentration of
Rn222, led to the development of a multiple count
procedure to eliminate incorrect values.

Another cause of error was the penetration of
radioactive water by capillarity through tightness
defects. This has been drastically reduced by
improvements made in head tightness.

* B. HARTLEY, STATE X-RAY LABORATORY, Nedlands,
Western Australia

Studies have been conducted for the
construction of an automatic counting system. In
particular, the incorporation of a spectrum analyzer
will help to eliminate values in excess due to the
radon trapped in the ore fines.

1.5.3. Processing of cellulose nitrate film. During
the routine implementation of individual dosimetry,
batches of films to be developped every month rose
from a maximum of 200 films at the end of the
1978/1979 experiment to more than 1800 films. This
change in scale led to substantial changes in the
kinetics of attack in the developing bath, something
that had never yet been observed. This resulted in
considerable development inhomogeneities. For
example, if two films were placed side by side in
the same bath, one was underdeveloped, and the second
nearly transparent, despite identical development
times, and the background color varied substantially.
The number of films developed per bath was first
reduced, and the agitation system was changed. An
automatic developing machine was then built, and a
development test procedure installed. The films are
developped in manufacturing batches, and unexposed
reference films irradiated in a known manner, and
taken from the same batch, are processed
simultaneously. The comparison of the theoretical
value of the number of tracks of irradiated film and
its real value counted on the microscope serves to
check development quality. The developing machine,
which combines bath circulation, filtration and film
rotation in the bath, guarantees excellent
development homogeneity.

Development quality considerably affects film
readout, whether manual (track counting under the
microscope) or automatic. In the former case, poor
development results in the appearance of very small
tracks, which are accounted for differently depending
on the operator. For automatic readout, track
diameter is very important, but differences in film
background color or scratches also make readout very
difficult, if not impossible. The prototype automatic
reader installed since October 1982 has operated to
full satisfaction since then, but its mechanics and
optics were too inaccurate to deal with fluctuations
in background transparency or to discriminate
correctly the different track diameters. Moreover,
the counting time (8.5 minutes per film) was
prohibitive, and adjustements were made using films
irradiated in mines and counted under the
microscope. The construction of a new, much better
performing reader was therefore undertaken, and this
machine is now operational. The operating principle
is the same: projection of the image of the range to
be read on a strip of 1728 photodiodes, and shift of
this image perpendicular to the strip. However, two
ranges are now analyzed simultaneously, and the
resolution of the optics was significantly improved.
Counting time has dropped to 2.5 minutes, and a
basket holding thirty films automatically feeds the
reader. An adjustement procedure using a cross-hair
and irradiated reference films was installed, much
more accurate and reproducible than the earlier
system. The reader is set to obtain the correct
number of tracks on the irradiated reference films.

To eliminate edge effects and any shift effects,
only the 4.5 mm diameter central disc is counted on
each 6 mm area. Film scratches are the final cause of
readout error. After the improvements made to head
tightness and to the maintenance of the film in the
head, the risk of scratches produced when cutting and
handling the films has been reduced. The films are
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now supplied precut by the manufacturer, and
considerable handling precautions have been observed
(handling with cotton gloves etc.).

Film marking, hitherto performed manually, will
shortly be automatic, and this should enable
automatic film identification. Thanks to all these
changes, the overall process is now well developed.

1.6. Processing of results

The problems encountered in processing the
results stem from three sources: artefacts due to
miscellaneous contaminations and pollutions; the need
to give the results with radon 222 as indicator;
difficulties in rate measurement.

Note that the dosimeter serves to measure
.Apcijre to :

- atoms of Po218,
- atoms of potential Po214,
- atoms of potential Po212,
- atoms of potential B1212,
- potential alpha energy due to radon 222
daughters,

- potential alpha energy due to radon 220
daughters.

French legislation in force has not yet accepted
the potential alpha energy level as a risk indicator.
Knowing the ratio of the numbers of Po218 and Po214
tracks» using a model of changes in radon daughters
in mines, it is possible to estimate the apparent age
of the radon 222 and consequently its concentration
level, as well as the equilibrium factor thanks to
the Po218 concentration given by the dosimeter. The
validity of the model employed was demonstrated in a
measurement campaign which combined area monitoring
with individual dosimetry. Nevertheless, the model is
only valid if the radon concentration remains
substantially constant during the exposure time,
which is not always true for all personnel categories
encountered. Calculation is impossible in certain
cases, as the ratio of nutrb.;rs of tracks does not
fall within the interval (1:16.25) corresponding to
the extreme equilibrium states of the daughters
(1.00) and 1.1.1.). However, these incorrect ratios
are tending to decrease due to the reductions in
contamination achieved. In all cases, the equilibrium
factor obtained is compared with the mean of the mine
concerned (which normally remains constant from one
month to the next). If the value appears implausible,
a new calculation is carried out using the average
equilibrium factor.

Finally, the statistical analysis of the
estimated values of the equilibrium factor shows good
similarity with those given by area dosimetry
(Section 3).

The processing of the results of exposures to
Rn222 supplied directly by the radon collimator range
could not be carried out as anticipated, because the
signal to noise ratio was too low. Only exposures
greater than 2.10 Bq.m" .h can be read on this
ranc,e.

However, the radon range remains useful to
correct the Po218 concentration value, especially for
very low equilibrium factors (open pit mines etc.).

Investigations under way should help to improve
the results by better estimation of the: sampling
rate; mining aerosol collection efficiency for each
of the daughers; detection efficiency.

1.7. Reliability of the dosimetry system

Considering the problems encountered, the
reliability of the system expressed in terms of
usable results number of dosimetry months, has turned
to be much better than expected, thanks to the
considerable redundancy of the data gathered. For
example, incorrect values of the radon range do not
prevent the model calculation of radon exposure.

Similarly, incorrect ratios of the potential
number of Po214 tracks to the number of Po218 tracks
can be corrected using the average equilibrium factor
of the mine concerned. A number of problems due to
contamination were thus resolved, and the films
bearing these artefacts nevertheless yielded
acceptable results for dosimetry. A comparaison of
the results obtained in these difficult cases with
recent results for which contamination was eliminated
has substantiated the validity of this correction.

Mechanical and electronic reliability raised
certain problems, but they are currently 90%
resolved. Once again, thanks to the organization of
dosimetry, the planned redundance for the equipment
(replacement dosimeter, double processing systems)
fully played its role.

2. PRESENTATION OF DOSIMETRIC RESULTS

2.1. Dosimetric results obtained in 1983 in French
uranium mines

The results presented in the following pages
were obtained in the ten largest French underground
mines. In 1983, these mines produced 1,842 tons of
uranium, or about 75% of the total French output.
They are located in central and western France, and
the south of the Massif Central. Results are then
presented for open pit mines operated in the same
regions, which produced about 25% of French output
in 1983.

To our knowledge, this is the first time that
detailed information on the exposure of a population
of miners to external irradiation risks of radon
daughter inhalation, and of the inhalation of ore
fines, obtained by individual dosimetry, are provided
in a publication.

To make a mutual comparison of the risks due to
different types of radiation, the 1CRP introduced a
single evaluation yardstick, the effective dose
equivalent commitment, the maximum recommended annual
value being 50 mSv. The dosimetric results presented
in tables la and lb are expressed in terms of
"effective" dose equivalent, in millisievert. The
following correspondences were adopted between the
quantities inhaled and the effective dose equivalents
committed:

Alpha energy
Alpha fines

20 mJ = 50 mSv
1,700 Bq « 50 mSv

2.1.1. Mean annual effective dose equivalents
committed. These are expressed in mSv.
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- Table la
- Table lb

for underground mine workings
for open pit mines

It may be observed that the average levels of
the three risks expressed as a fraction of the
maximum dose equivalent value of 50 mSv, vary
respectively and for the different mines as follows:

- For underground mines :

4-11% for "external irradiation" risk
14-46.5% for the "radon" risk
12-232 for the "long-lived alpha emitter"

risk
41-7032 for cumulative risk.

- For open pit mines:

0.5-1.3% "external irradiation" risk
7-11% for the "radon" risk
10.4-12% for the "long-lived alpha emitter"

risk
18-24% for cumulative risk.

The mean annual value of total effective dose
equivalent for all the French underground mines
considered is 24 mSv, or 48% of the maximum value
recommended by international organisations. For open
pit mines, this mean value la 11 mSv or 22% of the
maximum effective dose equivalent value.

2.1.2. Relative scale of the different risks. The
triangular graph in Figure I shows the relative scale
of the risk associated respectively with external
irradiation and internal exposure due to short-lived
radon daughters and to long-lived alpha emitters. In
comparison with the cumulative risk, it may be
observed that:

- For seam type underground mines:

. the "radon" risk represents about 55%

. the "long-lived alpha emitter" risk
represents about 30%

. the "external irradiation" risk represents
about 15%.

- For sedimentary type underground mines:

. the "radon" risk represents about 35%

. the "long-lived alpha emitter" risk
repi°sents about 40%

. the "external irradiation" risk represents
about 25 %.

- For open pit mines:

. the "radon" risk represents about 40%

. the "long-lived alpha emitter" risk
represents about 55%

. the "external irradiation" risk represents
about 5%.

2.1.3. Specific Irradiations in French uranium mines.
The collective dose In each mine, calculated for
external and internal exposures, is related to
uranium output. This means that the detriment
sustained by the personnel working In the mines is
related to the economic benefit which they generate.
The ratio obtained, expressed in p.mSv/t uranium, is
called the specific irradiation.

The mean total specific irradiation for all
French underground mines concerned is equal to
16 p.mSv/t uranium, and for open pit mines to about
4 p.mSv/t uranium. Table 2 and the graph in Figure 2
present all these data.

2.1.4. C-edibility of the results. In part 1, we
stressed the many artefacts which were progressively
found In 1983 concerning the production of tracks on
the cellulose nitrate film. We believe that the
redundancy of the measurements helped to eliminate
them. However, we cannot exclude the possibility
that, due to some residual background noise, the
results supplied may be slightly overestimated. The
impact of this overestimation should be significant
mainly for low values of exposure to potential alpha
energy, and especially for open pit mines.

The results of 1984, a year in which it can be
estimated that all the artefacts have been
eliminated, will provide the quantitative data
necessary for any subsequent corrections.

2.2. Comparison between the results obtained by
ambient dosimetry in 1982 and those of
individual doslmetry in 1983

In the foregoing pages, we have shown that the
built-in Individual dosimeter helped to measure the
internal exposure received by each worker in 1983,
due to radon 222 and polonium isotopes, and due to
long-lived alpha emitters. From these results, and
for each worker, one can determine the quantities of
radon inhaled and the potential alpha energy inhaled
due to its daughters, long-lived alpha emitters, and
the activity inhaled from long-lived alpha emitters.

In 1982, ambient doslmetry served to calculate
for each worker, the quantity of radon 222 inhaled,
with measurements covering radon 222 only (samplings
using scintillation bottles as stipulated by French
regulations in force) and the quantity of long-lived
alpha emitter activity, with measurements taken by
sampling on filters.

2.2.1. Radon 222. For the ten underground mines
considered, we now compare the mean quantities of
radon inhaled determined by ambient doslmetry (in
1982) and by individual dosimetry (in 1983).

Radon 1982 : determined by ambient dosimetry
performed with scintillation bottles.

Radon 1983 : calculated from exposures to polonium
isotopes measured by individual
dosimeters.

Table 3

Mean annual

Underground

mines

UM
UM
UM
UM
UM
UM
UM
UM
UM
UM

Total

1
2
3
4
5
6
7
8
9
10

UM

quantities

1982

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

0,

,21
,18
,14
.16
,11
23
18
24
20
05

14

(For all underground

Radon

Inhaled

222 ;

1983

0,
0,
0,
0.
0.
0.
0.
0.
0.
0.

0,

mine

.19

.26

.19
,16
,20
,19
,20
23
18
12

18

in mCi

83/82

0
1
1
1
1,
0,
1.
0,
0.
2.

1,

.9

.28

.35

.8
,83
,1
96
,90
4

3

personnel)
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It Is assumed that the exposure conditions have
remained unchanged In 1982 and 1983, which must be
true to within 10%. As for internal exposure due to
radon, it was found that for 4 of the 10 mines
investigated, the mean quantities of radon inhaled
were underestimated in 1982 by more than 20% by
ambient dosimetry. The ratio of quantities inhaled in
1983 and 1984 for these four mines is respectively
1.3, 1.35, 1.8 and 2.4.

The largest underestimate occurred in the
sedimentary type mine, in which the mean quantity of
radon inhaled is the lowest of the 10 mines examined.
This mine was highly mechanised and the miners were
required to work at several working faces, making it
difficult to determine accurately the attendance of
the personnel at the place of assignment. Moreover,
since the mine involved a mineralized mass displaying
aendritic extensions, the form of the workings is
highly irregular and the radon concentration far from
homogeneous.

2.2.2. Potential alpha energy. In 1983, individual
dosimetry served to measure individual exposure to
potential alpha energy directly. In 1982, we
estimated the mean exposure to potential alpha energy
of each underground mine from the exposure, and by
assuming a single universal equilibrium factor of
0.20.

These measurements yield the following
comparative table:

Table 4

UM

DM

UM

UM

UM

UM

UM

0M

UM

UM

1

2

3

4

5

6

7

8

9

10

Potential alpha energy _3

Mean annual exposure in mJ.m~ .

1982
Value

calculated
with

assumed
F « 0,20*

7.28

6.24

4.85

5.55

3.80

7.97

6.24

8.32

10

2.08

1983
Value

measured
by

individual
dosimetry

4.54

4.98

4.33

4.28

5.95

5

4.25

7.75

4.75

2.33

h

1983
1982

0,

0,

0,

0.

1.

0.

0.

0.

0.

1.

mean
mean

.62

.80

,89

.77

,56

62

68

93

47

12

_3
* Mean exposure to alpha energy (mJ.m .h) is
obtained by multiplying the mean exposure to radon
222 (uCl.M,h) by 0.208 x F

It may be observed that apart from underground
mine 5 and 10, the use of a single equilibrium factor
of 0.20 led to the underestimation of the results
declared to the mining companies concerning mean
exposure to potential alpha energy. Ambient dosimetry
based on the measurement of radon thus helped to
minimize the risks due to radon daughters. This
result, which was not implied by Table 3 concerning
mean exposures to radon, stems from the fact that the
equilibrium factors are always much lower than 0.20
on the average.

Based on the results of individual exposure to
polonium isotopes, individual dosimetry enabled us to
determine the following equilibrium factors in 1983:

Underground mine Underground mine

F = 0.13
F - 0.12
F - 0.13
F = 0.15
F = 0.17

6
7
8
9
10

: F - 0.15
: F - 0.12
: F - 0.19
: F - 0.15
: F - 0.11

The mean equilibrium factor for all the
underground mines investigated was 0.13.

2.2.3. Long-lived alpha emitters. The results
concerning exposure to long-lived alpha emitters are
presented in table 5. Note that for all the mines
examined, ambient dosimetry in 1982 underestimated
the quantities inhaled by a factor of 2 on the
average. This factor may vary from l.~ to 4 depending
on the specific mine investigated.

Table 5

Mean annual quantities inhaled

Long-lived alpha activity in Bq

1982 1983 83/82

148
96
85
148
133
107
193
133
100
230

265
388
211
234
383
311
282
259
286
273

1.8
4
2.5
1.6
2.1
2.9
1.5
1.9
2.9
1.2

All UM 140 279

2.2.4. Comments. In a previous report / 6 / we stated
that ambient dosimetry would be expected to
underestimate the exposure results rather than to
overestimate them. The results presented above
confirm that the ambient dosimetry that we conducted
in France underestimated the actual exposures In
general. Attention is drawn to the fact that we had
nevertheless made major efforts to guarantee the
hopefully sound representativity of our sampling
procedures.

For radon, one measurement was taken weekly In
each working for each of the operations. Systematic
measurements were added at all work stations situated
outside the mines. Monitoring in 1982 was based on
around 45,000 measurements of radon 222
concentration.
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As for ore fines, one measurement was taken monthly
in each mine. In 1982, monitoring was based on around
5,000 measurements of the activity concentration of
long-lived alpha emitters.

To be statistically significant, the number of
these samplings should have been increased by a
factor of 4 or even more. However, this is
prohibitive at the cost level, given the
possibilities of individual dosimetry. This matter is
discussed in Part 3. Note however, that on a trial
basis, we made a comparison between ambient doaimetry
and individual dosimetry in a mine where the ambient
dosimetry procedure had been considerably reinforced
(full time activity of one supervisor). The two
dosimetries furnished identical results.

". STATISTICAL PROCESSING OF THE RESULTS OF
INDIVIDUAL EXPOSURE MEASUREMENTS

Based on the results obtained by Individual
dosimetry, it is possible to identify different
sub-groups of workers, in which the distribution is
well individualized and always log-normal and which
characterizes a function or an operating method. The
statistical processing of the results of individual
dosimetry thus appears to be a very effective means
to diagnose the causes of worker exposure.

The two graphs below present the distributions
of monthly exposures to potential alpha energy
measured by individual dosinetry for :

1• (Figure 3): all underground uranium mines in
central France

2, (Figure 4): all underground uranium nines in
western France

Class III.l
Class III.2

0.37
0.32

2.30
2.37

- For all underground mines in western France :

Class I :
Class II :
Class III :

m - 0.23
m - 0.32
m - 0.42

2.51
2.34
2.41

4. COST ASPECT OF AN INTEGRATED SYSTEM OF INDIVIDUAL
DOSIHETRY

Different approaches are proposed below to
quantify the cost of Individual dosimetry. As a first
approximation, the cost is given for the operation of
the integrated dosimetry system designed for 2,000
•iners. In a second analysis, the cost impact of the
replacement of ambient dosimetry by individual
dosimetry is analyzed for a staff of 600 miners. In a
third analysis, the cost fo replacing ambient
dosimetry by individual dosimetry is considered for a
staff of 15 aincrs (nine far from the dosimetry
processing centre).

4.1. Cost for a new mine (2,000 miners)

All the costs given below are valid in France,
January 1984, based on the processing of 2000
dosimeters per working month, or 24,000 dosimeters
per year. The design capital investment is assumed to
be depreciated over four sets of 2,000 dosimeters.

These two figures correspond to seam type mines.
In each graph, the log-normal distributions of
exposures are differentiated according to the
functions of the personnel:

Class I: higher supervisor, maintenance
personnel, topographer, (personnel not regularly
descending into the mine daily)

Class II: overmen, samplers, radiation
protection staff (personnel descending daily, not
assigned to working)

Class III: miners

For class III of miners, it was possible to
differentiate certain groups according to the mining
methods employed or according to assignment. Figure 3
makes the following distinctions:

- Class III.l: miners assigned to traditional
nine workings

- Class III.2 : miners assigned to "trackless"
mine workings

Each distribution is characterized by a median
value "m" expressed In mJ.m" .h and a standard
deviation "o". The following averages can be
distinguished:

- For all underground mines in central France :

. Class I : m • 0.27 ; - 2.27

. Class II : m - 0.22 ; - 2.44
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Cost of operating the integrate!

Expenditures for 2000
dosimeters operated

11 months/year

Cost
T y p e (kF/year)

Laboratory Cost per
manpower employee

1/20 engineer 500
3 workers 235
1 technician 290

Premises,
miscellaneous
arrangements,
equipment

Premise* +
miscellaneous
arrangement* ISO
* Track reader 500/5
* LTP reader 500/5
* AVL councc 500/5
* Developing machine 400/5
* Microscope 60/5
* Associated data
processing 110/5
* Miscellaneous
equipment 220/5
** Dosimeter head 200 x 3/2
Dosimeter body 500
Average cost of
charger 330
Annual turbine
replacement 300
** Sundry peripherals
(flowmctcrs, tools.) 130/2
Consumable* (filters.
screens, films, ...) 352

Management
coats 1 056

TOTAL 4 554

dosimetry system

Cost of operating
an integrated
dosimeter (F)

32 !> 47
14 J

5,8 N
4,6
4,6
4,6
3,6
0,6

1

2
13,6
22,7

15

13,6

3

> 112

16 J
159

48

"207

4.2. Cost of replacing ambient dosimetry by
individual dosimetry for 600 miners

The mine is located 20km from the dosimetry
processing centre.

4.2.1. Ambient dosimetry

Staff of 600 miners
Ambient dosimetry with 11 results per year

and per personn

Expenditures

Tvne C o s t
T y p e (kF/year)

Manpower Cost per
for employee

11 months
/

* 6 underground ./
sampling worker'' 269

* 1 surface labo-
ratory worker 214

* 1 surface worker
for calculations 214

* I underground
supervisor 402

* 1/2 underground
technician 340
2/3 Data proces-
sing supervisor 287
1% underground
engineer 500
17. secretary 250

Equipment required
** Counting unit 300/5
Bottles and filters 200
*** Miscellaneous

measuring
instruments 100/3

Management cost

TOTAL

Cost per month
of ambient

dosimetry per
personn (F)

171.1 S

22.7

22.7

42.6

18.1

29

0.8

s.308

0.4 -1

9 130.3 L,44

J
352
106

456

Depreciated over 5 years
** Depreciated over 2 years

Personnel spending 170% of their time in
dosimetry and 30Z in prevention

** Depreciated over 5 years
*** Depreciated over 3 years
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4.2.2. Individual dosimetry. It Is assuned that
will be performed by the personnel previously
entrusted with ambient dosimetry.

this

Staff of 600 miners
Individual dosimetry with 11 dosimeter
processing per year and per person

Expenditures

Type Cost (kF/year

Manpower for Cost
1' ac"fhs not per
Including Employee
dosimeter
processing (F)

6 underground
sampling
workers
spending 102
of their time
in dosimctry 269

1 laboratory
worker
spending
20% of his tiM 214

1 underground
supervisor and
1/2 underground
technician
spending 5Z of 400
his tine 340

2/3 data
processing
supervisor
working 20% of
his time 287

12 underground
engineer 500

1% secretary 250

Processing of
"integrated
doslmetry
system

(manpower,
premises,
arrangements,
equipment)

Management
cost

TOTAL

Cost per person

dosimeter
processing (F)

24 N

6.5

4.3

5,8

0,8

0.4 J

> 42

159

201

60

261

4.3. Cost of replacing ambient dosimetry by
individual dosimetry for 15 miners for away from
the dosimetric center

The marginal cost of Individual dosimetry may be
261 F per dosimeter and per person with 11 dosimeter
processings per year.

For ambient dosimetry, given the transport tine
and costs due to the distance and the need for weekly
supervision, this system approximately requires the
full-time employment of one person remaining on the
spot. Expenses for this employee are estimated at 269
kF/year, leading to a dosimetry cost of :

•j-j—' ., - 1630 F per month of ambient dosimetry and
per person.

5. CONCLUSION

Although It offers far better quality than
ambient dosimetry, individual dosimetry is
nevertheless less expensive for the operator.
Moreover, the personnel relieved from dosimetry
tasks, can devote much more time than before to
prevention.
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Table la - Underground working
(Average results for all "underground" personnel of each mine)*

535

Mine 1
Mine 2
Mine 3
Mine 4
Mine 5
Mine 6
Mine 7
Mine 8
wiue 9
Mine 10

A H UM

Average personnel
inspected

160
174
81
88
25
111
76
85
15

320 !

1208*

Potential alpha
energy
(mSv)

13,75
15
13
12,75
17,75
15
12,75
23,25
14,25
7

12.25

Ore
fine
(mSv)

7,80
11,41
6,20
6,88
11,26
9.15
8,29
7,62
8,41
8,03

8.20

External
irradiation

(mSv)

3,14
3,76
2,47
3.26
4.45
3.95
3,54
4,02
2.17
5,62

3,87

Total effective dose
equivalent

(niSv)

24,69
30,17
21,67
22,90
3,46

28,10
24,58
34,89
24.83
20,65

24,32

Table lb - Open pit mines*

OPM 1

OPM 2

OPM 3

All OPM

Average personnel
inspected

83

66

123

272

Potential alpha
energy
(mSv)

3,35

4,75

5,50

4,65

Ore
fine
(mSv)

5,18

5,38

6.06

5,62

External
irradiations

(mSv)

0,065

0,038

0,027

0,041

Total effective dose
equivalent

(mSv)

9,18

10,51

11,83

10,68

* Including staff of the functionnal departments working in all nines.

Table n° 2
Collective doses and specific irradiations for 1983

Mint*

UM 1
UM 2
UM 3
UM 4
UM 5
UM 6
UM 7
UM 8
UM 9
UM 10

All UM*

OCM 1
OCM 2
OCM 3

All OCM**

Production
In tons

161.1
207.1
72

200,1
27,2
110,2
73,2
100.1
25
865

1841

260,8
191,2
339,5

791,5

Avtragc
•taff

Inspected

160
174
82
88
25
111
76
85
15
320

1208

83
66
123

272

Collective doses in

Potential
alpha

energy

2,19
2,60
1,06
1,13
0,45
1,67
0,98
1,98
0,22
2,20

14,9

0,28
0,32
0,66

1,26

Long-lived
alpha

emitters

1.25
1,98
0,51
0,60
0,28
1,02
0,63
0,65
0,10
2.57

9,9

0,4.,
0,35
0,74

1,53

personn.Sv

External
Irradiations

0,504
0,654
0,203
0,287
0,112
0,439
0,269
0,342
0,330
1,80

4,67

0,054
0,025
0,326

0,112

Specific Irradiation

Potential
alpha

energy

13,6
12,5
14,8
5,6
16,5
15,2
13,4
19,8
8,8
2,55

8,1

1,1
1.6
1,9

1,6

Long-lived
alpha

emitters

7,8
9,6
7,1
3
10,4
9,2
8,6
6,5
4
3

5,4

1,6
1,8
2,2

1.9

.n perionn.mSv.t U

External
irradiations

3,1
3,2
2,8
1.4
4,1
4
3,7
3,4
1,3
2,1

2,5

0,2
0,1
0,1

0,1

Total

24,5
25,3
24.7
10
31
28,4
25,7
29,7
14,1
7,6

16

2,5
3,5
4,2

3,6

* Underground nine*
** Open pit nines
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100Z 8OZ 60* 40Z

X Underground mines
• Open pit nines
£ Non-uranium mines

Figure 1

Relative significance of risks for underground nines
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Commentary j Let us assume that an orebody containing 5000 tonnes of uranium has been discovered
in the granitic regions of France. Total specific irradiation will be, if similar
mining methods are used in the range 25 to 30 person .mSv.f'U. The collective dose will
be therefore in the range 125 to 150 person .Sv. With a value of 106 f for the price
of one person sievert (person .Sv) the most exposed groups, an option which reduces
the collective dose of I0Z, has to be considered if it costs less than 12,5 to 15.1O°#.

537

Person .mSv.t y (total effective dose equivalent)

Granites western
part of France

2f>

K>

Sedimanttry rocks
south of France

10 4 9 f 7 6 8 5

* "I" proportional to quantities of uraniun extracted for each mines

Scale : I i 300 (ton of uranium)

Figure 2 : Total specific irradiation in French open pit mines and underground nines in 1983
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Figure 3 : All underground mines in central France.
Distribution of monthly individual exposures to potential alpha energy.
1983.
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Figure 4 : All underground mines in western Prance.
Distribution of monthly individual exposures to potential alpha energy.
1983.
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DISCUSSION

Question (Cliakravattl) : At the 1981 Golden
Conference your paper indicated a constant flow
rate of 5 l.h~* , which we have not experienced
in Canada.

i) Do you still obtain the similar constant
flow rate of 5.0 l.h"1?

ii) How do you measure the flow rate directly
on this instrument? (In Canada, we have
not found any convenient method to measure
the flow rate directly).

Answer: The passage to quantity manufacture of
• .<; -uits (making up the turbine/motor unit)
increased the dimensional tolerances of the parts.
It was necessary to increase the functional
clearances and as a result, the nominal flow rate
fell slightly, from 5 to 3.5 l.h"'.

Rate measurement requires a flowmeter in
the range f) to 10 l.h"1, with negligible
pressure drop (less than 1 mm H2')). The
flowoieter used in France is a mass flowmeter made
by "Air Liquide". But this flowmeter is
unsatisfactory with frequent recalibrations
required. So, research is underway Co mount an
integrating flowmeter in the dosimeter.

Question (Dory): If one were to try to follow
closely the way the regulations are written in
France, one would conclude that the denominator or
ALI is equivalent to 36 WLM.

Answer: That is correct. For many years the
objectives of the operational control and
monitoring policy.whlch we have adopted in French
mines, are to meet the requirements of the system
of dose limitation of the ICRP. The dosimetric
records are presented in two ways: the first way
in conformitry with the French regulations and the
second way according to the concept of total
effective dose equivalent including gamma, ore
dust and radon daughter risks.

Now, it should be clear that a given
ambient dosintetry system may or nay not under-
estimate (or overestimate) the exposures according
to the kind of grab sampling strategy which is
adopted. Having analysed the data produced in
1982 by ambient dosinetry and in 1983 by personal
dosiraetry, we have the conviction that, taking the
uncertainty of the equilibrium factor into
account, a residual underestimation of the ambient
dosimetry does exist. As the grab sampling
strategy is not the same in French mines as in
Canadian mines, there is no reason to believe that
what is true in France should be true in Canada.
I remind you that a collection efficiency for
radon daughters of 0.80 for the head of the
dosimeters should be taken as provisional. On the
other hand, contamination of the internal part of
the head produces extra tracks in the detector,
which have to be deducted.

Question (Napier): Is there any data available
showing the differences (variability) between
side-by-side CEA dosimeters and grab sampling
either in a controlled setting or in an
underground environment?

Answer: Such a study was made previously with the
first version of the dosimeters and showed good
agreement in underground mines between dosimeters
and continuous grab sampling methods. This was
reported in a previous publication. (See the
Golden Conference proceedings).

A new study was recently made of a
comparison between two dosimeters (side-by-side)
with a continous Thomas method. Results are ready
for publication and indicate, once again,
acceptable agreement and dispersion. This was an
underground experiment in an air return.

Question (Dory): You indicate that In French
mines the ambient dosimetry underestimates
exposures when compared with the personal
dosimetry. The Canadian experience shows
consistent under-estimation by the same personal
dosimeter. Could you elaborate as to whether
contamination or the uncertainty of equilibrium
factor is the source of error?

Answer: According to the comparisons made in
active underground mines between exposures
obtained by personal dosimeters and by continuous
measurements of radon daughter concentrations
through, for Instance, the Thomas method, we think
that the dosimeters' recordings may be taken as
the reference.
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Techniques d'épuration des descendants du radon en mines d'uranium

M. POURPRIX, .1. VENDEL, P. ZETTWOOG

Commissariat à l'Energie Atomique, Institut de Protection et de Sûreté Nucléaire, Département de Protection
Technique, Service de Protection des Installations Nucléaires, Centre d'Etudes Nucléaires de

Fontenay-aux-Roses, B.P. n° 6, 92260 FONTKNAY AUX ROSES, France

RESUME

Pour réduire les concentrations en descendants
du radon dans les mines d'uranium, et de ce fait,
réduire l'exposition du personnel, une solution
consiste à filtrer l'air au moyen d'épurateurs adaptés.

On indique les principaux résultats
-Apérluientaux obtenus en mettant en oeuvre des
épurateurs à plusieurs niveaux : épuration
individuelle, épuration en cabine, épuration sur
aérage secondaire et épuration sur aérage primaire.

C'est surtout l'épuration sur aérage secondaire
qui a été particulièrement étudiée. Dans ce cas, il
semble que la filtration électrostatique soit à
préférer à toute autre technique pour des raisons que
l'on précise.

INTRODUCTION

Les recommandations de l'ICRP relatives à la
limitation de l'énergie alpha potentielle des
descendants à vie courte du radon nous ont conduit â
étudier diverses techniques d'épuration de l'air en
vue d'applications en mines d'uranium.

Pour réduire l'énergie alpha potentielle des
descendants du radon à un poste de travail.- on est
amené à réduire les concentrations en aérosols sur
lesquels les descendants du radon sont fixés.

En pratique, l'épuration peut être mise en
oeuvre à plusieurs niveaux :

- directement au niveau du personnel par utilisation
de masque individuel ou de casque à rideau d'air
filtré,

- au niveau des cabines d'engins par soufflage d'air
filtré au voisinage de l'opérateur,

- au niveau de 1'aérage secondaire en plaçant un
système d'épuration associé au ventilateur
secondaire,

- au niveau de 1'aérage primaire en traitant la
totalité de l'air circulant dans une galerie.

Les paramètres intervenant dans le choix du
dispositif d'épuration le mieux adapté à chaque cas
sont principalement :

- Le rendement d'épuration qui sera aussi élevé que
la technique le permettra. Mais il ne semble pas
utile de viser des rendements d'épuration parti-
culièrement élevés, surtout en ce qui concerne
l'épuration sur aérage primaire ou secondaire.

En effet, d'une part il faut tenir compte de la
reformation des descendants du radon en aval de
l'épurateur, si bien que l'effet d'une filtration à
très haute efficacité, par exemple à 99,99 % ne
conduira pas forcément, au niveau d'un poste de
travail, à des concentrations en descendants du radon
nettement différents de ceux qui résulteraient d'une
filtration moins poussée, par exemple à 95 %.

D'autre part, dans l'esprit des
recommandations de l'ICRP, si l'on s'attache à
mettre en oeuvre un procédé d'épuration pour ne pas
dépasser aux postes de travail la limite dérivée de
concentration, on cherchera plutôt à viser des
rendements d'épuration encore plus modestes, 50 à
80 % par exemple.

- Les débits à traiter seront de l'ordre de
quelques m3/h pour l'épuration individuelle,
jusqu'à quelques 10 m3/h pour l'épuration
primaire.

- D'autres contraintes comme l'encombrement, la
perte de charge, la facilité de maintenance, le
coût devront bien sûr être pris en compte.

- Les caractéristiques de l'aérosol à épurer
(granulomëtrie et concentration des aérosols
totaux et des aérosols radioactifs) sont essen-
tiellement variables selon le type de travaux
dans les chantiers. Le diamètre moyen des
aérosols est généralement de l'ordre de 0,1 um
/ 1 /, / 2 /. Le chapitre suivant apporte
quelques données complémentaires afin d'optimiser
le choix des techniques d'épuration â mettre en
oeuvre.

1• Caractérisation de I1aerosol minier a épurer

On a rassemblé ci-dessous un ensemble de
résultats expérimentaux, donnant la distribution
granulométrique des noyaux de condensation dans un
certain nombre de situations :

La figure 1 donne un exemple de distributions
granulométriques obtenues par la méthode de la
batterie de diffusion dans une galerie souterraine
en aval d'un chantier (mines du Niger).

après un

15 mn après un
tir

- après 15 mn
c»'arrêt total

de ventilation

10

Figure 1
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Les figures 2 et 3 donnent les distributions
obtenues par l'association de deux méthodes :
batterie de diffusion TSI pour les aérosols ultrafins
(0,004 à 0,7 uni) et spectrophotomètre laser PMS (0,12
à 3 Mm).

Les mesures one été faites sur le retour d'air
général d'une mine de la Division de La Crouzille.

AN («"-*)
AI09D

AN

10" 1

Batterie du diffusion

Compteur laser

Figure 2

10'

Figure 3

Les deux méthodes indiquent des résultats assez
similaires dans la plage granulométrique commune
(entre 0,1 et 0,7 um) (figure 2).

Une moyenne sur 7 essais successifs semble
indiquer, sur ce retour d'air, une certaine stabilité
des distributions granulométriques, au moins dans le
domaine supérieur à 0,01 um (figure 3).

La figure 4 donne les distributions obtenues par
une toute autre méthode (Differential Mobility
Particle Sizer TSI Modèle 3071) sur le retour d'air
général d'une mine de la Division de Vendée
(l'Ecarpière).

0(jm)

Figure 4

En fait, c'est essentiellement la répartition
granulométrique de l'aérosol radioactif qui offre
le plus d'intérêt. La méthode clioisie consiste à
utiliser une batterie de diffusion associée à un
comptage alpha des filtres de prélèvements, montes
successivement en dérivation sur chaque étage
/ 3 /.

Le dispositif expérimental est schématisé sur
la figure 5 et un exemple de résultat obtenu est
donné, sur la figure 6. D'autres résultats sont
donnés en référence / 3* /.

/

*Ç* O ^ V x;*

Figure 5

Batterie de diffusion pour gramilomëtrip des
descendants du radon

AN
AI09D

10" -

A activiia oc
AIÛQD

10

1 : distribution en nombre

2 : distribution en activité

Figure 6
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Sans rentrer dans l'Interprétation détaillée de
ces résultats, ce qui n'est pas l'objet de l'exposé,
on retiendra surtout que les méthodes d'épuration S
rechercher devront être orientées sur JPS aérosols
ultrafins, dont le diamètre médian en activité est
globalement centré vers 0,1 pm.

2. Techniques d'épuration envisageables

Outre les séparateurs mécaniques qui ont une
efficacité médiocre pour les particules submicro-
niques, on recherchera plutôt des techniques
d'épuration parmi les trois grandes familles
suivantes :

- les électrofiltres,
- 'ts «^parateurs humides,
- luo séparateurs à couche filtrante.

2.1. Electrofiltres. Un électrofiltre offre
l'avantage de présenter une faible perte de charge,
un encombrement réduit, et un rendement d'épuration
acceptable sur une large gamme de granulomêtries (cf.
figure 7), malgré un minimum d'efficacité vers 0,2 Mm
3 0.3 um c'est-â-dire proche des dimensions
d'aérosols que l'on doit épurer.

0,05 0,1 0,2 0,5 1

Figure 7

Rendements d'épuration sur un filtre électro-
statique fil-cylindre d'aprës / 4 / en fonction de la
vitesse de passage, pour une tension appliquée de
- 4 kV.

2.2. Séparateurs humides. Seuls les laveurs Venturis
seraient capables de traiter des aérosols de taille
submicronique, mais avec une perte de charge très
élevée (1 000 â 1 800 mm d'eau). Ces systèmes ne
peuvent donc pas être retenus.

Par contre, il existe dos techniques
particulières i faible perte de charge qui augmentent
l'efficacité des laveurs classiques par attraction
électrostatique entre aérosol chargé et gouttelettes
chargées de signe opposé. La figure 8 indique les
gains d'efficacité obtenus expérimentalement
d'après / 5 /. Ces résultats laissent supposer qu'une
technique de ce genre pourrait être envisageable â
l'épuration des descendants du radon notamment sur
l'aérage primaire ou secondaire, bien que les travaux
des auteurs ne portent pas sur les aérosols
submicroniques.

. — particules et gouttes neutres
particules chargées gouttes neutres
particules neutres gouttes chargées
particules et gouttes chargées

Figure 8

Résultats d'essais sur maquette réalisés par
Air Pollution Technology (réf. / 5 /)

2.3. Séparateurs à couches filtrantes. On sait
qu'un filtre très hante efficacité (THE) pifge les
descendants du radon avec un rendement proche de
100 X. Mais pour les raisons invoquées au chapitre
1, on doit plutôt s'orienter vers une prëfiltration
moins efficace. De plus, un filtre THE se
colmaterait trop rapidement, serait S changer
fréquemment, et en tout cas ne serait envisageable
que dans le cas d'une épuration à débit réduit
(épuration Individuelle ou en cabine), compte tenu
de problèmes d'encombrement notamment.

Une solution a retenir semble être la
filtration sur couche filtrante polarisée, par
exemple lit granulaire électrisé ou médium filtrant
ëlectrisé. Cette solution permet d'augmenter
artificiellement le rendement d'épuration de
préfiltres classiques comme on le volt sur la
figure 9.

- coucha « " , , . _ v
!:%.;; de varro ( op : 6 m m )

e oareads

Figure 9

Prëfiltres polarisés (d'après / 6 /)
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3. Epuration individuelle

Trois systèmes ont été envisagés (cf. figure
10).

1m

Figure 10

Epuration individuelle

a - Le masque respiratoire facial a généralement
une efficacité négligeable pour les aérosols
submicronlques, sauf s'il net en jeu des effets
électrostatiques du type de ceux illustrés iur
la figure 9. C'est le cas des média
prépolarisés (électrets) pour lesquels des
évaluations sont en cours.

b - te casque type "Air Stream", avec sa poupe et
•on filtre a poche Incorporés» réalise devant
l'opérateur un rideau d'air purifié» canalisé
par une visière rabattable. Des essais en sine
ont montré / 7 / que le rendement
d'assainissement défini par :

R - 1 - Energie alpha potentielle inhalée
Energie alpha potentielle ambiante

est de l'ordre de 90 Z. Certains Inconvénients comme
le poids de ce casque, la gêne apportée par la
vislëre sont a considérer.
c - te casque ventilé par soufflage d'air filtré sans

visière nécessite un débit d'air nettement plus
conséquent que dans le cas précédent. Des essais
sur mannequin ont montré que l'on atteignait R «
90 Z pour un débit soufflé de 20 ms/h. Cette *
solution peut s'appliquer dans le cas de travaux
a postes fixes sur engins, en éliminant
l'inconvénient du poids du casque et de la
visière. Far contre, on perd l'avantage de
l'autonomie, puisque le système pompe-filtre plus
volumineux n'est pas porté par l'opérateur, mais
11« a l'engin / 7* /.

4. Epuration en cabine

On a évalué les performances d'un filtre
électrostatique à double étage (un étage d'ionisation
par effet corona, un étage de collection sur
électrodes planes). L'électroflitre utilisé est
représenté figure H . Il est donné pour un débit
nominal de 1000 m3/h, mais a été expérimenté jusqu'à
4500 m'/h pour déterminer la variation du rendement
d'épuration des descendants du radon en fonction du
débit (cf. figure 12), le rendement d'épuration étant
défini par le rapport :

, m . Energie alpha potentielle aval
e ~ Energie alpha potentielle amont

Figure 11

Electrofiltre 2 double étage pour 1000 a3/h nominal

100

2COO 4O0O m3/ri

Figure 12

Rendement d'épuration des descendants du radon
par électrofiltre (1000 m3/h nominal)

Au débit nominal, le rendement d'épuration
atteint 85 1 90 Z, pour une perte de charge de
10 mm d'eau.

Cet épurateur permettrait de traiter des
espaces ou locaux de plusieurs dizaines de mitres
cube.

Four des volumes plus réduits correspondant
par exemple a des cabines d'engins de quelques
mitres cube, un épurateur électrostatique d'encom-
brement beaucoup plus faible pourrait donc convenir.

Rappelons que l'avantage de l'électrof11-
tratlon par rapport a une filtration plus classique
sur média filtrants réside surtout CUT la grande
capacité de colmatage, et sur la possibilité de
réutiliser l'électrofiltre après décolmacagc.

Un inconvénient est le coOt d'investissement
plus élevé au départ. Quant il la production
d'ozone, elle est extrêmement réduite si les hautes
tensions appliquées sont de polarités positives.

5. Epuration sur aérate secondaire

Les techniques d'épuration sur aérage
secondaire ont fait et font encore l'objet de
nombreux travaux au CEA, en collaboration avec lit
sociétés minières COGERA tt COMINAK / 7 /, / 8 /,
/ 9 /, / 10 /, / 11 /.
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On ne relatera que les principaux résultats en
séparant les études de faisabilité "au jour" d'une
part, les résultats obtenus en nines souterraines
d'autre part.

5.1. Etudes de faisabilité "au jour". Toutes les
techniques envisagées au chapitre 3 ont été
évaluées sur un retour d'air de mine, â partir
d'une installation expérimentale simulant une
galerie. L'installation est représentée sur la
figure 13.

On a représenté le retour d'air 1, la hotte de
captation 2, le tunnel simulant la galerie 3, les
ventilateurs secondaires 4 et 5 (respectivement de
7,i it IS kW) les épurateurs à tester 6 et 7.

L'épurateur 6 est monté sur une veine
permettant un réglage de débit entre 1 et 6 m3/s,
grâce i un caisson de réglage 9.

L'épurateur 7 est monté directement pour être
testé a un debit fixe i 3 ms/s.

L'air est extrait pnr les ventubes 11 et 12.

Les Miurtc de rendement d'épuration, les
pertes de charge ainsi que le réglage des
alimentation* en haute tension ae font 3 partir de
Ja cabane 10.

apurataurs

- la filtration électrostatique â double étage à
partir d'électrofiltres en géométrie cylindrique,
non standards, qui offrent encore plus d'intérêt
sur le plan de l'encombrement.

Ces trois solutions ont conduit à la réalisation
de trois prototypes. Les résultats obtenus avec le
premier prototype (4 électrofiltres en parallèle)
sont donnés sur la figure 15, où on a représenté le
rendement d'épuration Re en fonction du débit traité,
sur différents sites miniers. Les rendements
d'épuration ont été mesurés par deux méthodes :

- rendement d'épuration sur les noyaux de
condensation à l'aide d'un compteur de noyaux TSI
(modèle 3020),

- rendement d'épuration sur l'énergie alpha
potentielle totale par des prélèvements amont-
aval sur filtres et comptage alpha par la méthode
de Thomas.

On constate une certaine dispersion des points
expérimentaux obtenus sur les descendants du radon,
mais la corrélation est somme toute assez bonne avec
les noyaux de condensation.

D'autre part, l'ensemble des points
expérimentaux Re - f(Q) lemble assez bien suivre la
loi de Deutsch qui est de la forme :

Re • 1 - exp (- K/Q) où K est une constante.

Figure 13

Schéma de l'installation

5.1.1. Electrofiltre». Plusieurs types
d'électrofiltrei ont été évalués sur le plan des
performances (rendement d'épuration et perte de
charge en fonction du dibit) et sur le plan de
l'encombrement» qui constitue finalement une des
contraintes principales, pour épurer des dibits de
plusieurs dizaines de milliers de m3/h. On a retenu
trois solutions :

- la filtration électrostatique 1 double étage a
partir d*électrofiltres standards du type de celui
présente sur la figure 11, les électroflitres étant
aontei en parallèle,

- les mimes dispositifs montés en série, qui
conduisent a un encombrement plus faible, mais 3
une perte de charge plus élevée (à rendement
d'épuration équivalent),

Légende

O Noyaux de condensation La Bétoule COGEMA

O " " " Alcouta COMIKAK

A EQ potentielle totale La Bétoule COGEMA

V " " " Akouta Cominak

— , — Loi de Deutsch R » 1 - exp (- K/Q)

Figure 15 a

Rendement d'épuration en fonction du débit sur un
prototype comportant A filtres électrostatiques en
parallèle (débit nominal d'un filtre - 4 000 m»/h)
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Ventilateur
caisson

Figure 15 b
Prototype avec électrofiltres en parallèle

Les résultats obtenus avec le second prototype
(deux électrofiltres en série) sont donnes sur la
figure 16. Par rapport au rendement d'épuration
d'un seul ëlectroflitre» que l'on peut déterminer
d'après la figure 15, on voie que le gain est
appréciable. En principe» et on le vérifie à Moins
d« 10 X près, la pénétration (1 - R«) dt dtux
électrofiltrtii en série est égale au produit des
pénétration» de chaque ëlectrofiltre.

KX>

50

en sorte. (Cnutseh)
expertenca

f
Ooi de Deutsch)

5oco

Figure 16

toooo Q(m*/W)

Rendement d'épuration en fonction du débit sur un
prototype comportant 2 filtres électrostatiques
en série (débit nominal d'un filtra - 4 000 m'/h)

Quant au filera électrostatique cylindrique,
représenté sur la figura 17, les premiers résultats
sur prototype i 3 000 »'/h (figure 17a) montrent que
l'on peut atteindre des rendements d'épuration de
l'ordre de 70 a 80 X. Pour traiter un débit de
20 000 m'/h, un filtre cylindrique de l m de diamètre
et 1 m de longueur devrait donner des rendements
equivalents (figure 17b).

L'inconvénient réside surtout au niveau des
difficultés de réalisation» et probablement au niveau
du coût élevé de ce matériel qui n'utilise pas
d'Éléments standards.

O,12ro

r
àooo

ionisation

Figure 17

Prototype de filtre électrostatique en géométrie
cylindrique

5.1.2. Séparateurs humides. On a évalué les
performances d'un dispositif constitué par
l'association en série (cf. figure 18) :

- d'un étage d'ionisation pour charger les
aérosols,

- d'un ventilateur secondaire 10 000 ms/h,
- d'un étage de pulvérisation de brouillard d'eau,
chargé électriquement de signe contraire à celui
des aérosols.

La coagulation des aérosols sur les
gouttelettes, puis le dépôt des gouttelettes par
diffusion turbulente sur les parois du ventube doit
en principe réduire les concentrations en
descendants du radon.

1
lonisaur

ventilateur
J .

vtenfcube.
00,6m L;3Om

ï l iinjection de
çjouttalatttts

Figure 18

Lavage électrostatique

En fait, les rendements d'épuration obtenus
sont très faibles, de l'ordre de 10 a 15 Z.
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II semblerait que, parmi tous les paramètres
intervenant dans ce procédé, les caractéristiques du
brouillard jouent un rôle très important, les
gouttelettes devant être aussi fines que possible
et en grande concentration.

5.1.3. Séparateurs à couche filtrante. En
s'inspirant d'une technique de filtration déjà
utilisée à la COGEMA pour capter les poussières,
dans le but initial d'augmenter la durée de vie des
pièges â son montés sur les ventilateurs / 12 /, on
a cherché à améliorer les performances de cette
technique pour filtrer avec une plus grande
efficacité les aérosols subtnicroniques porteurs des
descendants du radon.

,.n a mis en oeuvre un prototype représenté
figure 19, constitué par une couche d'un médium
filtrant plissé, placé entre deux grilles, qui
assurent d'une part la tenue mécanique de
1'ensemble, d'autre part la polarisation du
médium : la grille extérieure est reliée au
potentiel zéro, la grille intérieure est portée à
haute tension.

On constate une augmentation de rendement
appréciable. Il faut toutefois noter que ces essais
ont portés sur des média neufs et que nous n'avons
pas étudié les problèmes de colmatage qui peuvent
limiter le développement de cette technique. D'autre
part» ces procédés ne peuvent s'appliquer qu'à la
filtration de l'air peu humide, car toute conden-
sation dans les média supprime les effets de
polarisation recherchés.

5.2. Essais de faisabilité en mine souterraine.
Les essais précédents sur aérage secondaire ont
démontré qu'à ce jour, la filtration électrostatique
conventionnelle était la technique d'épuration la
plus avancée.

On a donc appliqué cette technique en mine
souterraine pour épurer l'air de chantiers.

Des expérimentations ont été faites au Niger et
en France.

L'exemple suivant, extrait de / 8 /, illustre
la procédure et les résultats obtenus. La galerie
expérimentale (mine COGEMA du Chardon) comporte un
ventilateur secondaire de 10 000 m'/h soufflant par
l'intermédiaire d'un vencube jusqu'à un chancier
éloigné de plusieurs centaines <le mètres (figure
20). Le ventilateur est équipé d'un épurateur
électrostatique.

iront de.
T taille.

/
CpurabauP

zero

Figure 19

Prototype i préfiltre polarise

Diftirants média filtrants ont d'abord été
'•valais en laboratoire, selon la procédure décrite
sur la figura 9. Dei essais ont ensuitt été réalises
pour mesurer in litu le rendement d'épuration des
dcHcendanta du radon, 1 partir dt la station
expérimentale décrite sur la figure 13.

On a retenu deux types de média qui donnant des
résultat* satisfaisants :

Rendement
d'épuration

«ans tension

avec tension

Parta de charge i un
débit de 20 000 m*/h

Médium A

13 X

37 X

* 20 mat
d'eau

Medium B

19 X

44,5 Z

31 mm
d'eau

Figure 20

Galerie expérimentale

Cinq points de prélèvements ont été choisis
pour cette qualification :

- point 1 : amont de 1'épurateur,
- point 2 : aval de l'épurateur,
- point 3 : Aval du ventube,
- point 4 : front de caille,
- point 5 : retour d'air

Les résultats obtenus sont les suivants :
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Pai contre» il faut noter que les concen-
trations en gaz radon augmentent régulièrement
entre les points A, B et C.
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Evolution d« l'éner(le alpha potentielle dann
la galerie expérimentale en fonction du nombre

<T épurateurs (10 000 n*/h)

C* sont surtout les associations avac 2 at 3
épurateurs qui conduisent aux résultats lac plua
intéressants. M m e au niveau du retour d'air, en
un point éloigné du chantiar, l'assainissement de
l'air ait encore sensible.
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6. Epuration »ur atraie primaire

Ce probliae n'a pas été particulièrement
ëtudli, contrairement aux autres modes d'épuration
«nviaagfa précédemment.

Cela provient surtout du fait que les débita i
traiter sont importants et que l'investissement dans
une telle recherche serait i priori lourde 2
supporter.

Toutefoisi on a abordé ce problème dans le cadre
d'une itude portant aur la mise en oeuvre d*
plusieurs épurataurs secondaires disposés en
diffiranta points d'un réseau complexe de galeries
/ 7 /, ce qui revient i faire un* épuration primaire.

La figura 22 prCaante le plan de massa de la
mine expérimentale (Niger) aur lequel on a mentionné
la position de trois fpurateura traitant chacun
environ 25 000 m*/h, avac un rendement d'épuration
moyen de 60 X (las prototypes utilisés ont la*
caractfrlatlquefl décrites aur la figura 15).

Salon qua las épurateurs Clectroatatiquea aont
ou n* sont pas en fonctionnement (haute tension
branchée ou non branchée) on a déterminé an
diffiranta pointa (A. B at C, voir figura 22)
l'énergie alpha potentielle des trois descendants
(méthode de Thomas) ainsi que lea concentrations en
gai radon (méthode des fiolea scintillantes).

La point A représente l'amont don chantiers» la
point C «se situé sur la retour d'air! la point B
étant intermédiaire.

On constate (figure 23) que la mise an oeuvre
des trois épuratsurn conduit i un rendement
d'assainissement au niveau du ratour d'air d* 40 X,
c* qui contribue globalement 1 abaiasar las
concentratlona en deacandants du radon dans l'air
primaire.

Figure 22 : Schcmn de la mine expérimentale

Légende
Energie a potentielle des descendants du Rn

Courbe 1 s sans épuration

Courbe 2 : avec épuration

Concentration en radon (courbe 3)

Figure 23 : Evolution de l'énergie alpha
potentielle et du radon dans la «in* expérimentale

avec et sans épuration



9a VENTILATION/ENGINEERING 549

CONCLUSION

L'épuration des descendants du radon est
envisageable à tous les niveaux, comte on l'a
montré, depuis le niveau individuel jusqu'à
l'épuration secondaire ou primaire. Les solutions
techniques existent, mais les difficultés de
réalisation subsistent, surtout pour les forts
débits, coapte tenu des contraintes technologiques
liées â l'utilisation en aine.

Il faut noter que l'on n'a jamais, dans cet
exposé, mentionné les rendements d'épuration
obtenus sur les poussières (poussières totales et
descendants du radon à vie longue). Tous les
dispositifs mentionnés ci-dessus ont des
performances Meilleures pour les poussières que
• .<•« les aérosols ultra-fins porteurs des
defendants du radon à vie courte, ce qui augmente
l'intérêt de ces techniques.

Far contre, une épuration telle que nous
l'avons envisagea n'a évidemment aucun effet sur
les gaz (radon, CO, NO notamment).

Finalement nous pensons qut l'épuration doit
Strti un moyen supplémentaire de reduction des
exposition» del travailleurs, mais qu'il faut dans
tout 1«» cat paster on revue tous Its autres moyens
possibles (arrive* d'air frai*, augmentation des
débits primaires et secondairesi fermeture des
chantiers non exploités, drainage du radon,
turbulatcura...). Seule, une approche technico-
économique globale / 13 / serait en mesure d'indiquer
les choix les plu* rationnels parmi tous les moyens
existants 3 ce jour.
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DISCUSSION

Questton (Martinson): Large parallel-plate
electrostatic precipltators (ESPs) have been used
from time to time in a Wltuatersrand gold nine
over the last 25 years to remove silica duit from
the mine air. However, high humidities have
resulted In arcing and damage to power packs, so
ESP* have never been adopted on a large scale
despite their ostensibly high efficiencies.

Answer: The experiments carried out In
underground mine* In France and Niger have also
shown arcing under high relative humidity
conditions. However, high voltage power supplies
ware protected against accidental discharges and
were not damaged. The limitation* found In the
use of ESP* were due to size and weight In «nail
•ectlon drift* and s topes, and were also due to
cost at the experimental stage.
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Question (Jonassen): Have you measured the change
In unattached fractions caused by the filtration
system and the effect on the doses?

Answer: We have not measured the removal
efficiency of the unattached fraction, but we nay
assume thac this fraction (less than 5Z in our
nines) is 100% removed. The buildup of the free
ions in the stopes and the concentration of the
unattached fraction should not be altered
significantly, as the efficiency of removal of
condensation nuclei is relatively poor. After the
filter, the concentration of condensation nuclei
remains in the vicinity of 10* c«t"3. It
would be worthwhile to study the possible effect

..r affective dose equivalent, especially for
•Ut . iclons where the initial concentration of
con lens.ition nuclei in the air is low.

Question (Jonaesen): Could you give a relation
between reductton in PAEC (potential alpha energy
concentration) and air t-ichange rate?

Answer; Theoretically, the reduction In PAEC Is
the same aa the efficiency of the filter If the
strength of the local radon source in the stope Is
negligible compared with the input of radon from
the auxiliary air, and if the residence tine of
the radon in the atope is negligible compared with
the half-life of 218Po# According to the
degree of validity of these two assumptions, the
reduction in PAEC is, more or less, close to the
efficiency of the filter.

Typically, in the investigated mines (In
Prance and Niger), with filter efficiency of
70-801, we get a reduction in PAEC of about 505!.

In Niger, (with room and pillar mining
technique), with vertical cross-sectional area of
a drift of (5x6)*2, and horizontal cross-
section of pillars of (12x12)** . the flow rate
of the auxiliary air was 8 to 12 m3s"1.
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THR THEORY OP CLUSTBRS

M. J.

Institute of Occupational Medicine
8 Teresy Str . , P.O. Box 199, 90-950 i,6&z

Poland

ATViTRACT

The theory of interaction between iona
contained in the air and water moleculea is
described in thia paper. The theory con-
8idera mainly with interaction of ionised
radon decay products and vapour molecules.
The theory reffera to the range of natural
humidily - from 5 per cent to 100 per cent
of air relative humidity.The expected radia
of cluster* of ion and vapour Molecules,
their diffusion coefficient and the time of
their forming have been calculated as a fun-
ction of air relative humidity. The con-
clusions contain the typical predicted fea-
tures of the radon daughter clusters that
can occur in ambient air.

INTRODUCTION

The structure of unattached to aerosol
particles fraction of radon decay products •
RnDP - is not uniform. In air, this fraction
exist in two forma:
(1) neutral 2 1 8Po, 2 1 4Pb, 2 1 4Bi and 2 U P o

atoms and their chemical compounds with
air molecules (4, 5);

(2) so called free ions which are single
tesitively charged. Initially from SOU
to 90X of RnDP exist in this form (8,
10, 24, 27).

"This paper is the firat, theoretical part
of author's doctor thesis. It was financed
by Polish Health and Social Welfare Ministry
under contract No. MZ - IX,5.12.

Around free ions, water vapour molecules,
occurinc under natural conditions in the
air, form so called clusters. She cluster
conception, in the science of RnDP, was
first applied by Raabe in 1969 year.

0. Raabe suggested ("50) that a low value
of RnDP diffusion coefficient in his re-
search (29) may be caused by the fact that
ionised RnDP is surrounded by a microdrop
of six water molecules. Raabe probably ba -
sed on Munson and Tyndal's results. They
nroved that there always appears a cluster
of four - six water molecules in the case
of ionised atoms of lithium diffusing in
argon with addition of water vapour. The
research works were led for relative hu -
mldity of from 0.005* to 0.45% (22).

There was also well-known experimental
results reffering to condensing of vapour
round ions in Wilson*s chamber with super-
saturation coefficients from 3 to 7.3 (32),
i.e. for relative humidity from 3OO# to
730*. Theory ef this phenomenon could
hardly have been proved by experiments.

Values of diffusion coefficient of RnDP
obtained by various scientists, in normal
conditions, ware within the limits of 0.005
- 0.1 cm2/s (2, 4, 5, 6f 13, 20, 21, 24, 26,
27, 29, 31, 34, 35, 36) and they differed
among themselves of much bigger values
than values of measure errors described by
this scientists.

All the data have caused the following
hypotheses:
l1)in all measurements of value of RnDF

diffusion coefficient, the value of the
mixture of neutral and charged RnDP was
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measured. Variations in composition of
the mixture depending on different
conditions of experiments, could be the
main reason of different results of
experiments;

(2)the value of the diffusion coefficient
of charged RnDP may depend on relative
humidity of the air since a cluster of
water vapour molecules may form round
charged RnT)P. The radius of the cluster
depends on relative humidity;

and beginning of the following program of
research:
(1)perform of the theory of interaction

among water vapour contained in the air
nnd ions especially ionised RnDP for
the range of natural humidity - from 5%
to 10<# }

(2)experimental verification of this theory.

CLUSTERS STATIC THEORY"

The radius of the envelope formed round
the ionised RnDP - cluster - depends on the
forces interacting among RnDP and JL,0 mole-
cules forming a cluster and on forces
interacting among HgO molecules. Electro -
static interaction - dipol-charge is the
basic type of interactions between RnDP and
HpO for the reason of big value of dipol
momentum of HgO molecule - 6.33"1O~'O0m (7).

Giving now absolute temperature T=293 °%-
and reduced mass of RnDP - E,0 system ma
=2.76«10" g we obtain the following result:
for distance d described with formula

1.4 •10~'M m (1)

in which ft - Planck constant divided by 2TT,

*Pir3t results of the static theory were
presented on the Second Special Symposium
on Natural Radiation Environment in Bombay.
In that time - 1981 year - the static the -
ory of clusters was not completed yet and
the main reason of this fact was that the
authors of that paper (14) did not know the
proper formula of cluster surface tension.

k-g - floltzmann constant, the classical sta-
tistical physic approach to dipol - charge
interaction is satisfactory (12),

Since for a cluster inequality (1) must
apparently be fulfilled, the classical sta-
tistical physics is enough in discussing
the theoretical cluster model. The value of
surface tension is the only important
factor for cluster equilibrium, though E,0
molecules interact with the variely of
quantum-mechanical effects. Having well
known experimental value of water surface
tension and taking thermodynamic correction
resulting from a small radius of cluster
(15, 28) we obtain a model eompletly free
from quantum-mechanical complications. The
thermodynamic correction do not depend on
the nature of forces which J^O molecules
interact!

Pull list of assumptions on which the
cluster model is based, is as follows:
(1) cluster may be described with methods

of classical statistical physics;
(2) RnDP round which a cluster is formed is

once positively ionised;
(3) water molecules forming cluster inter-

act with the central ion by means of
electrostatic forces of the dipol-charge
type;

(4) if cluster's radius goes to infinity
then the value of surface tension of
the cluster Roes to the value of water
surface tension;

(5) each water molecule in the cluster
occupy the constant value of volume;

(6) cluster interact with air molecules by
elastic and non-elastic collisions and
electrostatic by Interaction of charge-
-induced dipol momentum type.

Equation for Cluster Radius

With pressure and temperature constant,
the condition of state of equilibrium is
vanishing of variation of thermodynamical
potential of Gibba &G = 0 (1, 15, 28). With
the small change of cluster radius rc, the
change of cluster's mass is the following:
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6M0 • - 6HL, where M - cluster's mass, ML -
- mass of water vapour contained in the
region of surrounding air.

Let g and K be chemical potentials of
cluster and water vapour respectively. The
differential dE /dr of electrostatic
energy of cluster in relation to its radius
should be known to form the variation
equation for cluster radius. Mean value of
dipol momentum of H^O molecule ju projected
on direction of electrostatic field F equals

where L(x) is Langevine's function (7, 16,
17). Thus differential of electrostatic
energy of cluster equals

e-w dr. (3)

where w - dipol momentum per volume unit.
Let 6C/V{

r
c) be surface tension on the

interface between cluster and vapour. Total
thermodynamical -aotential of Gibbs equals

means that water forming cluster is in-
compressible. Differentiating both sides of
equation ^5) in relation to pressure, with
constant volume, and using equation

const

where P - pressure (1, 15), we obtain

So ?v

?c' rc " v

T = const

const

const
!(...)• e-y

T = const * (8)

Since 1/O;C is negligible in comparison with
1/<}v and

Resulting, condition of equilibrium is in
the form of

T = const

Sv
Vs-

(9)

(10)

6G

(5)

and next

(6)

where m^ - vapour molecule mass, Pv-vapour
pressure in the air, then from (8) results

dr rc
I - const

?.r35c c

where o w is water density. The equation (6) Integral of this differential equation is
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equal

exp (12)

where P is saturated vapour pressure.
Making use of relative humidity definition
H = Pv/Ps (33) and equality *%/% - /«> ,
and the equation of cluster surface tension

o . r + 2
V2 c

(13)

where T is a coefficient of adsorption of
water, d is a water surface tension (28},
we obtain

H(rJ « exp (14)

Basic result of equation (14) solutions
for temperature T = 293°K and cluster's cha-
rge +1e are shown in Table 1.

Clusters' radia in Table 1 differ of con-
stant value from the radia calculated with
the formula (14). They are bigger of 1.93 8,
i.e. the radius of water molecule. The fact
that formula (14) gives the position of the
centres of molecules forming the most ex-
ternal layer of the cluster, caused this
correction.

Single positively charged ions of RnDP
are discussed here, nevertheless ions of
bigger absolute charges exist in the air.
Figure 1 presents function H(rc) for bigger
range of changeability than given in Table 1
i.e. for cluster radius from 0 to 5'10 3 m,
and charges from 1 to 10 e.

TABLE 1: BASIC PAHA1TETKRS 0? CLUSTERS
Ô TAItTED BY STATIC THEORY

Relative
humidity

M
1
2

3
4

5
10

15
20

25
30

40
50
60
70
80

90
100

Cluster
radius

[iO-1Om]
7.66
7.97
8.23
8.40

8.53

9.09
9.50

9.83
10.12

10.39

10.87
11.34
11.80
12.26

^12.75
13.27
13.84

Number of 1̂ 0
molecules in

a cluster

66

71
78

83

87
105
120

133
145
157
180

204
230
258
290

327
371

FIGURE 1: RELATIONS BETWEEN THE CHARGE AND
RADIUS OF THE CLUSTER AND RELATIVE HUMIDITY

OP THE AIR OBTAINED BY STATIC THEORY

On Figure 1, thick continuous line means
that the curve has physical sense, thin
continuous line means that the curve has
not physical sense because humidity bigger
than range of application of the theory,i.e.
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than 100#, and broken lines show it in areas

of charges which cannot exist in the air.

DYNAMIC THEORY OF CLUSTERS

Cluster of r radius, in the relative hu-

midity of the air H, exist with relative

probability ZfH,r ). In constant relative

humidity, because of fluctuations, the radia

r of clusters may differ. To each radius r

,e? active relative humidity H may be as-

signed - calculated from the formula (14) ,

and it has nothing to do with real humidity

H. At the same case r is the cluster radius

calculated from the inverse formula (14),

for humidity H, which may have nothig to do

with real cluster radius r changing conti-

nually because of fluctuations.

The following equality is evident

Z(H,rc) = Z(rc,rc) Z(HtHe).(15)

From Boltzmann's formula it is apparent that

Z(H,rc)

where & - thermodynamical potential of Gibbs

(15). In constant temperature

const - v • (17)

where v - volume per one particle (9) and

thus

-k B-!Mn(H e/H), (18)

where N(r ). and N(reJ are respective numbers

of HgO molecules in the cluster. As the re-

sult, the relative probability of the clus-

ter existence with the radius rc, in rela-

tive humidity of the air H and respective

radius r is given in formula

Z(H,ro1 =

All numeric calculations on the basis of

this formula gave the standart deviation of

cluster's radius 1.6# for relative humidiiy

5% and 1.5S6 for relative humidity 100%. For

relative humidity bigger than 100% fluctu-

ations of cluster's radius becomes infinite.

Formula (20) allows to calculate the in-

fluence of surrounding air molecules, dif-

ferent water molecules, on the cluster's

radius. To calculate this influence, it is

necessary to create the model of cluster

forming process. It will be useful now to

deal with the number of water molecules in

the cluster rather than with radius.

let Z(H ,H J be relative probability of

existence of a cluster containing N water

molecules, let W denote fraction of water

molecules in surrounding air, i.e. one mol-

ecule of water will be due to 1/W air mole-

cules, let C1(1J ,1J ) symbol denote a cluster

of IT water molecules existing in the air ofc
relative humidity in wich, in refference to

formula (14), the existence of the cluster

of N water molecules is most probable.

While forming, the cluster may collide

with water molecules as well as air molecu-

les different from ELO. In the first case,

cluster may go through the following states

(18), which forms finally the following

equation
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Cl(He,1)
Cl(Ne,O). (21)

TA3LB 2: BASIC PARAMETERS OP CLUSTERS

OBTAIITTCD 3Y DYNAMIC THEORY

In the other case the cluster may be in a

state of less or equal number of water nole-

cules i.e.

Cl(Ne,Nc)
(

Cl(Ne,1)
Oj. (22)

Cluster will grow up to the moment when the

probability of transition to the state Cl$e,

,NC + 1) from the state Cl(Ne,Nc) will be

lees or the same as the probability of tran-

sition in any state of less number of mole-

cules, multipled by adequate statistical

weights. The need of the weights introducing

is a result of the fact that the back tran-

sition to the state Cl(H ,H ) from the state

C1(N ,NC - K) requires the annexation of K

water molecules. Thus mathematically expres-

sed condition of dynamic balance is of the

form

W-Z(Ne,Nc + 1) - I (Nc - K)-Z(He,K). (23)

Formula (23) is easily transformed, in to ad-

equate algorithm for computer, still calcu-

lations with the use of this algorithm are

time consuming. Table 2 shows the results of

calculations for absolute temperature T •

• 293°E and cluster's charge +1e.

Comparing the results contained in Table

2 with those from Table 1 v/e come to conclu-

sion that basic difference between the re -

suits of dynamic and static theory is that

the static theory piveo about 5(# more water

molecules in the cluster than the dynamic

theory.

Relative

humidity

M
1
2
3
4
5

10

15
20

25
30
40
50
60
70
80
90

100

Cluster
radius

[iO-1Om]
6.59
6.85
7.05
7.14
7.28

7.74
8.09
3.37
8.60

8.82

9.23
9.63

10.00

10.37
10.77
11.19
11.63

Uurcber of 1̂ 0

molecules in
a cluster

40

45
49
51
54

65
74
82

89
96

110

125
140

156

175
196
220

r: 400

100

FIGURE 2: COMPARISON OP THE RESULTS OP THE

STATIC AND THE DYNAMIC THEORY

Comparison of the results of both theo-

ries shows on the Figure 2, where ST indexed

the curve obtained from static theory and DT

from dynamic theory.
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The difference between static and dynamic

results is easy to explain. Air molecules

crash the cluster causing the diminution of

cluster's radius and number of its water mo-

lecules. This effect is not reparded in the

static theory.

Since the formula defining cluster's rad-

ius and the number of water :nolecules in the

cluster has changed, new calculation of clu-

ster's fluctuations value ia necessary. Ex-

act calculation of the fluctuations value

• ',ji •» use of dynamic theory is too time

consuming even for computers. Still there

exist a sample method of estimating of fluc-

tuations value. From formula ( 20) and (23)

is obvious that

- 2) +.1)

where n. - number of air molecules per volu-
ct

me unit, m - air molecule mass, mc - mass

of cluster and X is Riven the following for-

mula

.dbf ( 2 S )

where b - relative speed of cluster and air

molecule (25), and \y(b) - cross section for

collision is given in formula

3«Z( V » o ~ 3) < V'2' Z(N«»'^ +•1) (2*)

for E < X- ( 27A)
r*

for E > X (27B)
r

since H(rc) is strongly monothonic function

in the relative humidity limits from Q)t to

10096. Making use of this estimation, we ob-

tain after simple numeric calculations, va-

lue of standart deviation of the number of

water molecules in the cluster, and it is

contained within the limits of from 1 to 4

water molecules depending on relative humi-

dity.

where m is reduced mass of the system air

molecule - cluster, r - sum of cluster's and

air molecule's radia, E - energy, b - asym-

ptotical speed in infinite distance (19),

and y is Riven in formula

16-TTC- t.
(28)

CLUSTERS* DIFFUSION OOEPFICI3N3?

3?wo factors influence the value of clus-

ter diffusion coefficient, First is its geo-

metrical dimensions and its mass, the other

- existence of charge polarising surrounding

air molecules causing on increase of colli-

sions frequency and decrease of the value of

diffusion coefficient. Formula for diffusion

coefficient regarding both the effects is as

follows(23, 25)

• ̂ ["^vC^I'

where d. - air constant of polarising, £ -

dielectric constant of vacuum, e - elementa-

ry charge. Integral in formula f26) may be

developed in good convergence series obtai-

ning as a result the following formula(3,11)
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(29)

The results of the calculations of clusters'
diffusion coefficient are shown in Table 3
and on Figure 3.

TABLE 3 : CTitJSTRHS DIFFUSION COEFFICIENT

Number of HgO
molecules in
the c l u s t e r

5
10
20
40
60
80

100
150
200
250
300
350
400

Diffusion
coefficient

[cm2/.]
0.0372
0.0341
0.0289
0.0224
0.0188

0.0164
0.0146
0.0118
0.0101
0.00890
0.00802

0.00734
0.00679

004

100 200 300 400

N [number of HjO molecules]

FIGURE 3: CLUSTERS}'DIFFUSION COEFFICIENT

Knowing the diffusion coefficient we can
calculate the frequency of collisions of the
cluster and water molecules and estimate the
time of clusters forming. Bven in bad condi-
tions, i.e. in humidity 5% and absolute tem-
perature 273°K, it i.3 less than 10~*s.

CONCLUSIONS

The theory of interaction between charged
RnDP and water molecules contained in the
air was presented in this paper.

It is obvious that the dynamic theory is
more accurate then the static one, yet cal-
culations in the dynamic theory are much
time consuming, in the contrary to relatively
simple calculations in static theory. Since
the static theory is the basis for the dyna-
mic one, the basic relations among physical
quantities occurin£ in the static theory
must be preserved in the dynamic one. This
is the value of static t'oeory. Despite the
fact that both theories equations reffer to
different ions and different air admixtures
with big value of dipole momentum, calcula-
tions were made only for ionised RnDP and
water vapour molecules. Their results led us
to the following conclusions:
(1) In normal conditions water molecules

forms cluster, of diameter 1.3 nm for
relative humidity of the air 1S and
2.3 nm for 1OO#, round ionised EnEP;

(2) Cluster's diameter is strongly connec-
ted with air humidity. Fluctuations
ranges from 1.594 to 1.696 of diameter
or 1 to 4 water molecules with a num-
ber of molecules forming cluster from
40 to 220 't

(3) The time of cluster forming is relative-
ly short and it loss than 10~5 s;

(4) Cluster's diffusion coefficient is ouch
less than diffusion coefficient of ne-
utral RnDP 0.1 cm /s and its ranges
from 0.0096 cm /s for 100# relative hu-
midity to 0.0224 cm2/s for 1#;

(5) The electric charge contained in clus-
ter as well as its diameter determine
the value of diffusion coefficient.
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In air relative humidity less than 5# ,
the results of both theories should be tre-
ated with distrust. It is caused by the
fact that the statistical physics equations
may be applied to systems of multiple mole-
cules only and in this humidity the diame-
ter of cluster is small and cluster itself
consist of a small number of molecules.

Dependence of cluster radia on air tempe-
rature is also negligible since so called
"compensation phenomenon" occurs. The pheno-
.er-.-u is as following: with the air relative
huinidiiy constant, together with the incre-
ase of temperature the absolute humidity In-
creases, which, in dynamic theory should
cause the increase of cluster's radius. At
the same tine value of surface tension di-
minishes, which should cause the decrease
of cluster's radius. Both phenomena almost
compensate.

In the static theory of clusters the rad-
ius does not depend on air pressure, and in
dynamic one it slowly decreases together
with air pressure increase.
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ABSTRACT

The short-lived airborne radon daughters may exist
as ions having nobilities in the same range as ordi-
nary atmospheric ions. The paper reports some results
of an investigation of the effects of electric fields
on airborne radon daughters. The collection efficiency
for radon daughters of metal discs kept at various
potentials above ground are determined in atmospheres
with different fractions of the radon daughters being
in the unattached state.

The measurements indicate that in certain atmosphe-
res the fractions of attached radon daughters which
may he affected by an electric field is as high as
SO Z while in the same atmospheres maybe only 10-20 1
of the unattached daughters are affected. Preliminary
measurements seem to indicate that in the same type
of atmospheres most of the charged radon daughters
have mobilities in the range 10"7 - 10"9 m?V"1s"1.

INTRODUCTION

It has been demonstrated (1,2) that it is possible
by use of electro-filters or mechanical filters to
reduce the airborne potential alpha energy concentra-
tion due to radon daughters by a factor of 4-5 at
filtration rates of 2-3 h"1. in cases where the aero-
sol concentration is not very high this reduction is,
however, accompanied by an increase in the unattached
fractions of each of the radon daughters, which,
according to several dose models, will tend to in-
crease the radiological dose to a given part of the
respiratory tract to a degree depending upon the popu-
lation group considered. It is usually assumed that at
least RaA (?I8Po) is (positively) charged when formed
by alpha decay of 22sRn, and if is thus likely that a
Measurable fraction of each of the daughter products
carry an electric charge even in their transient equi-
librium airborne state.

A better knowledge of the electrical properties of
the radon daughters might then suggest whether or not
electrical deposition offers a practical alternative
or supplement to other ways of removing radon daugh-
ters from the air.

Ions (radioactive as well as ordinary ones) will now
be moved towards or away from the sphere. Let us
consider a species of radioactive ions with the mobi-
lity k and with a concentration n, and let the di-
rection of the field drive the ions towards the
sphere. The number passing through a sphere with
radius x (> r) and concentric with the conductor is
per unit time

4nx?kEn • 4nkVrn (2)

The activity depositing on the surface of the spheri-
cal conductor per unit time is thus

a ' 4nkVr*n (3)

where Mi is the activity concentration of the radio-
active ions at the surface of the sphere. It appears
that the collected activity is proportional to the
mobility of the ions to be collected and with the
collecting voltage. At higher voltages, however, the
collection may lower the activity around the sphere
and a saturation may take place.

The mobility of the ions to be collected can in
principle be determined by methods which are tradi-
tionally used for ordinary ions (3), i.e. separation
in a field traverse to the air flow, using parallel
plate or cylindrical capacitors. We have chosen a
somewhat different approach using a (hemi)spherical
geometry with the field and flow lines parallel
(or antiparallel). Let us consider two conducting,
concentrical spheres with the radii r and R. The air
is assumed to flow radially towards the inner sphere
with the flow rate u. A voltage difference V is ap-
plied between the spheres. The field strength in a
point at a distance x from the center (r < x < R) is
then for the inner sphere positive directed away from
the center and has the magnitude

(4)

THEORY

Suppose we have a spherical conductor with a radius
r suspended freely in a room and kept at a voltage V
with respect to (distant) grounded surroundings. The
electric field strength E at a distance x from the
center of the sphere is then

It appears that for R » r eq. (4) leads to the same
expression for the field strength as eq. (1). A posi-
tive ion with the mobility k at a distance x from the
center thus has a velocity

- kE (5)

(I)
directed towards the inner sphere.
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It follows from eqs. (4) and (5) that only luch
positive ions with nobilities lower than

u
4*V

(6)

will reach the inner sphere.

EXPERIMENTAL ARRANGEMENT

The experiments were performed in a room with a
volume of about 150 »3. The radon and radon daughter
concentrations were kept in the range of 400-800 Bq»m"3.
Radon concentrations were Measured by counting the
activity of air samples taken in evacuated scintilla-
tion flasks, and radon daughter concentrations and
unattached fractions by alpha-spectroscopic analysis
of daughter deposits on filters, screens or metal
discs. In order to determine whether or not it is
possible at all to extract radon daughter activity
fro* the air by an electric field a metal disc with
a diameter of 47 ami (same as the filters used) was
placed on top of a 2 m high stand placed in the middle
of the room, Fig, 1. A voltage was applied to the disc
end sf tsr a collection tims of 10 min the disc was
analyzed for ilpha activity in the same manner as a
filter sample taken simultaneously with the disc
sample.

150

wo

CLEANING (ATE

lA.fillf

FIGURE 2:

15 kV
DISC VOLTAGE

CLEANING RATES FOR METAL DISCS AT
NEGATIVE VOLTAGE

in air filtered by an electro-filter with a rate of
about 7-8 times per hour. In the latter case the un-
attached fractions of RaA, RaB and RaC were 51, 23

FIGURE 1: ARRANGEMENT FOR COLLECTION OF AIRBORNE
RADON DAUGHTERS BY AN ELECTRIC FIELD

This arrangement differs froa the one described theo-
retically above by the fact that a disc rather than a
sphere is used as the collecting surface. The field
at the surface of the disc will not be radially di-
rected but atrongest at the edges and consequently
the activity will deposit more readily here. Further-
more it is only possible to analyze the activity de-
posited on one (the upper) surface.

In Fig. 2 are shown the results of a series of
measurements of collection of activity on discs kept
at negative voltages at an aerosol concentration of
about 1-5*10' m"3. The collection rate (e.g. Bq**"1)
is calculated for each daughter, and whan this figure
is divided by the corresponding activity concentration
(Bq«m~3), we find the rata with which the disc cleans
the air for the daughter product in question. Measure-
ments were performed both in stagnant, unfiltarcd air,
with unattached fractions of RaA (2I*Fo), RaB (z>"Fb),
and RaC ( m B i ) of 30, 4 and 0.8 X respectively, and

FIGURE 3: ARRANGEMENT FOR MEASUREMENT OF CHARGED
FRACTION OF RADON DAUGHTERS

and 4 Z respectively.

It should be mentioned that discs at zero and po-
sitive potentials did not collect activities to a
Measurable extent.

It appears that the cleaning rates increases with
increasing voltsge and that saturation is not quite
achieved at voltages about 15 kV. In the series with
unfiltered air the ratio between the RaA-, RaB- and
RsC-activities collected was 1:0.67:0.03 while the
corresponding figures in filtered air wss 1:0.22:0.05.
The increase in cleaning rates when the air is fil-
tered is caused both by a lowering (because of the
filtering) in the activity concentrations and by an
increase in the absolute amounts of activity col-
lected. The difference between the cleaning rates for
the individual daughters and for the same daughter
product at the two situations might be an effect of
the Mechanical circulation of the air or it nay be
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due to different fractions being charged and/or to
different mobilities.

In order to get an idea of these quantities the
following experiments were done. A filter holder was
kept at a positive voltage during collection and thus
surrounded by a field which will repel the positive
ions. In order to make the field better defined and
stronger at a given voltage, the holder opening was
placed in a grounded hemispherical ntetal sieve. Fig. 3.
This arrangement differs from the one described theo-
retically above by the filter holder not being exactly
spherical and by the collection only taking place from
a hemisphere. If we assume that the air flow, with Che
rate u, is uniformly distributed over the whole hemi-
sphere of the sieve, the limiting mobility, kj of the
system is given by

tion is practically the same for RaA, RaB and RaC.
Furthermore that only about 10 Z of unattached RaA
can be affected by an electric field. As far as un-
attached RaB and RaC are concerned their activities
were so low, that changes caused by the repelling
field could not be determined with any degree of cer-
tainty. The figure also indicate that the major part
of the radon daughters being repelled by the electric
field have mobilities in the range 10"7 - 10"9

m2V~1s"1. The material at hand is insufficient to
allow any distinction between the mobilities of un-
attached and attached daughter products. A few re-
sults (not shown) from filtered air (7-8 h~*) indi-
cate that in this situation the fractions which can
be repelled (the charged fractions) are also here
about 50 % for the attached and about 20 % for the
unattached radon daughters.

(7)

Since the metal sieve in any c u e will collect a cer-
tain fraction of the unattached daughter products, a
netal screen is placed in front of the holder to that
only attached daughter products are arriving at the
fitter. In each experiment an additional •ample was
taken using a similar filter holder with a metal
screen placed freely in the room at ground potential.
From the analysis of the two samples it is possible
tu compute the fraction of the (attached) daughter
products being repelled at the limiting mobility used.

The corresponding quantities for the unattached
radon daughters may be determined by analysis of the
activity deposited upon the metal screens in front of
the filter holders. In this case the hemispherical
metal sieve is removed from the filter holder kept at
a (positive) voltage. This corresponds to setting
R • • in eq. (7), and to lowering the limiting mobili-
ty *t the same voltage by a factor of 2.S, which is
not essential for the use of the method.
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REMOVAL OF RADON DAUGHTERS BY ELECTRIC
FIELD.NON-FILTERED AIR

In Fig. 4 is shown the results of a series of such
measurements done in unfiltered air. The figure seems
to indicate that undar the experimental conditions at
hand about 40-50 X of the attached radon daughters can
be repelled by an electric field, and that this frac-

C0NCLUS10N

It should be stated clearly that the results re-
ported here are very preliminary and can be assumed
to be valid only for those specific conditions under
which they were obtained. With these reservations it
can be concluded, that the results show that the ma-
jor part of the attached radon daughters can be af-
fected by an electric field. This can obviously hap-
pen either because these daughter products are elec-
trically charged or because they are polarizable.
If, however, the latter explanation was the correct
one, the daughter products would always in an elec-
tric field move in the direction of numerically in-
creasing field strength independently of the direc-
tion of the field, but as has been mentioned the
electric field-affected daughter products are com-
pletely predominantly moved in the actual direction
of the field indicating that they do carry a positive
electric charge. It is also found that a rather small
fraction of the unattached daughter products are
electrically charged, in the cases investigated about
10-20 %. This shows that at least under these cir-
cumstances the often used designation of "free ions"
as synonymous with unattached radon daughters is at
best imprecise. It should be mentioned that, still
rather incomplete, theoretical evaluations lead to
results in resonnble agreement with the experimental
findings reported here.

The experiments also seem to indicate that tV?
charged radon daughter products have mobilities in
the lower end of the mobility range covered by ordi-
nary ions. The determination of mobilities, however,
have a considerably higher uncertainty than do the
determination of the charged fractions, and should
only be taken as an indication of order of magnitude.

It is believed that only through an improved know-
ledge of the electric properties of the airborne ra-
don daughters is it possible to realistically evalu-
ate the possibility of utilizing electric fields in
remedial actions towards the daughter products.
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DISCUSSION

Comment (Khan): I would like to coment on the
probable reason behind your Inability to collect
radon daughter activity by the polarization
•echanisau The polarization force, in addition to
lt« dependence upon the gradient of (field
strength)^, alio depends upon the (particle
dlaaeter)3. You probably had extreacly axil
size particle* (mainly unattached radon daughters)
which resulted In no collection of activity by
polarization. The polarization aechanlsa
(according to ny calculations) aeeas to becoae
important only for particle sizes upwards of
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ABSTRACT

The gamma doses and radon daughter exposures of
some Canadian Uranium Mine workers in 1982 and 1983
are analyzed by statistical techniques. The review
includes underground conventional low grade uranium
mines in Ontario, and open-pit low grade and high
grade uranium mines in Saskatchewan.

The distribution of annual gamma doses and radon
daughter exposures as percentages of the Maximum
Permissible Dose and Exposure in the present Atomic
Energy Control Regulations are presented in
histograms. The radon daughter exposures are then
converted into weighted dose equivalents, combined
with the dose equivalents from gamma radiation and
some estimated committed dose equivalents due to
exposures to long-lived radioactive dust and thoron
daughters to form the effective dose equivalents in s
manner stipulated in the proposed Amended
Regulations.

The results are reviewed in terms of the present
AEC Regulations and the proposed amended Regulations.
It is indicated by this review that the proposed
amended Regulations in general would provide more
stringent control of radiation exposures.

INTRODUCTION

In light of the latest recommendations of the
International Commission on Radiological Protection
(ICRP), the Atomic Energy Control Board (AECB)
proposes to amend the Atomic Energy Control
Regulations.(1) (2) The most basic change from the
present regulations is the introduction of the
concept of "effective dose equivalent". It is
proposed that the tables of "maximum permissible
doses and exposures" specified in the present
regulations for the various organs and tissues of the
body be replaced by a single limit on "effective dose
equivalent" together with an overriding limit on the
"dose equivalent" to individual organs and tissues.
These limits apply to the total dose received from
external sources of radiation plus the "committed
dose" from radioactive substances taken into the body
during the "dosimetry year" in question. (The
committed dose is the total dose accumulated from a
radioactive substance in the body during the fifty
years following the intake of the substance.)

Whereas the dose equivalent is a measure of the
amount of radiation absorbed by a given organ or
tissue, the "effective dose equivalent" is the sum of
the "dose equivalents" received by each exposed organ
and tissue, each weighted according to its relative
risk from radiation. The fundamental advantage of
this approach is that the risk of detrimental effects
from radiation can be United to the same degree
regardless of which, or how many, organs and tissues
are exposed.

The dose limits specified for atomic radiation
workers in Part I of Schedule II of the proposed
amended Regulations are as follows:

"The effective dose equivalent received during a
dosimetry year from external sources of radiation
plus the committed effective dose equivalent from all
prescribed substances that enter the body during that
year shall not exceed 50 mSv."

"The dose equivalent received by any organ or
tissue during a dosimetry year from external sources
of radiation plus the committed dose equivalent to
that organ or tissue from all prescribed substances
that enter the body during that year shall not
exceed

a) for the lens of the eye, 150 mSv and

b) for any other organ or tissue, 500 mSv."

The proposed amendments also specify that the
effective dose equivalent from external sources of
radiation is deemed to be equivalent to the dose
equivalent to the body as determined by procedures
that have been approved by the Board. The radiation
dose received from radioactive substances that enter
the body in air, water or food is generally
restricted by limiting the amount of such substances
that enter the body to the 'annual ii.rit on intake'
(ALI) which corresponds in terms of health risk to
the dose equivalent limits described above.

Though Individual intake Units for all
radioactive substances are not listed in the proposed
AEC Regulations because of the thousands of specific
values involved, specific annual intake Units are
prescribed for the inhalation of radon and thoron
daughters. This is because radon and thoron
daughters are mixtures of radionuclides and the
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Intake limits cannot be expressed in units of
activity (becquerels, as are the Units for single
radionuclides). Instead, the limits are based on the
amount of "potential alpha energy" in the inhaled
mixture, expressed in joules. The proposed annual
limits on intake are 0.02 joule for radon daughters
and 0.06 joule for thoron daughters, levels which are
intended to be equivalent in terms of health risk to
the 50 mSv dose limit for the whole body. However,
due to some uncertainty associated with this
equivalence, the values of the radon and thoron
daughter limits are under continued review by the
AECB and its Advisory Committee on Radiological
Protection.

In the current regulations, the radon daughter
limits are expressed in "working level months" (WLM),
a unit of "exposure" which takes into account the
concentration of radon daughters in air and the
length of time spent in this concentration. Exposure
units have been retained In the proposed regulations
(in addition to intake limits expressed in joules)
and are expressed in "working level hours" (WLh) (170
HLh - 1 WLM). The 0.02 joule proposed Intake limit
for radon daughters is equivalent to 4.7 WLM, whereas
the present limit is 4 WLM. However, the present
limit is applied Independently of the limits for the
whole body and individual organs, so that a miner
could be theoretically exposed to the full extent of
both the radon daughter limit and the whole-body
limit whilst the proposed limit of 4.7 HLH must be
applied in conjunction with doses from gamma
radiation, and possibly from thoron daughters and
long-lived radioactive dust.

In light of these changes in the Regulations, the
1982 and 1983 gamma doses and radon daughter
exposures of some Canadian uranium miners are
reviewed to examine the impact of the proposed
amended Regulations.

SCOPE

The review includes radon daughter exposures and
gamma doses of miners in two underground low grade
uranium mines in Ontario, one low grade open pit and
one high grade open pit uranium mine in Saskatchewan.
Some mill workers in the Saskatchewan mills are also
included because it has been shown that these people
may be exposed to higher levels of gamma radiation
and radon daughters than some of the miners.

PROCEDURES

Data Collection

The gamma radiation doses for each worker are
obtained from the TLD services provided by the
Radiation Protection Bureau (RPB) of the Department
of National Health. The results are reported
quarterly to each company. The annual dose data used
in this project are extracted from the 4th quarter
reports.

All companies except one (high grade ore open pit)
use area grab sampling to estimate the radon daughter
concentrations in different areas. The radon
daughter exposures are then estimated by summing the

products of radon daughter concentrations and the
time each employee spends in different work areas
during the year. The annual exposure data are
obtained from the annual exposure reports.

For the high grade open pit mine workers, the
monthly radon daughter exposures are obtained from
the "personal alpha dosimetry program" serviced by
the Canadian Institute for Radiation Safety (CAIRS)
using French Atomic Energy Commission (CEA) personal
alpha dosimeters.

One complication at this stage of the project la
the difference in the definition of doaloetry years.
The dosimetry year for radon daughters is the saae as
the calendar year (i.e. nominally January 1 to
December 31) for all companies, while the dosiaetry
year for gamma radiation varies from company to
company depending on the arrangements with RPB (e.g.
one from March 1 to February 28 and the other one
from February 1 to January 31). Fortunately, this
proved to be a minor problem In this case because a
cursory examination of the available data has
Indicated that the error involved In ignoring this
factor would be very small and would not affect the
outcome of the analyses. Hence, the gamma dose and
radon daughter exposure data are analysed in this
project as if there were no difference in the
dosimetry year.

Since there is no available individual exposure
records for long-lived radioactive dust and thoron
daughters, the contribution of these two components
to the EDE of each individual worker can only be
estimated using information from recent studies. It
has been reported that long-lived radioactive dust in
underground mines in the Elliot Lake area would give
rise to an average of about 10 mSv of committed
effective dose equivalent (3) and that the average
exposure to thoron daughters in these underground
mines would be very close Co the average exposure to
radon daughters (4). The average exposure to radon
daughters in the two Elliot Lake mines studied in
this report is about 209 WLh. Assuming an equal
exposure to thoron daughters, the committed effective
dose equivalent from thoron daughters would be
209/2400 x 50 mSv or 4 mSv. Hence, the average
contribution to the effective dose equivalent (EDE)
from thoron daughters plus long-lived radioactive
dust is 14 mSv, which is about 30X of the dose
limit.

The two open pit uranium mines in Saskatchewan
process uranium ore with very low thorium content.
Hence, thoron daughter exposure is of no concern in
these mines. As far as long-lived radioactive dust
is concerned, the absence of information makes it
impossible to estimate its contribution to the EDE of
the mine workers. For comparison purpose, it is
assumed that each individual would have 14 nSv of
committed effective dose due to the exposures to
long-lived radioactive dust and thoron daughters
(same exposure as underground mine workers).

Data Analysis

a) The ganma doses and radon daughter exposures were
analysed using simple statistical analysis
techniques. Annual mean exposure, range, population
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size, standard deviations and other supplementary
statistical information were calculated for each
mine.

The distribution of annual gamma doses and radon
daughter exposures as a percentage of the Maximum
Permissible Dose and Exposure in the present AEC
Regulations are presented in histograms.

The radon daughter exposures were then converted
into weighted dose equivalents, combined with the
dose equivalents due to exposure to gamma radiation
and the assumed doses from long-lived radioactive
dust and thoron daughters, to form the effective dose
equivalents.

b) The data is then reviewed with respect to the
present AEC Regulations and the Proposed Amendments
to the AEC Regulations using graphical method.

FIGURE li

Gr**phl*a»l R*pi~***nt.d»* i *r> of
p r a n n t d o » limit.* and
D o * * limit* of fch* pnepeaad
AEC Ragulatien*.

text). The two lines meet at point C forming a
rectangle ABCD. According to the present
Regulations, the MPE and MPD can be applied
independent of each other. Therefore, any person
with a radon daughter exposure below 680 WLh and a
gamma dose below 50 mSv does not exceed the dose
limit. In other words, anyone with both radon
daughter exposure and gamma dose results will not
exceed the limit if he is within the rectangle ABCD.

The dose limit in the proposed amended Regulations
stipulates that the effective dose equivalent (EDE)
not exceed SO mSv. This can be translated into the
mathematical expression:
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daujhtera (in efiv)

< 90 aiv

where*

600 Win le the annual expoaure lisle for redon deuehcera.

0.
X
IU
o:

5

Q

tt.

800 -r

6B0

5B0

50
GAMMA DOSE

The review is carried out by drawing a graph
similar to the one shown in Figure 1. The vertical
axis represents the radon daughter exposures in WLh
and the horizontal axis represents the gamma doses in
mSv. A line AD drawn through the point 680 WLh (4.0
WLM) pararell to the horizontal axis is the maximum
permissible exposure (MPE) for radon daughter and a
line CD drawn through the point 50 mSv parallel to
the vertical axis is the maximum permissible dose
(MPD) for external radiation (gamma radiation in this

This equation can be represented by line EC on
Figure 1 if only radon daughter exposures and gamma
dose are considered. Hence, any individual with a
pair of radon daughter exposure and gamma dose
results within triange EBC will not exceed the dose
limitation requirement of the proposed AEC
Regulations.

The differences between rectangle ABCD and
triangle EBC are the triangle EAF on the top left
hand side and triangle FDC on the right hand.

These differences are brought about by the
introduction of the effective dose equivalent concept
and the the proposed change of the MPE of 4.0 WLM
(680 WLh) for radon daughters to 4.7 WLM (800 WLh).
Triangle EAF is the area where the dose limit in the
proposed AEC Regulations is less stringent than the
dose limit in the present Regulations, while triangle
FDC is the area where the dose limit of the proposed
AEC Regulation is more strigent than the dose limits
in the present Regulations.

Since the proposed amended Regulations may require
the inclusion of long-lived radioactive dust and
thoron daughter in the calculation of the EDE, the
exposures to long-lived radioactive dust and thoron
daughters are also being considered here. The
average contribution to the EDE by long-lived
radioactive dust and thoron daughters is estimated to
be 30% (i.e. 15 mSv) (see subsection data analysis in
Section for procedures. This will restrict the
exposure limit for radon daughters on the V-axis from
800 WLh to 560 WLh, and the areas within which an
individual would meet the dose limitation in the
proposed Regulation is triangle IBC.

Plotting the individual radon daughter exposures
and gamma doses of mine workers on this type of
graphs will give some indication of how the dose
limits in the existing and proposed AHCB Regulations
compare to each other.
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The data are plotted in Figures 6(a), 6(b), 7(a),
7 ( b ) , a ( a ) , 8 ( b ) , 9 ( a ) , and 9<b) .

RESULTS

1. Tliu diutt Ibution of gamma doses and radon daughter

exposures aaong mine workers for 1982 and 1983 are
shown In histograms In Figures 2, 3, 4 and 5.

2. The statistical data for gamma doses and radon
daughter exposures for each mine are tabulated in
Table 1. It also shows how each company would
perform if the proposed regulations were in effect.

VMZ

1983

TABU 1

STATISTICAL RESULTS OF MDERS' GAWft EOSES
AM) RADON BUXHIER EXFOSUKES IN 1962 AMD 1963

QMRDOSE (mSv) RADON DAUBflHt EXF0SU1E ( W h )
Mu. of No. of No. of
l-fcrsons persons persons
in the Standard exceed Standard exceed

f a c i l i t y A n a l y s i s Mjan Deviat ion the J fD** Mean Deviat ion the HIE** daugi ter and l o n g - l i v e d dust a r e
10K 20% 30Z

No. of persons exceeding the
proposed dose l i r ix i f the % of
HE contributed by thoron

A

l(

c

u

A

B

c

u

1,347

1,199

137

413

1,365

1,272

143

2/0

3.85

5.85

0.15

3.60

4.15

5.55

0.30

3.30

3.35

3.95

0.35

5.5

3.65

3.25

0.50

3.80

0

0

0

0

0

0

0

0

252

164

10.2

33.3

1%

205

4.08

55.06

134

111

7.5

48.7

126

123

4.06

68.0

0

0

0

0

0

0

0

0

6

2

0

0

8

5

0

0

18

20

0

0

32

30

0

0

63

53

0

0

77

65

0

0

* MH) R-ixiiKjni Iteanlssible Dose
** Mffi Marfinum Poiuilsslbte Exposure for Radon Daugiters
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) . Figures 6(a), e(b), Ka), 7<b>, • ( • ) . •<»). 9(a>
and 9(b) ara tha graphical representations of radon
daughter exposures and geaaa doaaa with respect to
th« dose Halts in tha preeeat and tha proposed
aatnded Regulations baaed on tha assumption that tht
contribution of long-tlvad radioactive dust and
thoron daufhtars to tha JSDE on tha average i s 30Z of
tha EDC.

a) Figures 6(a) and »(b> present tha doaa data for an
underground low grade uranluei sine for 1982 and 1983
respectively. It ts apparent that the proposed
Regulations provide a acre stringent doaa Halt
because no one falls In triangle EAF and than ara
SOM workers fall within polygon AICD and triangle
FCD.

b) Flgurea 7<#) and 7(b) represent another low grade
ora underground operation. Similar observation! ara
obtained.

c) Flguraa «(a), 8(b), 9(a> and 9<b) present the doaa
data for workers In low grade opan pit and high grade
opan pit operations respectively.

For opan pit operations, It la observed that
alnlng of high grade ora will expose workers to
higher doaaa than aintng of low grada ora. In
coopering open pit operations to underground
operetloae, tha analysis shows that tht doaaa from
high grada opan alt operations ara lower than those
froa underground low grada operations despite tha
differences In ora grada of up to several hundred
fold (a.g. 0.13X u vs aa high aa 4HS u).

CONCLUSIONS AND DISCUSSIONS

1. In 19S2 aad 1913, no worker exceed either tha
aexlaua paralseibla exposures or tho maximum
permissible doaaa.

2. It has been shown that no worker In opan pit
oporatlona would exceed tha proposed doaa Halt

despite the assuaptlon that long-Itvsd radioactive
dust Might contribute to aa high as 301 of tha
proposed doae Halt .

3. A nuaber of underground nine workers (see Table 1)
would Have exceeded the proposed ltalt If only radon
daughter and gaaaa radiation wsrc considered in the
calculation of tha BOB. With tha Inclusion of
long-lived radioactive dust and thoron daughter In
tha calculation of the EDE, aore workers would have
exceeded the proposed l iat t .

4. The proposed changes In the dose Halts would
have alnlaal affect on opan pit low grada ora
operations because none of tha workers exceeded 10*
of tha present or proposed doaa Halts .

9. There la no clear correlation between gaaaa doses
and radon daughter exposures In any alne.

6. Though In theory there aay be alne workers
belonging to tha araaa within triangles IAF In
Figures 7, S, 9 and 10 where the dose Halts of the
proposed Regulations ara less stringent than tha NK
and MFD of tha present Regulation, It la shown by
this review that such an occurrence waa non-existent
In tha past two years. It could be fair to aay that
tha doaa Halts of tha proposed Regulations ara aore
atrlngent than those of tha present Regulatlone.

7, In the absence of Individual exposure records for
long-lived radioactive duet and thoron daughters, the
affective doae equivalent and therefore the lapact of
tha Proposed Regulations cannot be fully asssssad.

It should be borne In Bind that tha astlaated
contribution of long-lived radioactive dust and
thoron daughters of 30* of tht BK in la a crude
ostlaata for uranlua alne workers In underground
oparatione In I l l lo t Lake area. Tha contribution of
loag-llvad radioactive duet In open-pit operations In
Saskatchewan i t unknown because of tht lack of
intonation. An accurate evaluation of the affect of
long-lived radioactive dust and thoron daughters can
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be aade only if extenalve Monitoring of these two
constituent* Is done.
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DISCU1SIOM

Question (Ferdinand): Aa shown In your slide all
workers coaply with the currant standards and aoat
Individuals coaply with the proposed standards.
The new proposed standards are baaed on health and
occupational exposures studies; therefore. In
light of the fact that aoet Mlnera already e*et
the stricter standards, I submit that the currant
standards combined with a comprehensive "AURA"
program already meat the health and occupational
exposures that prompted the new atrlctar
standards. Aa a resulta one question reaalns, are
the new proposed standards aimed at providing
propar health protection ao the miner and aoclaty
•ay both benefit, or aa a compromise between
various concerned groups?

Answer! Aa mentioned In the introduction of our
paper, the A I M proposas to aawnd the AXC
Regulations to reflect the lataat racoaaandatloaa
of the International Cosjaiaaloa on Radiological
Protection, The basic change froaj the preaeat
regulations la the Introduction of the "affective
doaa equivalent" concept. The fundamental
advantage of tkla approach la that the rlak of
detrimental effects fro* radiation can be Halted
to the aaaa degree ragardlaaa of which« or how
•any, organs and tissues ara exposed. In othar
worda, to aaawer your e^iestton, the propoeed new
regulations ara alaad at providing appropriate
radiation protactton for eha worker* and ara aever
Intantad u coaproalsee batwaea different
concerned groups •
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A COMPARISON OF METHODS FOR MONITORING THE EXPOSURE OF MINERS TO RADON DECAY PRODUCTS
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ABSTRACT

The expoaurea of 17 ainera to radon daughters were
estiaated for a trial period of one south with active
and paeelve pereonal doscaetcrs. The results were
coapared with eetlaates fro* area aonltoring by
active aeaaureaenta of radon daughters and passive
aeasureacnts of radon gas. An average equilibrium
factor of 0.47 was derived froa spot aeaaureaenta and
a value of 0.58 averaged over the duration of the
trial was derived froa personal doaeaeter
aeasureaenta. For a representative value of 0.5 the
aean eatiaate froa the passive doseaeter differed by
21 froa the active doscaeter estlaate and 2/3 of
paaalva doseaeter rcaulta ware within 30* of the
active doeeaeter results. The esttaites froa area
aonltoring are about 40X hither pointing to the value
of personal doalaetry.

INTRODUCTION

Attention w e Initially directed to the n«ed for
operational control of radon decay product exposures
In OK aines by surveys of coal and non-coal mines In
1966 and 1970 (1,2). Those studies showed that
exposures in coal aines ware unlikely to be a cauaa
for concent, but that airborne concentrations In aoae
non-coal alaea could reach undesirably high levels.
Since than aoaitortng has been carried on aore or
leaa continuously by operatora of soae aines at the
request of the Nines and Quarries Inspectorate, and
the National Radiological Protection Board has
conducted occasional aurvaya (3,4). Reaedial
aeaauraa Have In aany casea reduced radon decay
product concentratloaa to acceptable levels. As
awareness has increased, aore aaphasls has been
placed on Monitoring, and exposures In aines are
becoaing batter docuaantedi

In 19S9 the International Coaalaslon on
Radiological Protection (ICRP) racoaaeaded (3) that
the aaxlaua peralselbla concentration of radon gee
for occupational exposure should be 30 pCi I"1. The
laplled aaxlaua annual exposure to radon daughters,
In equilibria* with the gas, la 4 WLH. In 1911, it
waa eatiaated (4) that M X of underground alaers tn
non-coal atnea received exposures greater than 1 WLM
a year and that 4X exceeded 4 WLM a year. Nora
racaatly ICRf considered the evidence (•) on the
risks fro* exposure to radon daughters and concluded
'hat an annual Intake of 0.02J of radon daughters
- aatea the saae risk aa the annual Halt on
(.elective daaa equivalent of SO afv. Aa annual
Intake of 0.02J corresponda to an Annual Llalt of
Ixposura of 4.t HIM, which any be rouaded to 5 HIM.

Radiation expoaure of persons In occupations other
than Mining has praviouely bean controlled by
RegulatiOM (7) aada under the Factories Act, 1H1.
The Klnes * Quarries Act 1954, which deals with
safety la aiaee, ion not rafar to radiation. Maw
Regulations for the protactioa of workere, Including
alnars, against radiation are being prapa'ed under
the Heelth and Safety at Work Etc. Act 1974.

Guidance on the application of the Regulations to the
ainlng industry is expected. It is anticipated that
an annual liait on exposure to radon daughters of 4
WLM will be proposed, In recognition of the fact that
alners receive soae dose froa secondary aourcea of
radiation such as gaaaa rays, radon-220 daughtera,
and aildly radioactive mint dust. It has been
demonstrated for the UK that this proposal aakes an
adequate allowance for such secondary sources (9) and
the proposal has the advantage of not altering the
inforaal Halt that has been in effect for alaost a
decade.

In order to aid cospllance with its dose Halts,
ICRP has defined two working conditions : Working
Condition A describes conditions where annual
expoaurea Bight exceed three-tenths of the dose
equivalent Halt. Workers who night exceed thla
level should be subject to an Individual assessment
of dose. It la likely that aoae alnera will be
eaployad under Working Condition A and It la
therefore necessary to consider the waya In which
individual exposures can be asssssad.

PERSONAL ASSESSMENTS OF DOSE

There are a nuaber of waya to aeasure the airborne
concentrations of short-l ived a c t i v i t y but aost can
be categorised e i ther ae act ive aeaeureaenta or aa
passive acasureaents.

In act ive aeasureaents the airborne short-l ived
radon daughtera polonlua-218, lead-214 and
bleauth-214 are collected by drawing air through a
fi lter paper with a puap. The activity collected on
the paper la aeaaurad within a few hours of saapllng
and the potential alpha energy concentration In the
air la calculated directly froa tha raaults.

Passive aeaauraaants are those which do not
Involve the use of a power source and are generally
aade over a longer duration than active aaasuraaanta.
Present asthods of paaalva aeasureaent do not respond
reliably to tha concentration of short-lived radon
daughters In a i r . However tha radon gaa
concentration can be Measured by paaalva techniques
and can be uaad to eatlaata radon daughter
concaatratlone If an assuaptlon la aada about the
equilibrlua factor. Thla factor relates potential
alpha energy concantratlon and radon gas
concentration In tha well-known wayi

f _ 177.6 x CM,

where P la tha aqulltbrlaa factor
C-o la tha potential alpha energy concentration

arising fro*, radon daughters, \xl ar1
and C.H la tha activity concentration of radon gas,

™ u er*
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The results of active or passive measurements can
be used to estimate the exposure of miners to radon
daughters either by area monitoring or personal
monitoring.

Radon daughter concentrations vary greatly with
time and location as a result of changing ventilation
patterns and other influences* In order to obtain
accurate estimates from area monitoring it is
therefore important to ensure that measurements are
made often enough to give a good indication of the
average long-term radon daughter concentration.
Annual exposures are then estimated from the results
of area monitoring and from a knowledge of the time
that a miner spends in various parts of the mine.
Although a miner may be employed at a nominal
location, he is quite likely to spend much of his
time at other locations. It is worth stressing the
need to know in detail the time spent at various
locations if concentrations are particularly
variable.

Personal doslmetry should in principle provide a
good estimate of the average concentration throughout
the whole wearing period and over all locations
visited by the miner. It is only necessary to ensure
that the dosemeter has adequate mechanical
reliability over a relatively long period, that
sufficient control is exercised over the wearing and
use of the dosemeter, and for a passive dosemeter,
that a value, or values can be supplied for F.

In short, exposures of miners can be estimated
In the following ways or combinations of ways:

area monitoring - active measurements
- passive measurements

personal monitoring - active dosemeter
- passive dosemeter

A tr ia l was conducted recently in which miners
were provided with active and passive personal
dosemeters and in which a series of active and
passive area measurements were undertaken. The tr ia l
afforded an opportunity to compare the results
obtained with the d i f ferent techniques and
combinations of techniques.

MEASUREMENT METHODS

Seventeen miners at one mine participated in the
tr ia l ; they were employed at 12 underground locations
in a variety of tasks and included stopers, timbermen
and shift bosses. Area measurements were made at the
nominal working location of each miner and at other
locations which he visited more transiently. The
tr ia l was conducted in a multi-level mine which i s
extensively developed horizontally. Ventilation
patterns are complex and auxilary ventilation i s used
in some working locations where air flow would
otherwise be low.

Area monitoring for radon daughters was based on
measurements with the Radon Decay Product Monitor
(RDPM), which was designed and built at NRPB. The
RDPM uses a semiconductor detector to measure the
gross alpha activity collected on a f i l ter paper by
an external pump. The act ivity i s counted during
sampling and at two further intervals afterwards.
Count times are controlled electronically. The
instrument readings were used to evaluate the
individual concentrations of polonlum-218, lead-214
and bismuth-214. Additional monitoring was carried

out by mine staff using an Instant Working Level
Meter. Radon gas concentrations were measured
simultaneously with sc int i l lat ion flasks (10).

Passive area monitoring of the integrated radon
gas concentrations was undertaken with etched track
detectors. This type of detector was originally
developed for use In houses (11) and was subsequently
found to give satisfactory results In an underground
mine (12). Two pieces of CR-39 plastic are mounted
Inside a plastic container into which radon gas can
diffuse while radon daughters are excluded. The
containers were placed in appropriate locations
underground and lef t in position for three months.

A personal doseoeter based on active measurements
has been developed by CEA (13) and uses a pump to
draw mine air through a f i l t er paper. The individual
act iv i t i e s of polonium-218, lead-214 and blsmuth-214
collected on the paper are measured with a system of
collimators and f i l t er s and an etched track detector.
In a test of the doseaeter In French uranium
mines (14) i t s performance was shown to be
satisfactory. In i t ia l problems with re l iabi l i ty of
the pump have been remedied and the dosemeter can now
be used routinely to provide estimates of exposures
to miners.

A prototype passive personal dosemeter for
miners similar to the area monitor has been developed
by NRPB from the dosemeter used in the previous
t r i a l . The personal dosemeter contains a simple
piece of CR-39 mounted in a 5 cm3 plastic pot so as
to be more robust and to provide better protection
from dust.

All of the participating miners wore active
personal dosemeters. In some locations where pairs
of miners were employed together only one of the pair
was provided with a passive personal dosemeter. The
miners were monitored in two groups, of 9 and 8, each
for a period of one month, running consecutively.

Both types of dosemeter were suspended from the
miners1 belts. The active dosemeter was replaced and
removed at the beginning and end of each working day
and the flow rate of each dosemeter was checked at
two-weekly i n t e r v a l s . The passive personal
dosemeters remained on the belts for the whole month
and were stored overnight in a central location with
further dosemeters to record the background
integrated radon concentration affecting them.

In order to arrive at radon gas and daughter
concentrations weighted for occupancy at various
locations, miners can be considered in two groups;
those whose nominal workplace is a single location
and those who work in less well defined areas.
Estimates of the amount of time that the f irs t group
spend at their nof'.ial workplaces were supplied by
the mine. For thi remainder of their shift miners
were assumed co be exposed to the average
concentration for the mine. For other miners average
concentrations were derived from a number of
measurements in the appropriate general areas. All
area measurements were adjusted for temporal
variations by averaging the results of the RDPM and
IWLH measurements made at different times.
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RESULTS

Area monitoring by active aeasureaent with the
RDPM showed radon daughter concentration* from 0.54
11} tr3 (0.03 WL) near an Intake point to 35.7uJ a"3

(l.TUL) In a location where ventilation was low. The
aean and Median concentrations over all locations
Matured during the survey by MtPB staff were 9.4uJ
a"3 and 5.9uJ a"3 (0.45 WL and 0.28 WL). Mien
allowance Is aide for the occupancy of various
location* the ttac-weighted radon daughter
concentrations to which each alner was exposed varied
froa 3.8uJ a~3 (0.18 WL) to I5.3pj ar3 (0.73 WL) with
a atan of 7.6 and a aid Ian of 6.8 uJ a"3. This
parameter la the concentration equivalent of the
tlae-welghted full-shift exposure.

The radon daughter concentrations aeasured with
the active personal doseaeter varied froa 1.04 to
12.3|tJ m~3 (0.05 to 0.60 WL) with atan and median
values of 5.2 and 4.0|iJ a"3 (0.25 and 0.19 WL). The
flow rates of most of the doseatter puap* were nearly
constant throughout the trial although In *oae the
flow ra'.-e at the end was 25X lower than at the
beginning. In four of the doseaeters the puap*
stopped functioning.

The passive detectors used for area aonitorlng
of radon gas give a tiae-integrated concentration, so
that a reliable average over the duration of the
trial at each location is easily determined. After
allowance Is aade for the occupancy of various
locations, the continuous concentration to which each
atner was exposed varied froa 1100 Bq a"3 to 5200 Bq
a"3, with a aean of 2560 Bq aT3 and a atdian of 1S60
Bq a~3. The integrated radon gas concentration
•easured with the passive personal doaeaeter showed
that the continuous concentrations to which each
ainer wat exposed were in the range 540 Bq a'3 to
4300 Bq a~3, with a scan of 1740 Bq aT3 and a aedlao
of 1400 Bq a~3. The application of the F factor to
these results is discussed next.

DISCUSSION

The equilibriua factors needed to interpret the
passive aeasureaents of radon gas were derived froM
the results of the area Monitoring for radon
daughters and gas by active techniques. These latter
were spot aeasureaents, and to the equilibriua factor
calculated In this way is here referred to as
short-term. The average short-tera equilibriua
factor for all alne locations was 0.47.

Another set of values of the equilibrium factor
can be derived froa the results of the personal
doseaeters for radon daughters and gas. These
Measurements are averaged over the duration of the
trial and all locations visited by the Miners and so
lead to a good estimate of what aay be called the
long-term equilibrium factor: the average long-tern
value for all miners was 0.58. In a routine
programme of Monitoring the data required to
determine the long-term equilibriua factor would not
normally be available. However the long- and
short-term average values are considered sufficiently
close that the use of the short-term factor to
Interpret all gas measurements can give an estimate
of miner exposures with an acceptable degree of
uncertainty.

In a routine prograaae of personal doalaetry with
passive doseaeters the siaplest procedure would be to

adopt • single value of equilibrium factor for the
whole alne. The values footed above suggest that O.9
would be an appropriate factor for this alae and this
value Is therefore used to Interpret the radon
aeasureaent* in this trial.

Figures 1 and 2 show that the distributions of
average radon daughter concentration* to which alner*
are exposed throughout the trial are very slallar
when estlasted by the two methods at personal
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FIGURE 2: DISTRIBUTION OF RADON DAUGHTER
CONCENTRATIONS ESTIMATED BT PERSONAL
MONITORING WITH PASSIVE DOSEMETER
(F - 0.5)

doslaetry. The results are summarised in Table 1
which shows that the rounded aean concentrations are

TABLE 1: WEIGHTED
PERSONAL

Type of doseaeter

active

passive

RADON DAUGHTER CONCENTRATIONS BY
DOSIMETRT

Weighted radon daughter
concentration |ij a"*3

aean aediaa

5.2 4.0

5.2 4.1

range

1.0 - 12.3

1.5 - 12.2
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the Mae. There Is actually about 2Z difference
between the want. It 1* also necessary to see how
well the Individual estiaates of concentration froa
the passive doseaeter agree with the results of the
active doseaeter. Table 2 shows the coaparlson based
on an equilibrium factor of O.S - about 2/3 of
passive doseaeter results lie within 30Z of the
active doseaeter results.

TABLE 2: ESTIMATE OF INDIVIDUAL SADON DAUGHTER
CONCENTRATIONS BY ACTIVE AND PASSIVE
PERSONAL DOSEHETERS

Iff "•

I 3
1 2
o
0 1

1 1

0.2 (U 0.6 0.8
Average equilibrium factor

Miner

1

2

3

A

5

6

7

8

9

10

11

12

13

14

15

16

17

Average radon daughter
concentration MJ B""3

Active Passive
doseaeter doseaeter

F - 0.5

X deviation of
passive estimate
fro» active
estimate

1.9

1.0

2.5

3.5

5.0

12.3

9.6

3.1

7.1

6.5

2.5

4.6

6.3

3.3

5.8

9.0

5.0

2.2

2.2

1.5

1.5

3.9

11.9

11.9

3.5

4.4

S.6

2.3

4.0

3.4

4.0

4.5

12.2

5.2

+ 15

+ 110

- 40

- 47

- 22

- 3

+ 24

+ 12

- 38

- 13

- 8

- 14

- 46

+ 19

- 24

+ 36

+ 4

Figures 3 and 4 show the distributions of
short-tera and long-term equilibrium factors. The
use of a constant factor to interpret measurements at
a range of factors would be expected, other things
being equal, to accentuate the differences between
the results from passive and active doseaeters.

FIGURE 3:

2 UT
c Jr

f2
o
o 1|-

DISTRIBUTION OF EQUILIBRIUM ft OSS
CALCULATED FROM SHORT-TfiRM ME .JJREMKNTS

1 r
0.2 0.4 0.6 0.8
Average equilibrium factor

1.0

FIGURE 4: DISTRIBUTION OF EQUILIBRIUM FACTORS
ESTIMATED FROM LONG-TERM MEASUREMENT WITH
PERSONAL DOSEMETERS

Table 3 compares the Individual results calculated
for the passive gas doseaeter with the individual
values of equilibrium factor and the results from the
active doseaeter. There is however less agreement
than when using a constant factor - only 1/3 of the
passive dosemeter results are within 30% of the
active dosemeter results and the estimated average
exposure is 20Z less than that estlaated by the
active doseaeter. This apparent worsening of the
agreement by using the individual factors is partly a
reflection of the. accuracy with which the area moni-
toring results reflect long-term average concen
trstions. The results suggest that unless very
detailed area measurements and occupancy data are
available, the best result might well be obtained by
using an average equilibrium factor for the whole
aine.

Figures 5 and 6 show the distribution of weighted
radon daughter concentrations to which miners are
exposed estiaated by area monitoring. The results
are suaaarised in Table 4. Both estlaated mean
values of 7.6 uJ«-3 and 7.2 ujm-3 from active and
passive measurements respectively are higher than the
estiaates of 5.2 uJa~3 from personal dosimetry. In
another study, the exposures of miners estlaated by
area monitoring were shown to be lower than estiaates
by personal doslaetry (14). Apparently however
ventilation conditions were very different In Che
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TABLE 3: ESTIMATE OF AVERAGE RADON DAUGHTER
CONCENTRATIONS FROM PERSONAL OOSBMETERS
WITH INDIVIDUAL EQUILIBRIUM FACTORS USED
TO INTERPRET GAS RESULTS

Average radon daughter
concentration vJ m~3

Miner
Active
dosemeter

Passive
dosemeter

X deviation of
passive estimate

' from active
estimate

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

1.9

1.0

2.5

3.5

5.0

12.3

9.6

3.1

7.1

6.5

2.5

4.6

6.3

3.3

5.8

9.0

5.0

2.4

2.4

0.5

0.5

2.7

4.5

4.9

7.1

1.7

2.6

2.2

5.0

5.6

14.1

5.8

+ 29

+ 134

- 82

- 87

- 46

+ 46

- 30

+ 10

- 30

- 43

- 74

+ 50

4

+ 57

+ 17

TABLE 4: WEIGHTED RADON DAUGHTER CONCENTRATIONS BY
AREA MONITORING

Type of measurement

Weighted radon daughter
concentration |»J m~3

nean median range

Active 7.6

Passive (F - 0.5) 7.2

6.8 3.8 - 15.3

4.4 3.0 - 14.4

2 6

o 2 -

-
-

-
1 1

0 U 8 12 16 20 24
Radon daughter concentration,pJm"3

FIGURE 5: DISTRIBUTION OF RADON DAUGHTER
CONCENTRATIONS ESTIMATED BY ARKA
MONITORING WITH ACTIVE MEASUREMENTS

(A

0 U . 8 12 16 20 2L
Radon daughter concentration,pjm~3

FIGURE 6: DISTRIBUTION OF RADON DAUGHTER
CONCENTRATIONS ESTIMATED BY AREA
MONITORING WITH PASSIVE MEASUREMENTS
(F - 0.5)

•lnes in that study since the equilibrium factor was
0.17 compared with about 0.5 in this study. In
principle the accuracy of exposures estimated by area
monitoring is limited only by the availability of
sufficiently detailed information. In order to have
the same confidence in estimates from area monitoring
as from personal monitoring more detailed information
than was available in this study would be needed.

CONCLUSIONS

The mean radon daughter exposures of 1.7 miners
were estimated by passive personal dosemeters with an
equilibrium factor of 0.5 and were compared with
estimates from active personal dosimetry. The mean
estimates differed by about 22, and 2/3 of individual
estimates from the passive dosemeters were within 30Z
of the estimates from the active dosemeters. The
equilibrium factor of 0.5 was adopted because It was
close to the factor of 0.47 calculated from area
monitoring. The value of 0.5 was also supported by
the value of 0.58 from the personal dosemeter
measurements of radon daughter and gas concentrations
which were averaged over the duration of the trial
and all locations visited by the miners.

Interpretation of passive measurements using the
individual equilibrium factor for each dosemeter gave
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poorer results, which suggests that unless very
detailed Information on long tern average
concentrations and occupancy Is available the use of
a single factor night give better estimates of
exposure•

Exposures estimated by area monitoring were
about 40Z higher and nore variable than both methods
of personal dosimetry and in this study are con-
sidered less reliable than personal dosimetry.
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DISCUSSION

Question (Oswald): How long was the monitoring
period on personnel?

How did control readings compare to personnel
readings for the passive dosimeters?

Answer: Miners wore the personal monitor for one
month. Since concentrations in the mine were
quite high and the concentration in the control
location was equivalent to outdoor air, the
personal dosimeter readings were generally nuch
higher than control readings, in some cases by a
factor of a hundred.

Question (Masse): Can you comment on the
performances of the NRPB passive dosimeter under
extreme values of equilibrium factor?

Answer: The response of this dosimeter is
Independent of the equilibrium factor because the
design is such as to exclude radon daughters; the
device responds only to radon concentrations.

Question (Brown): I was puzzled by your quoted
measurements of long-term and short-tern
equilibrium fractions. Surely the range of
short-term measurements should exceed the range of
long-term measurements but you quoted short-tera
measurements ranging up to a value of 0.6 and
long-term measurements ranging up to 0.9. How can
this be so?

Answer: The uncertainties in mine conditions make
it difficult to anticipate the ranges of values.
There are also of course uncertainties in the
figures we quote and more work In needed to
investigate the equilibrium factors. It is
possible that the result of such work might lead
to the result you suggest.
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Question (Corkill): We tend to want to average
our results and to compare results. In light of
the fact that we are discussing "personal" Miner
exposure, what precision do you feel could be
accomplished for the Individual results of
passive monitoring?

Answer: There la bound to be some uncertainty
bearing in mind the variability of the equilibrium
factor and that is reflected in our results, some
of which differ considerably. However, this Is an
early study and we Intend to do more work on the
equilibrium factor. I think that with sufficient
work this Is a promising method of assessing
Individual exposures.
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THE ESTABLISHMENT OF A NATIONAL
CALIBRATION CENTRE FOR PRACTICAL STANDARDS

FOR BIOASSAY AND IN VIVO MONITORING

M. LIMSON ZAMORA AND C. POMROY

Radiation Protection Bureau
National Health and Welfare
Ottawa, Ontario, Canada

AHSTRACT

The Radiation Protection Bureau has been involved
in bioassay and jji vivo nonltoring measurements for
many years. During this time, an intercomparison for
uranium urinalysis was established, and a range of
phantoms acquired for in vivo measurements. In 1983,
the Atomic Energy Control Board designated the Bureau
to act as Canada's national calibration centre for
these measurements. Thus, the Bureau's programs are
being placed on a formal basis, and expanded to
provide comprehensive coverage of all bioassay and in
vivo measurements. This paper will describe the
quality assurance programs and services presently
available, plans for expansion, and protocols for
intercomparisons. Trends identified from data
obtained in a study initiated by the Bureau relating
performance to analytical methodology will also be
discussed.

INTRODUCTION

In 1983, the Atomic Energy Control Board (AECB)
approved a policy requiring all AECB licensees to
calibrate on a regular basis, devices and systems
used for measuring radiation dose rate, and
estimating radiation levels and radiation dose.
AECB licencees are distributed across Canada and are
found in all the provinces and territories. To
ensure the comparability of the data generated by all
these Canadian organizations involved in making
radiation measurements for dosimetry purposes, and
the traceability of the data to national standards
the AECB has designated three federal agencies to
develop and provide practical radiation standards,
and to put on a formal basis, their already on-going
programs involving the calibration of radiation
measurements. This cooperative interdepartmental
approach was intended to make possible the optimum
use of existing resources and expertise, and the
development of additional standards at minimal
cost within a reasonable period of time. Thus, the
National Research Council will continue to provide
standards for external radiation measurements; the
Department of Energy, Mines and Resources will
develop and provide standards for the measurement
of airborne radioactive contaminants, and the
Radiation Protection Bureau of the Department of
Health and Welfare will act as the National
Reference Centre for Bioassay and Jjn Vivo
Measurements, and continue providing standards for
the determination of internal dose.

In the course of employment in occupations
involving the production and use of radioactive
materials, individuals may work with radioactive
substances which, under certain circumstances could
be taken into the body. Recent data (1) indicate
that approximately 24,000 Canadians are

occupationally at risk from the intake of
radionuclides. These workers handle unsealed
sources or are employed in an industry where
naturally occurring radionuclides are either
processed or utilized, or are present as
contaminants* Approximately 30% of the high-risk
group subscribe to a federal, provincial or
in-house bioassay program. The Atomic Energy
Control Board requires mandatory participation in
approved programs for specified nuclear power plant
employees, uraniun industry workers and dial
painters. Bioassay for other exposed individuals
is generally on a voluntary basis and at the
discretion of the employer.

The estimation of internal dose from the intake
of radionuclides can involve considerable variation
in accuracy. This variation is due largely to the
fact that for some radionuclides, e.g., tritium
oxide, the measurement is relatively easy and
conversion of measurement to a dose is based on
well-established models, while for other
radionuclides, the basic Measurement is itself
difficult to perform with accuracy, and metabolic
data are either questionable or not available.
This demonstrates the fact that the determination
of internal dose is a two-part process - the first
part involving a bioassay Measurement, and the
second, the conversion of this measurement to a
dose figure. Without appropriate calibration,
the accuracy of any measurement is unknown or
uncertain, and from the above, it follows that poor
measurements would lead to inconsistencies in
estimates of internal dose-

To ensure the accuracy of measurements, all
calibration procedures should be traceable to an
approved national standard. The concept of
traceability to national standards, although highly
desirable is not particularly well understood. At
a meeting on "Traceability of Ionizing Radiation
Measurements", held at the National Bureau of
Standards in May, 1980 a nunber of alternative
definitions of "traceability" were put forward.
The following is a definition derived from those
suggested at the meeting:

"Traceability is the concept of establishing
the valid calibration of a Measurement
(measurement traceability) or a Measuring
instrument (instrument traceability) by
means of a comparison—direct or through
intermediate steps—to an accepted national
standard" (2).

It is evident from the foregoing that
•measurement traceability" goes beyond "instrument
traceability" and includes the instrument, its
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user, and all procedures used. In a report made
to the Atomic Energy Control Board, the Working Group
for the Development of Standards for Bloassay and In
Vivo Monitoring recommended that measurement
traceabllity be made the mechanism by which a
laboratory demonstrates its capabilities, on a
continuing basis, to national authorities (3), while
instrument traceability be made the responsibility of
the individual laboratory.

Any discussion of measurement traceability,
however, is of little or no value unless technical
programs that provide the means needed to enable
measurements to be consistent with standards, exist
or are established. At the present time, the
Radiation Protection Bureau has the following
programs in place.

ON-GOING PROGRAMS

Bioassay Measurements

Intercomparisons. In 1978, the Bureau initiated an
interlaboratory comparison program for uranium
urinalysis In which in-house laboratories,
government, and private service laboratories
participated on a voluntary basis. Problems
associated with accuracy and precision of the
fluorometric method of analysis had suggested the
need for such a program. The response of
participants to this initiative was enthusiastic and
the Bureau has maintained the program ever since. At
the present time, participants include laboratories
located in Ontario, Alberta, Saskatchewan and New
Brunswick.

Essentially, the program involves the preparation
of a series of urine samples containing different
concentrations in the range commonly encountered in
biological samples measured by participating
laboratories. The concentration of radioactivity in
the samples is unknown to the participating
laboratories, although they are aware that the
samples are for intercomparison purposes. Since
demonstration of satisfactory performance cannot
reasonably guarantee similar performance for an
indefinite period of time, samples are distributed
generally, with a six-month frequency. Participants
are asked to return their analytical results on
standard reporting forms within thirty days of
receipt of samples. The Bureau then compiles and
evaluates these results, and sends a final report to
all participants on their performance. Anonymity in
these reports is maintained by assigning a letter or
number code to each participating laboratory.

Analysis Audits. Since extra care will very likely
be taken in the analysis of intercomparison samples,
unbiased treatment of samples cannot be expected, and
the results obtained usually provide inforaatlon on
the best performance of a particular laboratory for
the analytical method used. To assess the
performance of individual laboratories in the
analysis of samples on a routine basis, the Bureau
supplements the intercomparison program by conducting
analysis audits at the request of the Atonic Energy
Control Board. The audit program for uranium
urinalysis was initiated in 1981. An inspector from
the Board selects 'splits' of several routine samples
for analyses by the Bureau. Lot size and
concentration range to be tested are jointly decided
by the Board and the Bureau. The audit period is

usually two to three months, and is terminated by
the Board on the recommendation of the Bureau. The
consistency of results obtained by the laboratory
being audited with results obtained in the Bureau's
Bioassay Laboratories are reported by the Bureau to
the Board, which in turn notifies the laboratory
concerned of the quality of its performance.

In Vivo Monitoring

For in vivo measurements, the Bureau maintains a
variety of reference phantoms loaded with
appropriate radioisotopes which are circulated to
participating laboratories.

For thyroid work, a tissue equivalent neck
phantom has been designed and fabricated at the
Bureau, and it is loaded with phantom thyroid
glands containing 1 2 9I to simulate 1 2 5 I . The
glands can also be filled with 1 3 1 I , although such
an elaborate phantom Is not necessary for the much
higher energy emissions from this radioisotope.

For medium to high energy gamma emitters, in the
range from 200 KeV - 3 MeV which covers most
medical radioisotopes and fission products, a
"BOMAB" phantom is available. This consists of
elliptical or cylindrical polyethylene containers
that can be filled with solutions of radioisotopes.
When placed on the bed of a whole body counter, the
phantom is sufficiently representative of the human
body to give an accurate calibration at the gamma
energies involved.

For uranium and some other low energy gamma
emitters, a "realistic" torso phantom designed by
the Lawrence Livermore Laboratory is available.
This is modelled on a representative North American
male cadaver and constructed of plastic material
which is tissue equivalent down to the 20 KeV
region. Lung inserts are available containing
natural uranium, enriched uranium, and natural
thorium.

All phantoms are loaded with radioisotopes
obtained from the U.S. National Bureau of Standards
as calibrated standards.

The phantoms are sent to participating
laboratories, which are asked to measure them with
their normal methods, and report their results to
the Bureau. The participating laboratories are
then informed of the true values, and discrepancies
are discussed with Bureau scientists.

FUTURE PROGRAMS

The Bureau will be initiating shortly an
Intercomparison program for tritium urinalysis.
In-house and service laboratories, as well as
government, university, and hospital laboratories
will be invited to participate in this program.
Intercomparisons for other 6-emitters in urine,
e.g. 1I*C and 3 2P, are also under consideration.

For the _lti vivo aspects of the program,
additional lung Inserts for the realistic phantom
will be obtained, loaded with 2 3 9Pu and 21jlA«.
Also a more convenient version of the BOMAB will be
developed that avoids the need for changing the
radioactive solutions.
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INTERCOMPARISON PROTOCOL

Since Its designation by the Atonic Energy
Control Board to act as the National Calibration
Centre for Bioassay and In Vivo Monitoring, the
Radiation Protection Bureau has been involved in
putting its uranium urinalysis intercomparison
program on a more formal basis. The principal
objective of the intercomparison program is to
provide a measure of the inter-laboratory precision
and accuracy potential of analytical methods used by
participating laboratories, and to contribute to the
improvement of analytical performance. Thus, both
the sample analysis schedule and the statistical
evaluation of results have been re-structured, and a
study relating performance to methodology was
initiated.

Samples and Analysis Schedule

A supply of urine is collected from an individual
with no exposure to uranium compounds. Concentrated
hydrochloric acid (1% by volume) is added to serve as
a preservative during shipment. The urine specimen
is divided into four parts of which three are spiked
with known quantities of uraniun oxide, U3OS,
prepared from an NBS standard. Since precision in
the individual laboratory itself is a pre-requlsite
for a between-laboratory comparison to be effective
(4), the schedule for sample analysis was re-designed
to allow the Bureau to better assess day-to-day
variation and the internal consistency of results.
Participating laboratories are sent five replicates
of each of the three spiked solutions and five
replicates of the urine blank. Samples are labelled
from A to I, the allocation of letters to spikes
being randomized within a day's group of the four
analyses. Since the purpose of this schedule is to
determine day-to-day variability in the analysis of
aliquots of the same spike, participants are asked to
analyze only those samples indicated for a given day
and to report results on a standard reporting form
shipped along with the samples. Laboratories are
also asked to indicate their limits of reliable
measurement and the method of analysis used for the
intercomparison.

Format of Report

As soon as all results are received, the Bureau
compiles and evaluates them, and sends a report to
participants on the accuracy and precision of their
results. As of the July 1983 intercomparison, the
mean relative bias (bjk) a n d t h e relative
precision (sj^) of analytical results, calculated
by laboratory (j) and spike (k), have been used as
indicators of accuracy and precision, respectively.
Data taken from the December 1983 sample distribution
are presented in Tables 1 and 2. Note that results
are grouped according to the method of analysis used.
To allow laboratories to compare their performance in
the present intercomparisons to previous ones, a
table of variance index scores, the criterion for
performance used in the earlier intercomparisons, is
also included in the report. For a fast visual check
of how each laboratory's results compare to those
of other participants, a graph such as that shown in
Figure 1 is incorporated in the report. Comments on
the apparent causes of weak performance and
suggestions for remedial action are also provided.
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FIG. I ANALYTICAL RESULTS FOR THE DECEMBER
1983 URANIUM URINALYSIS INTERCOMPARISON

Analytical Procedures

Ideally, participants in the intercomparison
should be using the same analytical method.
However, it is not practical to require this in the
uranium industry, so that techniques do vary among
participants. As shown in Table 3, the majority of
laboratories use fluorometry, although a few have
used neutron activation analysis.

In principle, the fluorometric method used by
laboratories 1 to 10 involves isolating uranium
from interferences in the sample matrix, followed
by fusion in a NaF-LiF pellet, and measurement of
the fluorescence emitted by the pellet upon
continuous excitation by ultraviolet light. While
the foregoing method makes use of the enhanced
fluorescence of uranium when fused with sodium
fluoride, the technique used by laboratories 21 to
23 uses the characteristic fluorescent properties
of the uranyl ion in solution. Thus, quenching by
organice is reduced by oxidation with potassium
persulfate, the residue is taken up in water and a
buffered inorganic complexing agent added to
enhance fluorescence. Following excitation by a
very short pulse of UV light from a nitrogen laser,
the relatively long-lived fluorescence of the
uranyl Ion is isolated from the short-lived
fluorescence of interfering substances by an
optical filter, and measured. The delayed neutron
counting procedure used by laboratory 31 involves
concentrating an aliquot of the urine sample by
evapouration and irradiating the residue in a
neutron flux where fission of the 2 3 5U isotope
occurs. Following removal from the neutron flux
and a sufficient delay to allow reduction of the
1 7N activity to a negligible amount, delayed
neutrons from 2 3 5 u are measured by neutron-
sensitive detectors.

Performance Criteria

Accuracy and 'pass or fail' criteria will be set
on the recommendations of a coamitteee external to
the Bureau, namely, the Working Group on Bioassay
and In_ Vivo Monitoring, which acts under the
authority of the Canadian federal and provincial
health departments. Until such criteria are set,
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TABLE 1: MEAN RELATIVE BIAS (b,-k) BY LABORATORY
AND SPIKE

DECEMBER, 1983 INTERCOMPARISON

TABLE 2: RELATIVE PRECISION (sjk) BY LABORATORY
AND SPIKE

DECEMBER, 1983 INTERCOMPARISON

Laboratory
Code

Ia

2
3
4
5
6
7
8
9
10

21b
22
23

31C

6.08
(D.E.J.P.S)

-.137
-.197
-.539
.085

-.118
-1.842

.151
-.359
.044

-.162

-.276
-.032
-.666

-.099

Spike (ppb

47.62
(C,H,K,0,R)

-.093
-.106
-.076
-.051
-.158
-.714
-.072
-.061
.115
.039

-.223
-.017
-.404

-.060

U)

79.03
(A,G,I,N,T)

.000
-.107
-.033
-.094
-.001
-.484
-.033
-.035
.075
.046

-.031
-.050
-.408

-.058

Laboratory
Code

ta

2
3
4
5
6
7
8
9
10

21b

22
23

31C

6.08
(D,E,J,P,S)

.365

.300

.563

.360

.170
4.592
.386
.090
.033
.198

.147

.060

.072

.039

Spike (ppb

47.62
(C,H,K,0,R)

.082

.094

.039

.058

.034

.895

.069

.073

.025

.079

.026

.066

.039

.055

U)

79.03
(A.G.I.N.T)

.060

.048

.073

.059

.024

.396

.102

.041

.035

.036

.021

.039

.024

.053

Laboratories 1-10: UV lamp fluorometry
Laboratories 21-23: Laser fluorometry
Laboratory 31: Neutron activation;

delayed neutron counting.

TABLE 3: ANALYTICAL METHODS USED

Laboratory
Code

1

2
3
4
5
6
7
8
9

10

21
22
23

31

Analytical
Method
Used*

la

la
la
lb
1b
la
la
la
la

la

lc
lc
lc

2

Sample
Preparation

wet-ashing,
ignition
no details given
ignition
ignition
no details given
ignition
ignition
no details given
solvent extraction,
ignition
wet-ashing, ignition

K2S2Og oxidation
K-S.O oxidation
Direct determin-
ation after
dilution

Concentration
by evapouration,
irradiation in a
thermal neutron
flux

la - Fluorometry (Jarrell-Ash Fluorometer)
lb - Fluorometry (Turner Fluoroaeter)
lc - Fluorometry (Scintrex UA-3 Analyser)
2 - Neutron activation; delayed neutron '

counting

the quality of performance in the intercomparisons
is assessed on the basis of the relative bias and
precision of analytical results submitted to the
Bureau. Although no 'ceilings' have been
stipulated for either of these two statistics, it
is obvious that values as close to zero as possible
are to be preferred.

Statistical Methods

Relative bias and relative precision are
calculated for each spike. Each observation is
represented by yjfci where:

j - the laboratory; j » 1, 2 14
k - the spike; k - 1, 2, ..., 3

and 1 » the replicate; 1 » 1, 2, ..., 5

Each observation is taken as the difference between
the measurement for each j, k, and 1 combination
and the appropriate urine blank analyzed on the
same day. Thus for each laboratory, there are
fifteen values corresponding to five replicates for
three spikes.

Since each performance rather than just average
performance is being evaluated, the mean (bjk)
of the relative bias (bj^j) of the individual
yjkl values for each spike is calculated.
Thus, bjki and bj k values are calculated
as follows:

Vl

bjk
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TABLE 4: SUMMARY OF RESULTS FOR URANIUM IN URINE INTERCOMPARISON
JULY, 1983

Spike
(ppb U)

5.09

15.00

33.92

55.97

80.98

Method

Neutron Activation
Laser Fluoromecry
UV Lamp Fluorometry

Neutron Activation
Laser Fluorometry
UV Lamp Fluorometry

Neutron Activation
Laser Fluorometry
UV Lamp Fluorometry

Neutron Activation
Laser Fluorometry
UV Lamp Fluorometry

Neutron Activation
Laser Fluorometry
UV Lamp Fluorometry

No. of
Results

3
6
30

3
6

30

3
6
30

3
6

30

3
6
30

Mean
(ppb U)

4.5
4.9
3.0

14.4
13.6
12.9

32.8
28.6
29.3

55.0
51.2
48.6

81.6
78.3
75.0

Sa

(ppb U)

1.14
0.78
2.36

1.07
2.08
4.85

1.27
1.23
4.05

1.55
3.73
7.08

1.47
3.43
8.12

C.V.b

m
25.2
15.9
78.1

7.4
15.3
37.6

3.9
4.3
13.8

2.8
7.3
14.6

1.8
4.4
10.8

Lowest
Result

3.2
3.6

-2.3

13.2
11.3
1.3

31.4
27.1
21.7

53.5
46.2
34.3

80.3
73.9
60.8

Highest
Result

5.3
5.3
6.3

15.1
16.3
25.3

33.9
30.3
37.3

56.6
55.3
61.7

83.2
83.1
95.3

a Standard deviation
b Coefficient of variation

where a^ *• the known value for a particular spike
L " the number of replicates ( " 5)

performance are interpreted in terms of SK thus:

Relative precision,
following manner:

is obtained in the

<b,iki - V
2

Values thus- obtained provide a measure of the
within-laboratory variability. A pooled variance
(between laboratories) is also calculated for each
spike thus:

Category

Excellent

Good

Experiencing
some difficulty

Experiencing
major
difficulties

Variance Index
(VIjk)

< 50

51 - 100

101 - 150

> 150

Interpretation

Bias < 1S R

l S ^ Bias < 2SR

2S< Bias < 3SR

Bias > 3S
K

SK2 = -

where J * the number of laboratories ( » 14)

Using corresponding values of SR, the variance
index VI (5,6) for each spike and laboratory is
calculated as follows:

x 100

Variance i n d i c e s and corresponding c a t e g o r i e s of

STUDY OF PERFORMANCE AND METHODOLOGY

Since ana ly t i ca l procedures vary anong
participating laboratories and one of the
objectives of quality assurance is to identify
weaknesses in analytical methods, the Bureau has
init iated a study relating performance to
methodology. Participating laboratories provided
the Bureau with information on their analytical
procedures, some providing more detail than others.

As indicated in Table 3, the Majority use UV
lamp f luorometry , 3 use pulsed l a s e r
fluorometry, and one uses neutron activation
followed by delayed neutron counting. Sample
preparation procedures a lso d i f f e r aaong
participants, and vary among laboratories using the
same measurement technique, and the same
instrumentation.
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TABLE 5: MEAN RELATIVE BIAS AS A FUNCTION OF SAMPLE
PREPARATION PROCEDURES

LABORATORY
CODE

Wet-ashing,
ignition:

1
10

Ignition:

3
4
6
7

5-Xb
(1983 )

-1.13
-1.00

-.17
.11

-.41

6.1C
(1983 )

-.14
-.16

-.54
.09

-1.84
.17

SPIKE

15.0.
(1983 )

.09
-.52

-.06
-.36
-.36

(ppb U)a

33.9b
(1983 )

-.18
-.24

-.17
.08

-.18

47.6C
(1983 )

-.09
-.04

-.08
-.05
-.71
-.07

56.0.
(1983 )

-.05
-.30

-.20
-.07
-.28

79.0
(1983 )

.00

.05

-.03
-.09
-.48
-.03

81.0.
(1983 )

-.12
-.24

-.09
-.03
-.07

a
b
c
d

Numbers under spike values indicate the year of sample distribution.
Summer distribution
Winter distribution
This laboratory joined the program in December 1983.

TABLE 6: LIMITS OF RELIABLE MEASUREMENT

Laboratory
Code

1

2

3
4
5
6
7
8
9
10

21
22

23

31

Analytical
Method
Used *

la

la

la
lb
lb
la
la
la
la
la

lc
lc

lc

2

Lower
Limit
(ppb U)

10

5

10
8
5
10
1
3
0.5
3

0.5
0.5

2

2

Upper
Limit
(ppb U)

-

"variable
with different
dilutions"
150
150
200
200
-
"unlimited"
ixlO3

1x10"

50
80 (dilution
permits use
over wider
range)
40

1.5x10^

* la - Fluorometry (Jarrell - Ash Fluorometer)
lb - Fluoronetry (Turner Fluorometer)
lc - Fluorometry (Sclntrex UA-3 Analyser)
2 - Neutron activation; delayed neutron

counting

Results

Would there be a 'best method' then for
quantifying uranium? Although it can be argued
that very few results were reported for neutron
activation analysis, examination of the data given

in Table 4 suggest that neutron activation is such
a method, and indeed, historically the few
laboratories that used this method in past
intercomparisons have, as a rule, done extremely
well. However, it seems quite possible to attain
acceptable levels of accuracy and precision with
either UV lamp or pulsed laser fluoronetry.
Laboratories 4 and 7 which use UV lamp fluorometry
and Laboratory 21 which uses pulsed laser
fluorometry demonstrate good performance in both
respects. Note that laboratory 9 uses solvent
extraction to reduce organic quenching, whereas the
majority of the laboratories that reported sample
clean-up techniques, use either ignition alone or a
combination of wet-ashing and ignition. It is also
well to note that one of the three laboratories
that use pulsed laser fluorometry seriously
underestimated all spikes. This laboratory (lab
23)quantifies uranium directly after dilution of
the urine sample, without any prior clean-up.

A comparison was made of results obtained by the
laboratories that wet-ash and ignite their samples
with those obtained by laboratories that do not
wet-ash their samples prior to ignition. The data
summarized in Table 5 do not seem to be conclusive
enough for one to be able to decide whether or not
wet-ashing prior to ignition of urine samples is
truly beneficial. For example, the poor
performance of laboratory 6 is at least partly due
to what appears to be the interchanging of the
urine blank with samples on the third and fourth
days, hence the large negative bias of their
results. Further, difficulties of laboratory 1, 3
and quite possibly laboratory 6 as well, with the
lower spikes (5.1 and 6.1 ppb U) may be due to the
fact that their lower limit of reliable Measurement
is about twice as high as these spikes. At any
rate, it does seem that laboratories 3, 4 and 7 do
not do any worse in the intercomparisons than the
laboratories that wet-ash samples prior to
ignition.
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TABLE 7: ACCURACY AND PRECISION AT THE LOWER LIMIT OF RELIABLE MEASUREMENT

591

Laboratory
Code

1
2
3
4
5
6
7b

8
9
10

Lower
Limit
(ppb U)

10
5
10
8
5
10
1
3
0.5
3

July 1983
Intercomparison

(5.09

Relative
Bias

-1.131
- .345
- .168

.113
- .646
- .411

_
- .443
- .067
-1.000

ppb U)

Relative
Precision

.989

.113

.101

.300

.000

.340
-

.113

.039

.000

December 1983
Intercomparison
(6.08 ]

Relative
Bias

- .137
- .197
- .539
- .085
- .118
-1.842

.151
- .359

.044
- .162

?pt> u ) a

Relative
Precision

.365

.300

.563

.363

.170
4.592
.386
.090
.033
.198

a Concentration of spike
b This laboratory joined the program in December, 1983.

A study of performance in these intercomparisons
over the past few years indicates that some
laboratories can do very well in one or more parts of
the concentration range being tested, and poorly in
the others. Generally, these laboratories
encountered the greatest difficulty analyzing spikes
at the extremes of the concentration range.
Participants were requested, therefore, to provide
the Bureau with information on their upper and lower
limits of reliable measurement. This information is
summarized in Table 6. Most upper limits reported
are well above the concentrations of spikes
distributed to participating laboratories, or could
be adapted, by prior dilution of the sample, to
analyze higher levels of uranium. However,
laboratories 21 and 23 reported values of 50 and 40
ppb U, respectively, for their upper limit.
Laboratory 21 did well in terms of both accuracy and
precision in the 1983 summer and winter
intercomparisons. The difficulties of laboratory 23
(Table 1), we are certain, are due to its not
pre-treating samples prior to the quantification of
uranium. Of the six laboratories (laboratories 1-6,
Table 7) that reported lower limits that were
greater than or equal to the least concentrated
spike distributed for the 1983 intercomparisons, 4
(laboratories 1, 2, 5, and 6) had difficulty with
accuracy and 1 (laboratory 1) with precision in the
summer intercomparison. In the winter sample
distribution, two laboratories (3 and 6) had
difficulty with both accuracy and precision-

Is the quality of performance then
method-dependent, analyst-dependent, or both?
Figures 2 and 3 present graphically the bias of
results obtained by the best and the worst performers
in the 1983 intercomparisons. Only one laboratory
used neutron activation analysis in these
intercomparisons. However, another used the sane
method in previous intercomparisons, and both
laboratories have performed well in each
distribution. As shown by the performance of
laboratories 4 and 21, it is possible to use
fluorometry and obtain results that are comparable to
those obtained by neutron activation. Laboratory 23,

however, which omits sample clean-up prior to
uranium measurement by laser fluorometry, shows a
very weak performance. The improvement in the
performance of laboratory 10 is worthy of note.
This laboratory did very poorly in the summer
intercomparison (Figure 2), but improved tremend-
ously in the winter distribution (Figure 3). Their
report indicated a change of analysts for the
winter intercomparison.

An attempt was made to study the progress of
performance of participating laboratories. Since
analytical methods differ in their attributes, it
was considered appropriate to group laboratories by
method, and to relate performance to the analytical
procedures used. Several ranges of spike levels
were chosen for the study. These included spikes
close to or equal to the lower limit of reliable
measurement (Table 8), 10 to 20 ppb U (Table 9), 25
to 35 ppb U (Table 10), 50 ± 10 ppb U (Table 11),
and spikes greater than 75 ppb U (Table 12). The
statistic chosen for studying trends in the
accuracy of results was the relative bias for the
spikes chosen, pooled across laboratories
participating in a given intercomparison. It
should be recognized that this part of the study is
limited in two respects, namely, that not all
spikes used in the recent intercomparisons had
comparable values in earlier sample distributions,
and the information obtained on methodology being
fairly recent, may not apply to the earlier sample
distributions. Thus, no attempt was made to extend
the study to before the 1982 summer intercomparison.

It should be noted as well that the results
entered in the tables for the 1982 winter
intercomparison for laboratory 31 may not be
representative of that laboratory's usual
performance. The laboratory reported that they had
problems with contamination at that time. It
should also be mentioned that the means of relative
bias for each method include a much larger number
of results in the case of UV lamp fluoronetry than
either pulsed laser fluorometry or neutron
activation analysis.
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lOOr

Neutron
activation

21 23 31

FIG. 2 BIAS OF THE MEAN OF EACH SPIKE
(JULY, 1983 INTERCOMPARISON).
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fluorometry fluoromefry activation
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FIG. 3 BIAS OF THE MEAN OF EACH SMKE
(DECEMBER, 1983 INTERCOMMItlSON)

Data In Table 8 suggest that at spike levels
close to or equal to the lower limit of reliable
measurement, differences in performance using
different methods become apparent. While it can be
stated that delayed neutron counting and pulsed laser
fluorometry appear to give results of comparable
accuracy, laboratories using UV lamp fluoronetry
appear to obtain results with a pronounced negative
bias and much greater variability. In the 10 to 20
ppb range (Table 9), this difference in performance
is still observable, although not as pronounced, and
the level of negative bias for UV lamp fluoroaetry
approaches that observed for pulsed laser fluoroaetry
and delayed neutron counting. Note, however that,
although the mean relative bias for the 10 ppb spike
is .076 for UV laap fluorometry users, the standard
deviation of the mean is .429.

This trend of improved comparability between lamp
fluorometry, and later fluorometry and delayed
neutron counting results continues through the higher
spikes (Table 10 and 11). In fact, due to a slight
deterioration in the performance of laboratory 21 In
the December 1983 intercomparison, the mean relative
bias for the UV lamp fluorometry users for spikes at
SO ± 10 ppb U is better than that for pulsed laser
fluorometry users (Table 11). At levels above 75 ppb
U (Table 12), performance improved tremendously
following the 1982 winter intercomparison
and with the exception of the outlier*

(one laboratory using UV lamp fluorometry and one
using pulsed laser fluorometry), a very respectable
degree of comparability was achieved in
the 1983 winter intercomparison, regardless of
analytical methodology used.

Discussion

It is generally claimed that the quality of
analytical results is method-dependent. This
appears to be the case with the results reported by
UV lamp fluorometry users. The greater bias and
intra- and inter-laboratory variability observed
with spikes containing 5 to 10 ppb D may lie
attributed to the fact that UV laap fluoroaetry la
the least sensitive of the three method* now in use
by intercomparison participants. Another
observation made of results from several
i n t e r c o m p a r i s o n s w h i c h is c e r t a i n l y
method-dependent is that, whereas results obtained
by neutron activation analysis are almost always
nearly "on-target1, the fluorometric methods
generally show a negative bias. This observed
negative bias demonstrate* the Importance of
conducting recovery studies as an integral part of
results validation and quality control. Horwitz
(7) wrote that In regulatory work, bias can be
tolerated. The rationale for this statement Is
that bias can be corrected for, if the magnitude of
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!!!!.!: 8: PROGRESS OF PERFORMANCE BY YEAR AND SPIKE

Means* of relative bias pooled
across laboratories for chosen

:>.iLyt.ical spike level0

« '.Imd used -
1982

M
1983

[5]

' '• I .nap -.2421.310 -.3951.410

-.024±.22O

.OO7±.U3

-.O34t.O16
(-.548)

/a ion

1983

[6]

-.137±.206
(-1.842)

-.1541.122
(-.666)

.1431.161 -.0991.035

TABLE 11: PROGRESS OF PERFORMANCE BY YEAR AND SPIKE

Means* of relative bias pooled
across laboratories for chosen

Analytical spike level1*
method used

1982 d 1983 c

[56]
1983d

(48J

Fluoroaetry

UV lamp

Pulsed
laser

Neutron
activation
analysis

-.1171.086
(-.579)

-.0261.100
(-.633)

-.1241.101

-.0831.060
(-.850)

-.0511.077
(-.710)

-.1201.103
(.404)

-.1031.003 -.0171.002 -.0601.049

.it. 9: PROGRESS OF PERFORMANCE BY YEAR AND SPIKE

Means a of relative bias pooled
across laboratories for chosen

• i i > deal spike level''
nud used ,

1982l

[10]
1982 c

[J
1983'
[15]

rometry

I amp

it ion

.076t.429 -.1781.139 -.124±.237

-.1351.150 -.1221.082 -.0941.116

-.032±.025 -.188±.082 -.038±.058

10: PROGRESS OF PERFORMANCE BY YEAR AND SPIKE

Meansa of relative bias pooled
across laboratories for chosen
spike level0

I->..J used
1982
[33]

1982
[25]

1983
[34]

;••: l n m p .0891.136

Pulsed -.1811.107
laser

• iron -.0691.015

•••.I l y s i s

-.060±.100

-.145±.O9O
(-.640)

-.097±.038

-.1281.090

-.158±.023
(-•655)

-.0361.028

•-•(..-̂ ly discordant results treated as outliers in
ih<' calculation of means are given in parentheses
ii< low the corresponding aeans.
.s;Wk<i levels are given la ppb U and are indicated
li.uler the year of sample distribution.
Summer intercoaparison

•i Winter intercoaparison

TABLE 12: PROGRESS OF PERFORMANCE BY YEAR AND SPIKE

Meansa of relative bias pooled
across laboratories for chosen

Analytical spike levelb

•ethod U3ed -

Fluoroaetry

UV laap

Pulsed
laser

Neutron
activation
analysis

1982d

[85]

-.123±.O63

-.1471.131
(-.644)

-.1161.022

1983 c

[81]

-.0501.065

-.0331.012
(-.786)

.0041.009

1983d

[79]

-.0201.056
(-.48*)

-.0401.010
(-.408)

-.0581.047

Grossly discordant results treated as outliers
in the calculation of aeans are given in
parentheses below the corresponding aeans.
Spike levels are given in ppb It and are indicated
under the year of saaple distribution.
Suaaer Intercoaparison
Winter Intercoaparison

the recoveries of the added internal standards for
the concentrations normally aeasured by the
participating laboratory is known. It should also
be noted that where only one concentration of the
standard is used during analysis by the UV laap
•ethod, as was reported by aost of the laboratories
concerned, one assumption is asde that asy not be
valid. This is that the calibration curve is
linear over the entire range of analysis. We
recoaaend that these laboratories add am aaount of
standard to the NaF-LlF pellet which is approxiaat-
ately equal to the uranlua concentration of the
saaple. If the latter quantity is not known, then
a preliminary scan of the saaple should be perform-
ed. The laboratories that use the direct ramdiag
•ethod of quantifying uranlua by pulsed laser
fluoroaetry would also be well advised to act «m> a
calibration curve using standards prepared by
spiking fresh urine samples with known amounts of
uraniua oxide rather than the usual water-based
standards.
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Not all observed discrepancies between result*
obtained by the three groups of laboratories,
however, can be attributed to the performance
characteristics of the methods they use* HcCully (8)
once stated that one of the most Important Inputs in
an analytic Is the performance of the analyst•
Indeed, the data summarized In Figures 2 and 3
clearly support this statement. It appears that some
analysts using the fluoronetrlc method say not
understand the principles underlying the procedures
that they are using, and say need further training to
upgrade the quality of their results*

As to whether or not there Is a 'best Method' for
uranium urlnalysis, it is clear that neutron
activation followed by delayed neutron counting is
sensitive and specific, and It capable of providing
results that are very accurate and precise. However,
it would be unreasonable to expect all laboratories
conducting bloassay to convert to this method of
analysis* Besides, data collected over several
intercomparisons Indicate that in the hands of
careful and well-trained analysts, It is possible to
obtain results that are reasonably comparable to
those obtained using neutron activation analysis.

The information we have compiled so far on sample
preparation techniques, Is not conclusive enough for
us to recommend one procedure over another. Again
depending on the analyst, laboratories using ignition
without wet-ashing appear to have done as well In the
past two intercomparisor.s as those that do wet-ash
their samples prior to ignition. The use of solvent
extraction prior to ignition appears to enhance the
sensitivity of UV lamp fluorometry and nay solve the
problem encountered by laboratories that have
reported lower limits of reliable measurement of > 5
ppb 0.

It is encouraging to note that the majority of our
participating laboratories satisfy the limits set by
the American National Standards Institute (9) for
relative bias and relative precision of radiobioassay
measurements. These limits are .50 for positive bias
and .25 for negative bias, and .40 for relative
precision. As of the December 1983 intercomparison,
except for one laboratory that confused urine blanks
with spiked samples, and another that quantified
uranium without any prior sample clean-up, only two
laboratories exceeded the ANSI limit for negative
bias and this was for the 6 ppb U spike. One of
these gives 10 ppb U as its lower limit of reliable
measurement, the other claims that their lower limit
is 3 ppb U.

In the July 1983 intercomparison, 4 out of the 6
laboratories that reported results for the 5 and IS
ppb U spikes which exceeded the ANSI limits, had
lower limits of reliable measurement of S or 10 ppb
U. Where relative precision is concerned, apart from
the laboratory that switched urine blanks with spiked
samples, only one laboratory had difficulty
with the 6 ppb U spike in the December
intercomparison, while two had problems with the S
and IS ppb U spikes in the July intercomparison.
These laboratories have lower limits of reliable
measurement of 5 or 10 ppb U. For all spikes > 34
ppb U (note that no spikes between 15 and 34 ppb
were distributed in the 1983 Intercomparlsons), with
the exception of the two laboratories mentioned
earlier whose problems are not lower limit of
reliable measurement-associated, values for relative
bias and relative precision are well within the ANSI

limits, and a dear general trend of Improvement Is
evident. We hope to s«e this trend continue, and
if the recommendations made above, which arc all
within the capabilities and resources of even the
smallest laboratories are implemented, there Is no
reason why this trend should not continue In future
intercomparlsons.
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ABSTRACT

This paper presents a computer model
for general analysis of radon risks which
allows the user to specify a large number
of possible models with a small number of
simple commands. The model is written in
a version of BASIC which conforms closely
to the American National Standards
Institute (ANSI) definition for minimal
BASIC and thus is readily modified for
use on a wide variety of computers, and
in particular, microcomputers.

My presentation illustrates the use
of this model through a number of examples
which include examinations of the effects
of model selection, smoking status of the
population at risk, and exposure regime
on radon daughter health risk assessments.

INTRODUCTION

The short lived decay products or "daughters"
of radon gas are potent lung carcinogens (1) and as
such they have been the object of a number of
investigations which assess risks of human exposure
using lifetable calculations (2,3,4,5,6,7).
However, despite the common approach of lifetable
methodology, there are a substantial number of
differences amoung these studies.

One basic dichotomy concerns the form of risk
model assumed. Three authors consider relative
risk models, in which lung cancer risk depends on
both the amount of radon daughter exposure and the
baseline lung cancer risk (3,4,7).

form:
A relative risk RR model takes the general

"ex = f(Dx> [1],

where q is the excess lung cancer risk at age x,
f(D ) is some function of the exposure acting at
age x and q is the baseline lung cancer risk at
age x. HowWer, f(D ) can take two forms:

f(Dx) = B cai-

f(Dx) = (1 + B)
Dx - 1

We term equation 2 the multiplicative form of
the model and equation 3 exponential form. In both
equations 2 and 3 B is the relative risk
coefficient. In equation 2 B is usually assumed to
be in the range 0.3 (8) to 3 (4) percent increase
per working level month (WIM) (for a discussion of
radon exposure and units see (9)). Equation 3 has
not been widely used for radon risk evaluations,
but where it has (8) it yields much smaller
estimates of B because of the exponential form of

the model. RR models, which are supported by
several studies of epidemiologic data (10,3,8) also
assume that radon exposure and cigarette smoking
interact multiplicatively in determining excess
lung cancer risk.

Four studies consider absolute risk (AR)
models, in which excess risk is a function of radon
exposure alone (2,5,6,7). The general form of this
model is:

= c [4],

where 0 and q are defined as in equation (1) and
C is the absolute risk coefficient, which falls in
the range 6 to 47 lung cancers per 1,000,000 person
year per WLM (11). In this model, which is also
supported by a number of epidemiologic studies
(11,12,13) smoking and radon daughter exposure are
assumed to be approximately additive in their
effect on lung cancer risk.

Risk projections also assume a diversity of
"at risk" populations. These include the United
States, 1969 (7), 1970 (4), 1975 (2,5,6) and
Canadian males, 1978 (3).

The various models also differ in their
approach to risk calculation. Some models consider
5 year age intervals (abridged lifetable data)
while others consider 1 year age intervals
(complete lifetable data). There are also
differences in both the way competing risks are
handled and the way effective radon exposure over
time is computed. This last factor has particular
importance in the case where exposure delivered t
years in the past is "discounted" to reflect
possible repair of radiation damage. That is:

Dx = x-t
exp (-rt) [5],

where D is the effective dose acting at age x from
an actual dose received at age x-t. The decay
constant r is generally chosen in the range of
0.035 to 0.023, which gives radon exposure a "half
life" of 20 to 30 years. This convention, first
suggested by Harley and Pasternack (2) has been
used in two recent NCRP radon risk evaluations (5,
6).

Given this diversity, the risk evaluator is
faced with a difficult problem of what combination
of assumptions to choose, and, having chosen, must
then find a way of implementing the model of
choice. One approach is of course to embrace a
particular model that has already been solved and
use its output in "back of the envelope" sorts of
computations.

* The opinions expressed here are those of the
author only, and do not reflect an official
position of the U.S. Nuclear Regulatory Commission
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This forces a particular set of assumptions on
the risk evaluator, which may or may not be
appropriate to the situation at hand, and precludes
any examination of the sensitivity of the resulting
risk estimate to the assumptions made. As an
alternative, one could work out a vareity of models
either by developing one's own computer codes or by
obtaining those of others. However, this approach
could be extremely laborious.

The computer programs described here are
designed to provide the risk evaluator a third
alternative, a set of computer programs that solve
General Analyses of Radon Risk (hence the package
name; GARR) and allow the user to specify a large
number of risk models with a small number of simple
commands. These programs are presently running on
a Hewlett Packard Model 75c microcomputer (14), but
are written in a version of BASIC which conforms
closely to the ANSI standard for minimal basic and
thus can easily be modified to run on a variety of
other microcomputers. (A version for the IBM
personal computer is expected to be ready in June,
1985).

SPECIFYING THE POPULATION AT RISK

For the calculation of lung cancer risk,
one must specify a lifetable which provides
age specific probabilities of death, and for
RR models age specific probabilities of lung
cancer death. This information is available
in two basic forms. The first, termed an
abridged life table, provides these data for 5
year age intervals, while the second, termed a
complete life table, provides these data for
single year age intervals (15). Complete data
is easier to work with from a computational
standpoint, but is less widely available (the
last complete lifetables for the U.S.
population are for the year 1970 (16)) and,
since single, rather than 5 year intervals,
are involved complete lifetables are more
laborious to input to a computer.

My program package provides a set of two
programs, GRADUATE and MULDEC, which simplify
matters by using abridged data of the form
shown in Table 1 (17) to estimate a complete
lifetable, which provides total probabilities
of death, q and probabilities of lung cancder
death, q , for ages, x, 0 - 100+. Since the
focus of my presentation is risk modeling, I
will not discuss these programs here. A full
discussion is provided in (18).

Smoking status is also of great interest
to radon risk assessment. Therefore, the GARR
code provides a program, SMOKER, which, with a
number of user supplied parameters, "splits" a
general population life table of the sort
produced by GRADUATE and MUL.DEC, into
Component life tables which describe the
general and lung cancer experience of "pure"
populations of smokers and nonsmokers.

Again, operation of this program, which
is treated in detail elsewhere (18) is
beyond the scope of this presentation. This
completes a short look at the GARR programs
which are used to specify the mortality
experience of the "at risk" population.

EVALUATING RISK OF RADON DAUGHTER EXPOSURE

RADRISK, which is the focus of my
discussion, is the program which actually
solves radon risk calculations. The basic
calculations are described in Appendix A.

A representative modeling session is
illustrated in Figure 1. The first question
is:

INPUT: KEYBD.(K) OR FILE (F)?>

Frequently used models can be defined in
the form of command files. However, since my
purpose is illustration of the process by
which a model is defined, I answered "K".
Therefore, the program begins prompting for
keyboard input. The first prompt:

AGE AT FIRST RISK?>

asks for the first age at which a non zero
excess risk of lung cancer, q , is allowed
(2). I selected 30. The next prompt:

"AGE AT FIRST EXPOSURE?>"

asks for the age at which exposure begins. I
selected 26. The prompt:

"AGE AT LAST EXPOSURE?>"

asks when exposure ends. I selected 41. The
next prompt:

"RISK/WLM - RR?>"

asks for. B, the relative risk coefficient. I
entered 0.02 (2 per cent per WLM per year).

The prompt:

"R.R.0PT10N(M,E, OR B)?>"

asks whether one wants to execute the
multiplicative form (equation 2) of the RR
model, the exponential form (equation 3) or
both. I elected to look at both. The prompt:

"R1SK/WLM/PY-A.R.?>"

asks for C, the absolute risk coefficient. I
picked 2E-5 (20 cancers per 1,000,000 person
year per WLM). The next prompt:

"LATENCY IN YEARS?>"

asks for the latency period assumed. This is
the minimum number of years which must elapse
between the time one receives a given radon
exposure and the time that exposure becomes
effective in inducing lung cancer. The
prompt:

"ANNUAL EXPOSURE IN WLM?>"

is self explanatory,
year. The prompt:

I selected 2 WLM per

"EXPONENTIAL CORRECTION?>"
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L'TEHC'1 !M
flNN'JAL EXPOSURE l':- ULH

EXPONENTS'') -.625
HGE SPECIFIC SEKSrTIf
ES'> ti

RfiMK RISK MODEL

R.R. C0EF=2.68E-862-'NL*
0PTION=B

flGE AT F.E.= 26
flGE AT L.E.= 41
HGE fiT FIRST RISK' 3«
HLH PER w.-M.m-m
LflTENCY= 5
EXPONENT C0R=-2.58E-8B2
SEH3ITIVITY=1
it******************
*»»«•»»*»*•*•***«*«•
FILE NAHE FOR INPUTS H"
LCHB
PURGE INPUT FILE?1- N
WORKING
POP. 1 =HNLCM'

BASELINE
L.E.=44.765
DEfiTHS/ie-5 -LC= 4889.8

RELRISK HOBEL-K
L.E.=44.494
LOSS LE<«OHS>= 2,53
5/18*5= 6275.5
EXCESS D'ieA5= 1*35.1

FltiVRF. I. A REPRESENTATIVE "RADR1SK"
MODELING SESSION

INPUT f'EVEE.'•'•'• ' : PI
iF)?1" K
OGE fi1 C?PST ? !$> ' ' ?e
CGf (•' F1PJT ESCGJ'JPE'

ftGE AT LPST BP05.'f: ':-

F.P.. OPTIONEE.OS E " '

factors W for age, x, 0-99. If this option
is selected an exposure, d , received at age x
is modified to a new effective exposure 0' ,

L.E.=4<.45"

LCSS LEtfOf?>= 2.95

EXCESS D'l«*5= 1676.6

L.E.=44.45E
LOSS LEMONS•= ?.«
1/18*5= 4819.?
EXCESS D.'1OA5= l l £ :

PUN flhOT«E(? POP'J-C
V

FILE m-i FOE INPi.tT
SUM
PUKE I * " ; ; F.r.E''--
HORKIfiu
POP. 2 =UK3«*ir

BfiSELIHE
L.E.=41.828
DEATHS/18*5 -LC= ?«

RELRISK HOBEL-H
L.E.=41.493
LOSS LE<HONS>=

EXCESS D/18A5= 2669.6

RELRISK HOJEL-E
L.E.=4! .*33
LOSS LE'tlOHS)= 4.77
D'18'5=11919.4
EXCESS Ii/ie*5= 3898.4

ABSRISt HOBEL
L.E.=41.614
LOSS LE<IMWS>= 2.57
D/18A5=18869.8
EXCESS 1/10*5= 1116.2

RUN flNOTHEP
N

HEM INITIflL CONDITIONS'?
N

EXECUTION ENDS

asks whether a correction of the form
described by equation 5 is desired. I
answered yes and selected an r value of
-0.025, which gives radon exposure an
effective "half life" of about 28 years.

The last prompt:

"AGE SPECIFIC SENSITIVITIES?:*"

was answered in the negative, but deserves
some discussion. If answered "Y" it allows
one to input the name of a file which contains
100 numbers which are exposure weighting

D'x"wx [6]

This feature can be useful in evaluating
occupational exposure situations. Say, for
example, a miner is exposed to a steadily
declining radon daughter level. This decline
can be expressed as descreasing sensitivity
weights.

Returing our attention to Figure 1, we
see that once a model has been parameterized
the parameters are listed under "RADON RISK
MODEL" and one is asked:

FILE NAME FOR INPUT?>

This asks for a file containing complete
life table data in the format produced by
GRADUATE, MULDEC and SMOKER. I choose
"WMLCMD" which is the file resulting from the
application of GRADUATE and MULDEC to the data
displayed in Table 1. Now the model is
complete and can be executed. The first
results, labled BASELINE, tell use that, in
1969, a typical white male in the United
States population had, at 26 years of age,
44.7 years of life expectancy and a lifetime
lung cancer risk of about 5£. The results of
our 3 risk models are then displayed in turn.
For the multiplicative form of the RR model,
life expectancy is modified to 44.5 years
which corresponds to a loss of about 2.5

TABLE 1: INFORMATION REQUIRED FOR
THE PROJECTION OF LUNG CANCER

RISKS—WHITE MALES—1969

AGE

0-1
1-5
5-10
10-15
15-20
20-25
25-30
30-35
35-40
40-45
45-50
50-55
55-60
60-65
65-70
70-75
75-80
80-85
83-90
90-95
95-100
100+

!!*

0.0213
0.0033
0.0024
0.0024
0.0077
0.0101
0.0086
0.0092
0.0132
0.0210
0.0337
0.0540
0.0851
0.1294
0.1828
0.2655
0.3524
0.4630
1.00
-.-
-.-
-_-

32158
5033
4273
4299
12352
13497
9914
8993

12782
22373
36257
53156
76206
97922

112983
124755
125861
102653
60602
23182
5197
633

he*

0
0
0
0
0

13
19
92

359
1133
2224
3938
6185
8045
8301
7147
4818
2156
696
147
18
2

*Total age specific deaths and lung
cancer deaths respectively
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months. The total risk of lung cancer rises
to 6.3% lifetime and the expected number of
premature deaths, here labled "EXCESS D/10A5",
is about 1439 per 100,000 exposed. The label
of this last quantity in the output is a
slight misnomer. A true excess death
calculation would be given by:

6275.5 - 4889.8 = 1385.7

which is smaller than the number of premature
deaths calculated. The apparant discrepency
is due to the fact that radon induced lung
cancer prevents some baseline lung cancer by
reducing the number of person years at risk.
Thus, the number of "premature" deaths is
always larger than the number of "excess"
deaths.

In the other two models, we see that the
exponential form of the RR model yields
somewhat larger effects while the AR model
yields the largest loss in life expectancy,
but only 1181 expected premature deaths. AR
models will always yield a relatively large
loss in life expectancy because they assume
risk is uniform over time for a given
effective exposure. RR models, on the other
hand, depend on the baseline lung cancer rate
which, as Figure 2 shows, is highest in the
elderly.

I also executed the model for another
lifetable by answering "Y" to the prompt
(Figure 1):

FIGURE 2. AGE-SPECIFIC LUNG CANCER DEATH
PROBABILITIES, U.S. WHITE MALES - 1969
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"RUN ANOTHER POPULATION?"

The file selected, "WMSMMD", contained a
life table for male smokers which was derived
from the file "WMLCMD" by the SMOKER program.
The BASELINE data show that smokers have a
shorter lifespan (41.5 years) than the general
population, but a much higher lifetime risk of
lung cancer (over 9% or about 9055 expected
deaths per 100,000). This is because they
have a somewhat higher risk of death from a
large number of diseases including non-
malignant respiratory disease, bladder cancer,
and heart disease, and a markedly increased
risk of lung cancer death (Figure 2). As one
would expect, the output in Figure 1 shows
that, under the two RR models smokers have
higher risks of premature death due to lung
cancer and a greater loss in life expectancy
compared to the general population.
Conversely, because they don't live as long to
start with, they have smaller risks under the
AR model.

This brings us to the end of the RADRISK
modeling session where I answred "N" to both:

"RUN ANOTHER POPULATION?"

and

"NEW INITIAL CONDITIONS?"

(had I answered "Y" to the last, I would
return to the model specification prompts) and
received the message:

"EXECUTION ENDS"

At this point the reader may wonder "what
happens if I make a mistake?" The answer is
that if the error is severe, you will receive
an error message like those shown in Figure 3,
and a request for revised input. If it is
more subtle (i.e., misspecifying latency as 10
years when you really mean 1 year) the model
specification which is always printed under
"RADON RISK MODEL" will pick up the
discrepency.

FIGURE 3. SOME REPRESENTATIVE "RADRISK" ERROR
MESSAGES

AGE PT FIRST RISK' 2>
OUT OF BOUNDS; 4<Pfi'51

PGE F.E.< 4 8 » flGF. I . E . '

RELATIVE PIStr(2.5k.£+eef
OUT OF BOUNDS- VfV.l

ABSOLUTE « I S « l . e 8 E - e e 2 '
OUT OF BNDS: 8<R2<2E-4

LflTENCYt 58.988)
OUT OF BOUNDS: 8<=T7<«6

EXPOSURE LEVEL<12.8fe+?

en
OUT OF BOUNDS; K H K 1 9 8

EXKmWIRi.<25.WE-e83>
OUT OF BOUND?:. -.2<G?<e

50 M 70 M

Agtlytan)

SO 95

Typically, one would not request an
output as voluminous as that shown in
Figure 1. Figure 4 shows a simple output.
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FE<;URI£ 4 . A SHORT "RAI11USK" OUTPUT

RflBOH RISK MODE.

R.R. coEF=i.eeF-e POP. : =«
BflSELIHE

flGE BT F . E . * 59
DGe pT L.E.= 58
flGE AT FIRST RJSr= 28
inn PEP ¥R.=ee.eeE+8ee
LflTENCV= 6
EXPONENT coR=ee,eec-eei
SENSITIVITY!

796.

LOSS LE(H0HS'= .72
D/18*5= 12b<.!
EXCESS D/ie*5* 559.1

Here the dialog is not routed to the printer.
This is the normal operating mode. The model
specification includes a relative risk
coefficient of 0.01 per WLM per year, the
multiplicative form of the RR model, an
absolute risk coefficient of 0, which says we
do not wish to execute the model, exposure
which begins and ends at 50, an age at first
risk of 20 (since exposure does not commence
till much later, this is irrelevant, but some
number must be specified), a total exposure of
80 WLM, no latency, no exponential correction,
and no sensitivity file. The question which
this formulation might answer is, assuming the
risk model specified, what is the remaining
risk of a 50 year old man who received 80 WLM
as a miner when he was in his twenties an
thirties? We also specify the lifetable file
"WMNSMD" which describes the mortality
experience of a population of nonsnokers. We
find that his baseline life expectancy is
about 26 years and his risk of death lung
cancer is about 0.71 percent. Because he is a
nonsmoker, the projected effects of his early
exposure are not large, 0.7 months loss in
life expectancy and a 0.56 percent risk of
premature lung cancer death.

USING RADRISK AS A RESEARCH TOOL

Though RADRISK is a useful tool for
evaluating particular radon daughter exposure
scenarios its greatest strength is that it
allows one to rapidly consider a spectrum of
risk models and examine the impact of
different parameterizations. In the example
presented here we consider an occupational
exposure of twenty years to 4 WLM per year.
The age at first exposure (start of mining) is
set at either 20, 30 or 40. Four lifetables,
all United States white males - 1969 (17),
smokers and nonsmokers derived from the
preceeding, and all United States white males
- 1978 (19) are taken to define the at risk
populations. Four risk models were defined: a
multiplicative relative risk (RR) model
(equation 2) with 10 year latency, age at
first risk 30, a risk coefficient of 0.01 per
WLM per year, and no discounting of radon
risk; the same model with a discount rate of
-0.023 (a half life for radon exposure of
about 30 years); an absolute risk (AR) model
with a risk coefficent of 0.00001 lung cancer

deaths per WLM per person year, age at first
risk 30, a 10 year latency, and no discount of
radon daughter exposure; the same model with a
discount rate of -0.023.

Thus, we considered 4 at risk populations
by 3 ages at first exposure by 4 risk models
or a total of 48 separate risk evaluations.
These were defined and evaluated in about 1
hour.

Table 2 displays the baseline life
expectancies for the populations at risk and
ages at first exposure. As one would expect,
life expectancy decreases with increasing age.
Smokers have the smallest life expectancy,
while nonsmokers have the largest. There has
been a significant (1.7 year) increase in U.S.
white male life expectancy between 1969 and
1978.

TABLE 2: BASELINE LIFE EXPECTANCY
IN YEARS BY AGE AT FIRST EXPOSURE

Population

All Males 1969
Smokers
Nonsmokers
All Males 1978

Age at first exposure
20 30 40

50.2
47.3
53.0
51.9

41.0
38.1
43.9
42.7

31.8
28.9
34.7
33.5

Table 3 displays baseline lifetime lung
cancer risk. Unlike life expectancy this does
not decrease with increasing age at first

exposure. The lower risks shown by the 20 anc!
30 year old ages at first exposure result from
the fact that virtually all the lung cancer
risk is past 40 (Figure 2). Those who enter
the risk calculation at 20 or 30 have a lower
average risk because some of them die of
causes other than lung cancer before reaching
age 40.

TABLE 3: BASELINE LIFETIME LUNG CANCER
RISK IN DEATHS PER 100,000 BY AGE

AT FIRST EXPOSURE

Population

All Males 1969
Smokers
Nonsmokers
All Males 1978

Age at first exposure
20 30 40

4836 4922 4985
8954 9177 9271
725 734 721

6700 6816 6910

As noted earlier, somkers have the
highest lung cancer risk, and nonsmokers have
the lowest. There has been an appreciable
increase in lifetime lung cancer risk in white
males between the years 1969 and 1978. This
is attributable to both the improved life
expectacny shown in Figure 1 and strong
temporal changes in cigarette consumption
(20).
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These differences in baseline life
expectancy and lung cancer both amoung
populations and across ages at first risk are
reflected in Tables 4-7 which describe loss in
life expectancy under no discounting and
discounting (Tables 4 and 6) and premature
lung cancer death expected per 100,000 for the
same conditions (Tables 5 and 7).

Comparing Tables 4 and 5 to Tables 6 and
7 we see that assuming only a small amount of
repair can greatly affect the magnitude of
one's lung cancer risk estimates. More
generally, we see that if RR models apply, the
assumed smoking status of the population at
risk is a very large consideration in one's
risk assessment. Also, under RR models,
especially for the case where radon daughter
damage is repaired, it does not make much
difference when the radon exposure is
received, but under AR models risk is a
declining function of age at first exposure.

These sorts of observations have obvious
policy implications. For example, if RR
models apply, getting miners to quit smoking
is an important public health objective. If
rapid repair of radon damage is taking place,
and RR models hold, one might want to
discourage older men from beginning a career
in mining because their risks would be
disproportionately high. Further, it is
important to determine which assumptions
really are correct because of the very great

difference they can make to both risk
estimates and policy decisions. Finally,
until we know which assumptions are correct,
it is useful to have flexible modeling tools
like RADRISK so that the sensitivity of a
particular risk evaluation, or policy
decision, to the assumptions which generated
it, can be evaluated.

TABLE 4: LOSS IN LIFE EXPECTANCY,
GIVEN IN MONTHS, DUE TO PREMATURE
LUNG CANCER DEATHS. A TWENTY YEAR

EXPOSURE TO 4 WLM PER YEAR IS ASSUMED.
RESULTS ARE GIVEN FOR THE RR AND AR
MOOELS, WITH NO REPAIR OF RADON.

DAUGHTER DAMAGE.

TABLE 5: PREMATURE LUNG CANCER DEATHS
PER 100,000 AT RISK. ASSUMPTIONS ARE

THE SAME AS IN TABLE 4.

Population

All Males 1969
RR
AR

Smokers
RR
AR

Nonsmokers
RR
AR

All Males 1978
RR
AR

Age at
20

3699
2487

6672
2266

552
2707

5102
2620

first
30

3499
1788

6312
1568

526
2008

4907
1915

exposure
40

2832
1131

5069
929

468
1333

4131
1240

TABLE 6: LOSS IN LIFE EXPECTANCY,
GIVEN IN MONTHS, DUE TO PREMATURE LUNG
CANCER DEATHS. A TWENTY YEAR EXPOSURE
TO 4 WLM PER YEAR IS ASSUMED. RESULTS

ARE GIVEN FOR THE RR AND AR MODELS, WITH
EXPONENTIAL REPAIR OF RADON DAUGHTER

DAMAGE (30 YEAR HALF-LIFE).

Population

All Males 1969
RR
AR

Smokers
RR
AR

Nonsmokers
RR
AR

All Males 1978
RR
AR

Age
20

3.0
3.5

4.7
3.0

0.4
4.0

3.9
3.8

at first
30

3.1
2.1

4.8
1.7

0.4
2.5

4.1
2.3

exposure
40

2.4
1.1

3.7
0.8

0.3
1.4

3.4
1.2

TABLE 7: PREMATURE LUNG CANCER DEATHS
PER 100,000 AT RISK. ASSUMPTIONS ARE

THE SAME AS IN TABLE 6

Population

All Males 1969
RR
AR

Smokers
RR
AR

Nonsmokers
RR
AR

All Males 1978
RR
AR

Age
20

5.9
5.7

9.1
4.8

0.8
6.6

7.9
6.2

at first
30

5.2
3.3

8.0
2.6

0.7
3.9

7.1
3.6

exposure
40

3.7
1.6

5.6
1.2

0.5
2.0

5.3
1.8

Population

All Males 1969
RR
AR

Smokers
RR
AR

Nonsmokers
RR
AR

All Males 1978
RR
AR

Age at
20

1710
1381

3163
1295

223
1467

2272
1437

first
30

1939
1072

3579
967

253
1176

2635
1136

exposure
40

1789
727

3278
614

261
841

2556
791
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A CLOSING NOTE OF CAUTION

The program package presented here was
designed to be a fairly powerful tool for the
implementation of radon risk models, and like
any tool it can produce bad results if it is
misused. In the preceeding sections, I did a
lot of mixing of assumptions regarding risk
coefficients, populations at risk, and
exposure scenarios, and, for heuristic
purposes at least, the results are useful.
However, one should be aware that risk
coefficients, for example, are best used with
the same assumptions as were made in the
analysis which generated them. Say that we
arbitrarily take a relative risk coefficient,
generated by analysis of epidemiologic data
which assumed no repair of radon damage, and
apoly it in a model with a discount factor of
-0.04 (a half life of about 17 years for radon
damage). It will give rather small health
effect estimates but, had we applied the same
repair convention in our initial data analysis
we would have obtained much lower effective
exposures and thus a higher estimate of risk
per unit exposure. Thus, our risk projection
is probably an underestimate. Similarly, if
one estimates a risk coefficient using the
multiplicative form of the RR model (equation
2) and applies the result in a projection
which assumes that the exponential form
(equation 3), the result will overstate risk.

There are no hard and fast rules which
determine which model specifications are good
and which are not. One must, simply think out
the problem before applying the computer
model. It is my belief however, that with
careful use, modeling programs such as the one
described here can play an important role in
the risk assessment/risk management process.

APPENDIX A: LIFETABLE CALCULATIONS

Life expectancy in the absence of
exposure is calculated from the age specific
probability of death q . First, the
probability of survival to each age x

x-1

Sx = n (l-qfc) [x=l;2;3---; 100] [Al],

k=0

is calculated.

[TI is the product notation;

Baseline life expectancy, E, for some age
at first exposure f is then given by

100 99

(S 100 / q 9 9 ) ] [A2].

The term 1/S- accounts for the fact that
everyone who is exposed at age f is alive at
that age. Each year survived contributes 1
year to life expectancy. Deaths during the
first year of life (age zero) contribute only
0.1 year to life, because most mortality which
occurs is during the first month or two of
life. In subsequent years we assume that,
having survived to a specific age, deaths
occur, on average, halfway through the year
and thus contribute 0.5 years to E. The last

term (S 0.8,
100 is an empirical

correction, based on the last decennial life
table (16), which accounts for the fact that
our calculation carries age specific mortality
only through age 99.

Life expectancy in the presence of radon
exposure E' is calculated in exactly the same

way except modified age specific probabilities
of death q'x, are used for ages 30 and beyond;

[A3]-"'x = qex
where q is given by either the RR or AR risk
model (equation 1 or 4). Loss in life
expectancy per exposed individual, L , is
obtained by subtracting E' from E.

L ,

The probability of premature lung cancer
death, R, is calculated as

100

= z
x=f+l

Sx >x
[A4],

where q is defined as in equation A3 and S'v
is the probability of surviving the age x
calculated as in equation Al, but using q'
rather than q values. This is easily *
converted to pYemature deaths per 100,000, D,
by multiplication

0 = 100,000 • R [A5].

These general calculations are correct
for any situation. However, the reader should
remember that, for example, during the asumed
latency period no cancer can occur and q is,
by definition, zero.
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DISCUSSION

Question (Napier): Is the model flexible enough
to provide a variety of smoking histories for both
the individual and population?

Answer: Yes. One of the programs in the package,
called "Smoker", is specifically designed to allow
one to consider a variety of smoker populations
and a variety of non-smoker populations, as well.

Question (Napier): Doesn't fitting the data to a
variety of models bias the experimental design of
a study by selecting the model that best suits the
research?

Answer: Given the flexibility of the program, one
can almost certainly select the model which
appeals most to one's preconceptions. However its
flexibility also allows fairly detailed
sensitivity analyses which will identify such
biases.
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Question (Masse): Your paper stressed the point
that "repair" could be a very important factor for
risk assessment of young exposed people. Have you
any suggestion for a biological indicator of
"repair"?

Answer: The model is capable of handling repair.
I do not believe there is good evidence for or
against such processes but 1 think it is an
important research question.
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THORON DAUGHTER TO RADON DAUGHTER
RATIOS IN MINES.

E. STRANDEN

National Institute of Radiation Hygiene
P.O. Box 55, N-1345 Osteras, Norway

ABSTRACT

The thoron daughter to radon daughter
ratios in mines are discussed. Measurements
of the ratio in Norwegian mines are presentee'.,
and these results are compared to results
obtained in Canadian Uranium mines. Where the
concentration of Th-232 in rock is high, the
thoron daughters may dominate the doses to the
miners.

INTRODUCTION.

In a previous paper, we discussed the ratio
between thoron and radon daughters in differ-
ent atmospheres (1). Other, theoretical
studies have recently discussed models for
radon and thoron daughter concentrations in
mines (2). Some experimental results have
also been published, especially by Bigu (2).
In some cases the potential a-energy of thoron
daughters have been found to be higher than
that of radon daughters, but in most cases,
the radon daughter concentrations are dominat-
ing (2).

From the previous findings, it has been
suggested that thoron daughters could be the
main contributors to the doses from inhaled
a-energy in Th-rich areas. In this study, we
will present the measurements made in mines
in the Fen area, a Norwegian area known to
have high thorium concentrations in several
types of rock. These results will be compared
to results obtained in other Norwegian non-
uranium mines and in uranium mines in
Canada.

MATERIAL AND METHODS.

Measurements were performed in 2 abandoned
mine tunnels in the Fen area and in 2 mines
outside this area. Measurements of Ra-226
and Th-232 in rock samples from the Fen area
were also performed. The activity of the
rock samples were made by y-spectrometry
with a 90-cm3 Ge(Li) detector and a multi-
channel analyzer. The details of the
method is decribed elsewhere (3). The
potential a-energy concentrations of radon
and thoron daughters were performed by a
simple two-count method (4).

100V-
-

o
o

L o
o

+-MEAN
*-MEDIAN

o MINE! :
• MINE 2 -
x MINE 3 '
+ MINE i.

10

Ul

.̂  w

0.1

0.01

•-MEAN

^-MEDIAN

MEAN
MEDIAN

FEN AREA OTHER AREAS

1: MEASUREMENTS OF THE THORON/RADON
POTENTIAL ALPHA-ENERGY RATIO IN NORWEGIAN
MINES.

RESULTS.

In fig. 1, the results of potential '.-energy
concentrations are shown, and table 1 summa-
rizes the activity concentrations of Ra-226
and Th-232 in rock samples from the Fen
area.
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TABLE 1: ACTIVITY CONCENTRATIONS OF SOME
ROCK SAMPLES FROM THE FEN AREA.

Type of
rock

Red rock

Rauhaugite

SeSvite

No of
samples

12

4

6

Activity
Ra-226

160(44-550)

130(20-290)

310(10-1400)

Concentration (Bqkg )
Th-232

4000 (670-12 000)

560 (160 -7 000)

310 ( 10 - 780)

DISCUSSION.

The results of fig. 1 clearly show that the
ratio between thoron and radon daughters in
mine 1 is very high. This mine is situated in
the red rock area where the Th-232/Ra-226
ratio is high (Table 1). In mine 2, the ratio
is much smaller, the dominating rock being
S0vite.

In the areas where mine 3 and mine 4 are
situated, we have no measurements on Th-232
and Ra-226 of representative rock samples,
but a few measurements made earlier indicate
that the Th-232/Ra-226 activity ratio is
about unity (5).

In mine 4, we find the lowest ratios. This
is probably due to the fact that this is an
old and deep mine, and the ventilation air is
contaminated with radon.

In the Canadian uranium mines study, values
of the Tn/Rn-ratio of between 0.5 and 1 were
most frequently found. A few values of more
than 3 were also reported (2). The author indi-
cated a unit Th-232/U-238 gram ratio in rock
from these mines. This suggests a Th-232/Ra-226
acticity concentration ratio of about 0.3

In table 2, the main findings of measure-
ments in Norway and Canada are summarized.

As seen from this table the Tn/Rn ratio
(R^ for unit Th-232/Ra-226 ratio (R2) is
higher in the Canadian Uranium mines than in
the Norwegian non-uranium mines. This is
probably due to a better ventilation practice
in the uranium mines, resulting in "younger"
air.

As an average, the findings of this study
and in the Canadian uranium mine study
suggest that in non-uranium mines, the thoron
ratio is on average 0.5-1 for a unit
Th-232/Ra-226 activity ratio in rock
For mines with old air this ratio will be
lower and for mines with young air the ratio
could be somewhat higher. The Canadian
results suggests that the ratio is higher in
uranium mines.

If we look at mine 1 and use the dose
conversion factor of ICRP (1981), we see
that the effective dose equivalent from
inhaled thoron daughters in this mine is a
factor about 10 higher than the effective
dose equivalent from inhaled radon daughters.

Table 2: THE RATIO POTENTIAL ALPHA-ENERGY CONCENTRATION OF THORON
DAUGHTERS TO POTENTIAL ALPHA-ENERGY CONCENTRATION OF RADON DAUGHTERS
(R,) AND THE TH-232/RA-226 ACTIVITY CONCENTRATION RATIO (R,) IN
DIFFERENT MINES. ^

Study

Norway
(Normal areas)

Norway
(Fen area)

Canada *)
(Uranium mines)

Mine
Mine

Mine
Mine

3
4

1
2

0.
0.

30
0.

0.

F

1(0.
5(0.

(15
6(0.

7(0.

I.

02-0.3)
02-0.8)

- 50)
2 - 2 )

5 - 1 )

1
1

25
1

R.

(0,
(0.

2

.5-2)

.5-2)

(15-60)
(0.5-2)

0.3

Rl

0
0

1
0

2

/R2

.1

.5

.6

*) Ref (2)
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CONCLUSIONS.

Prom the findings in Norwegian non-uranium
mines and in Canadian uranium mines, the
following conclusions may be drawn:

1) In most cases , the dominating con t r ibu to rs
to the dose from inhaled a-energy in mines
are the radon daughter products .

2) In some areas where the Th-232/Ra-226
act ivi ty ra t io of rock i s high, inhaled
thoron daughters may be dominating.
In areas where the Th-232 concentrations
of rock i s very high, the resul ts strongly
suggest the thoron daughters in a i r may
resul t in high inhalation doses to the
miners.

3) The resul ts of the study is supporting the
models indicating that the thoron daughter
to radon daughter ra t ios are higher when
the mine a i r i s young. This i s probably
also the reason for the higher rat ios found
in uranium mines compared to non-uranium
mines.

DISCUSSION

Question (Schery):
any insight into
22*Ra content of

Do your measurements provide
models relat ing 226Ra and
rock to radon and tboron

exhalation? For exanple, are the measurements
consistent with comparable escape coefficients for
both radon and thoron?

Answer: No, we have not looked a t th i s problem
closely. The main aim of our study was to find
out what kind of Tn/Rn ra t ios you would expect In
different types of mine atmospheres. We have,
however, made a few, rather crude, exhalation
measurements on rock samples froa the Fen area .
These measurements suggested that the escape
coefficients were about equal for radon and
thoron.
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EVALUATION OF RADIOLOGICAL HAZARDS
ASSOCIATED WITH MINERAL SANDMINING

G.C. MASON, M.B. COOPER, S.B. SOLOMON, M.J. MILKS

Australian Radiation Laboratory
Lower Plenty Road, Yallambie,
Victoria, Australia, 3085

ABSTRACT

Radiological hazards that may be involved in the
mining of mineral sands are assessed in the light of
measurements made at mineral sandmining sites in
Australia. The radiation hazard is associated with
monazite, which is a small proportion of the total
mineral content of the sands. The primary exposure
mechanisms are external gamma radiation and
inhalation of monazite dust containing thorium and
its daughter nuclides. Thoron and thoron-daughter
concentrations are found to be very small. In some
areas there are uranium-series radionuclides in the
mineral sand which give rise to additional exposure.

The most difficult hazard to assess accurately is
that of inhalation of monazite dust. Particle-size
distributions and, particularly, activity
concentrations are found to vary during the mineral
separation process, depending upon time, place,
operations in progress and, to some extent, the
method of sampling inhalable air.

INTRODUCTION

different pathways for radiological exposure.

In consultation with the mineral sands industry, a
programme to study these pathways and develop
methods for dose assessment, has been conmenced by
the Australian Radiation Laboratory.

MINING AND SEPAKATIUN

The major features of a typical mineral sandmining
operation (1) are illustrated in Fig. 1, although
specific processes vary fro* site to site depending
upon the mineral composition of the ore. Unlike
other kinds of mining, there are no blasting or
crushing operations and no chemical processing. Ore
is excavated as a sand and passed by truck or
conveyor directly to a wet separation plant, where
oversize material is screened out and the
heavy-mineral fraction is separated by sedimentation
in water using cones or spiral separators. The
heavy-mineral concentrate is de-watered and dried
and transferred to a secondary separation process
which makes use of the different physical attributes
of each mineral to separate it from the others.

Mineral sands are mined primarily for their
heavy-mineral content: ilmenite, rutile and zircon.
They also contain small but economically recoverable
fractions of some of the rare-earth minerals,
including monazite. Ilmenite contains 55-60 percent
titanium dioxide and is much used in the manufacture
of white pigments. Rutile is a rich source of
titanium metal, containing about 95 percent titanium
dioxide. In some areas, the high-yield mineral is
leucoxene, containing 85-90 percent titanium
dioxide. Zircon is used as a high-temperature
moulding sand and in other refractory applications
and is a source of zirconium metal. Monazite is a
phosphate mineral containing 60 percent rare-earth
including lanthanum, cerium, neodymium, gadolinium
and dyprosium. This mineral also contains both
thorium and uranium bound in the sand grain matrix.
Xenotime, an yttrium mineral, may also be present.

Although the monazite fraction may be only a few
hundredths of a percent of the raw sand, as mined,
the mineral separation process concentrates the
heavy minerals and discards the silica sand.
Monazite itself is separated from the other minerals
to a concentration of about 90 percent. The
monazite product is a fine sand that contains up to
6 percent "Zjh by weight and it has a specific
activity of some 2 x 105 Bq kg-1 for each
thorium-chain radionuclide. In its concentrated
form, it thus presents radiological problems of a
similar kind to those of high-grade uranium ore or
yellow-cake product. However there are marked
differences in the processing methods resulting in

FIGURE 1
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High-field electro magnets pull the magnetic
i linen ite from the other less magnetic grains.
Electrostatic separators divide rutile, a conducting
mineral, from the less conducting zircon and
monazite. A further stage of magnetic separation
divides monazite and zircon. The monazite stream is
purified by gravity separation using air tables to
remove the lighter particles such as zircon, quartz
and staurolite that have separated with the
monazite. A concentration of about 90 percent
monazite can be achieved.

The physical separation of mineral grains using
gravitational, electric and magnetic fields is
imperfect. In reality, the process described
over-simply above consists of multiple passes of the
mineral ore through many separation stages, and can
include further wet separation using spirals or wet
tables. Separated heavy-mineral products contain
small impurities of other minerals, including
monazite. The monazite impurity is, however, small
and of little radiological significance, with the
exception of two minerals found at some sites:
xenotime, separated for its yttrium content, and
garnet, used as an abrasive material. These latter
products may contain a few percent of monazite as an
impurity.

SOURCES OF EXPOSURE

External radiation

Absorbed dose rates* increase through the
separation process as the monazite concentration
increases, ranging from about 0.1 tiGy hr~l (10
uR/hr) over the ore body, through 1 uGy hr-1 (100
iiR/hr) in the initial stages of the secondary
separation process, to 10 yGy hr~l (1 mR/hr) or
more near the monazite air tables and bagging
station. Monazite product is shipped in 2-tonne
bags and absorbed dose rates may reach 100 pGy
hr-1 (10 mR/hr) or more at some locations in the
bag store depending upon the geometry of the bagged
product and the exposure site. Only one or two
operators are required to work in the monazite
purification and bagging area for extended periods,
and the bag store is entered only to deposit new
bags or to retrieve product for shipping.
Consequently, dose equivalents from this source are
typically kept below 25 mSv per year for the most
exposed workers, with about 75 percent of the
monitored workforce receiving less than the public
limit of 5 mSv per year. In some plants with low
monazite production there are no employees with
doses exceeding the public limit (1).

Clearly, care needs to be taken to minimise the
exposure of operators working in areas of high gamma
flux, and good design of bagging, lifting and
transport equipment incorporating adequate shielding
will help to reduce exposure, but in general this
source of exposure is easily identified and readily
controllable.

Radioactive dust

Oust is not a problem, radiological ly, in the
mining or wet separation stages; in the secondary
separation plant, however, dust can be a potential
health hazard. Most processes require a very dry
material for efficient separation and there is a
great deal of mechanical handling of the sand. The
separation processes, whether electrostatic,
magnetic or gravitational, necessarily involve the
spatial separation of one kind of mineral sand grain
from another, and when this is effected at nigh flow
volumes and in very hot and dry conditions, a
significant quantity of the finer fraction of the
sand is thrown into the air. The larger particles
(> 100 pm) have high settling rates and present a
surface contamination problem rather than a direct
inhalation problem, but the smaller particles become
airborne and may be inhaled.

Dry separation plants tend to be of open
multi-storey design with steel mesh floors between
each level. Separation equipment is, in general,
not enclosed. Consequently, dust raised at one
location can migrate to another, depending upon
patterns of air flow. The problem is compounded
when occasional blockages occur in a separation
stream, causing back up of material and spillage
onto the floor, with a cascade through the mesh to
lower levels. Much of the dry separation plant
therefore experiences high dust levels in the "air
and on surfaces. The radioactive content of the
dust is related to the monazite content of the
material being processed. The lower specific
activity of the dust in the earlier stages is
counter balanced to some extent by higher total dust
concentrations. As a result the radioactive dust
concentrations may be significant throughout the dry
separation process. The problems associated with
the radiological assessment of the dust are
discussed below.

Other sources of exposure

Thoron and thoron-daughter concentrations are
found to be extremely low: from a few mi Hi-Work ing
Levels down to a lower limit of detection of about
10"4 WL (i.e. < 10-7 j m - 3 ) . The parent
thoron has a short half life (55s) which does not
permit significant diffusion from bulk material.
Thoron emanation coefficients have been estimated as
less than 1 percent (2). Radon and radon-daughter
concentrations are also low since uranium is present
only as a few percent of the thorium concentration.

Ingestion of radioactive dust is of relatively
minor significance since the usual working rules
apply for radiation areas, such as prohibition of
eating, drinking and smoking in controlled areas,
and the use of change-room facilities. Ingestion is
also radiologically much less sensitive than the
inhalation pathway.

CHARACTERISATION UF THE OUST

* The quantity measured is, of course, exposure.
However, we take 1 mR (2.58 x ' 10-7 c |<g-l) to be
equivalent to 10 iiGy for the purposes of this paper.

It is clear that the monazite dust inhalation
pathway is not well understood and that the exposure
to monazite dust is potentially hazardous to
health. To establish committed dose equivalents
from this source requires air sampling and
characterisation of the collected dust in terms of
activity concentration, p.article size distribution,
radionuclide content and chemical form.
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baffle
air inlet

! glass plates

(a)

o

ena.
0.2 0.5 1.0 2.0 5.0 10 20

PARTICLE DIAMETER(/jm)

( b )

(a) Schematic cross-section of cascade impactor
(b) Cut-off curves for cascade impactor

Particle size

Particle sizing has been carried out at two
mineral sandmining plants in Australia using an
eight-stage Andersen cascade irapactor (Fig. 2). Dry
glass plates were used for collection and a flow
rate of 27 1 min-1 (1 cu.ft./rain) maintained for
between 40 and 450 minutes, obtaining samples of
from 1 to 12 cubic metres of air. Using inertial
impaction, particles are selected by aerodynamic
diameter, and by measuring the activity collected on
each stage, activity median aerodynamic diameter
(AMAO) was obtained directly.

To measure activity, each collection plate was
wiped with a 47 mm cellulose filter paper soaked in
toluene and folded in half to give a straight edge.
Often a single sweeping motion around the plate was
sufficient to remove all observable dust, a second
wipe with the same filter paper being necessary on
some occasions to pick up the residue. The filter
paper was then folded inward again, sealing the dust
inside, and placed into a 20 ml vial. After
collecting the dust from each stage in this way, the
vials were filled with a toluene-based liquid
scintillant and subsequently counted for beta

activity - a delay being imposed to allow
short-lived radionuclides to die away. Activity
calibration was made with the same counting
arrangement using a standard monazite powder-

Since larger particles rapidly reach their
terminal velocity and have a near-vertical
trajectory downwards, the probability that they will
be inhaled is low, particularly in the case of nose
breathing. To collect samples that were reasonably
representative of "inhaled air" (3), a baffle was
used over the impactor inlet to prevent larger
material from falling in (Fig. 2).

The preliminary results for two sandmining plants,
summarised in Table 1, show that AHAUs are fairly
uniform throughout the dry separation plant,
averaging about 6 ptn.

TABLE 1: AMADs OF SAMPLED OUST

Location AMAU*
(separation section) (um)

Large-particle
ratio*

Ilmenite
Rutile
Zircon
Monazite

3.6 - 7.5
4.8 - 6.5
5.3 - 8.5
5.6 - 7.0

O.6 - 1.8
0.3 - O.5
0.3 - 0.4
0.2 - 1.9

* AMADs determined using baffle (see text)
+ This column gives the range of values found for
the ratio (activity >10 ym)/(activity <10 vm) when
the baffle was removed.

Also evident, when samples were collected without
the baffle, was a very variable large-particle
component above about 10 um. The size distribution
of this latter fraction is not known, but it is of
relatively small radiological significance since it
is almost entirely deposited in the nasal passages,
if inhaled at all, and transferred to the
gastro-intestinal tract.

Dust concentrations

Dust concentrations have been measured partly by
summing the results from each impactor stage, but
also through a separate program of dust sampling
using positional and personal samplers. Dust was
collected on 47 mm, 0.8 wm-pore filters using
portable 2 1 min-1 pumps at several locations. In
addition, some high-volume spot samples were taken.
Filters were counted for gross alpha activity, and
conversion to 232fn activity made through
calibration with a standard monazite powder.
Preliminary results from this work, for two mineral
sandmining plants, are shown in Table 2> indicating
that monazite dust concentrations can be significant
throughout the dry separation plant - the smaller
monazite fraction at the ilmenite end of the
separation process being balanced to some extent by
higher total dust levels. Results for both plants,
although not necessarily representative of all
sandmining operations, are below the present West
Australian limit for 232jh activity concentration
of 1.1 Bq m-3.
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TABLE 2: MONAZITE OUST CONCENTRATIONS IN AIR

Location Mean 232jh Range of cones,
(separation section) concentration (Bq m"3)

(Bq m-3)

p
L
A
N
T
1

P
L
A
N
T
2

Ilmenite
Rutile
Zircon
Monazite
Bag store
Mine site

Ilmenite
Rutile
Zircon
Monazite

0.
0.
0.
0.
0.

0.
0.
0.
0.

,24
13
11
26
007
0.01

02
01
03
02

0.18
0.05
0.06
0.07
0.0
0.004

0.01
0.003
0.005
0.01

- 0.36
- 0.26
- 0.17
- 0.47
- 0.01
- 0.02

- 0.05
- 0.01
- 0.03
- 0.03

Work is continuing, in collaboration with the
mineral sands industry (through the Chamber of Mines
of Western Australia), in order to determine
concentrations representative of inhalable air in
the breathing zone and to develop standard
monitoring methods and techniques for dose
assessment.

Radionuciide content

Gamma and alpha spectroscopy of bulk mineral sand
and monazite product indicates that secular
equilibrium generally obtains throughout the thorium
series of radionuclides present. Loss of thoron and
its daughters is negligible due to the short
half-life of thoron and its inability to diffuse out
of the sand before decay. An exception is expected
in the case of airborne dust since emanation of
thoron from individual particles is likely to be
high, both by diffusion through the mineral matrix
and by direct recoil. Disequilibrium is also
possible for the uranium-series nuclides, when
present, due to loss of radon and its daughters.

The uranium-series fraction may be as high as 10
percent, but is typically less than 5 percent by
mass of the thorium fraction. However, since the
specific activity of 238(j is about three times
that of 232Th, the activity contribution can
be 5 - 30 percent of that for thorium.

A detailed chemical analysis has yet to ba carried
out, but for the purposes of the radiological
assessment below, the thorium is assumed to be
present as an oxide in rare-earth phosphate matrix.

RADIOLOGICAL EVALUATION OF THE DUST

The distribution and retention of monazite dust
according to the ICRP 30 lung model (3) is shown in
Fig. 3 for Class Y and an AMAD of 4 pm. The most
sensitive terms in calculating committed dose
equivalents are transfer of the thorium to body
fluids, and on to bone surfaces, and retention in
the pulmonary region of the lung. The long

FIGURE 3

Retention-jy
fraction(%)

D i { } x - Deposition
— —probability

a—.i

KEY

Compartment
retention
half-time
(days)

Figure 3 ICRP 30 Lung Model used to describe
clearance from respiratory system.

Deposition Regions:
D|g_p: Nasal passages
DJ_B: Trachea'and bronchial tree

Dp: Lung Parenchyma

retention times lead to an Annual Limit on Intake
(ALI) for 232jh that is significantly smaller than
other nuclides in the series.

Since the deposition site of the dust is a
function of particle size (Fig. 4), the ALI must be
modified for AMAD in the manner recommended by the
ICRP (5). This yields an ALI of 200 Bq for 2&Vn
and each of the other nuclides in the series. If
uranium-series nuclides are present, further
modification is necesary. For a 2000-hour working
year a Derived Air Concentration of 0.08 Bq m-3 is
implied for 232yn and each daughter.

It is clear from Table 2 that some of the measured
concentrations exceed 0.U8 Bq m-3. However,
operators spend only part of their working shift
exposed to dust, the rest is spent inside
air-conditioned work rooms on each floor. Over an
extended period, occupancy factors thus reduce
actual intake. Potentially hazardous operations,
such as the cleaning of monazite air tables are
carried out using dust masks, affording a measure of
protection against inhalation of monazite. When
averaged over the range of sites occupied by an
operator, annual intakes will be
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FIGURE

'1 2 5 10 20 50 80 95 98

DEPOSITION PROBABILITY (°/o)

Deposition probability as a function of particle
diameter. Cross-hatched areas give ICRP task group
estimates (4); straight lines give subsequent ICRP
recommended values (3).

reduced. Moreover, the monazite dust concentrations
from Table 2 include a contribution from material
>1O ti"i in size. Nevertheless, the values measured
are close to the ICRP 30 derived limits, and
assessment of this exposure pathway is continuing,
together with an examination of possible changes or
modifications to the plant engineering.

SUMMARY
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DISCUSSION

Question (Viljoen): Regarding protective
equipment for workers, do the workers
respiratory protection?

have

Answer: Not routinely for all workers. Those
carrying out particularly dusty operations, such
as monazite bagging or cleaning raonazite air
tables would wear a dust mask.

Exposure to radiation of workers in the dry
separation process of a mineral sandmining operation
comes predominantly from inhalation of monazite dust
and from external gamma radiation, particularly in
the monazite separation and bagging stages.
Absorbed doses are comfortably below the
occupational limit, but committed dose equivalents
from monazite dust inhalation may approach the limit
recommended by the ICRP if areas of high activity
concentration are occupied for long periods without
respiratory protection. The dust is characterised
by an AMAD of about 6 »in and is highly insoluble.
Work is progressing on direct determination of the
radionuclide content of the dust and on the
reliability of air sampling techniques.

Question (Viljoen): Are there ventilation systems
within the facility?

Answer: Only natural ventilation.

Question (Viljoen): How are spills cleaned up?

Answer: Largely manually, i.e., with shovels.

Comment (Hartley): At least one site uses some
vacuuming.

Question (Masse): May I ask you how many workers
are exposed in your sandmining plants?

Answer: There are about 100 at any one site, with
around 50 working in the dry separation plane on a
three-shift per day basis.
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1.0 INTRODUCTION

Studies of increased incidence of lung cancer
in uranium miners have focussed on the
relationship between lung cancer and miners'
exposure to radon daughters and smoking. However,
epidemiologic analyses of uranium miner
populations also include the effects of exposure
to external gamma rays, long-lived alpha emitters
and other non-radioactive workplace contaminants.

The diversity and variability of miner
exposures to potentially carcinogenic substances
and combinations of substances, and the natural
difficulties Involved in the study of lung cancer
in human populations, make the assessment of the
relative effects of causative agents difficult if
not impossible. Moreover, concentrations of most
of the substances have rarely been measured in
mine environments, and data on human response to
these substances is sparse. Nonetheless, research
on the potential effects of such substances is
required to understand the potential hazards in
the mining environment.

This paper examines the potential carcinogenic
and co-carcinogenic effects of agents other than
ionizing radiation, which may currently be present
in uranium nine atmospheres.

2.0 POTENTIAL CONTAMINANT EXPOSURE LEVELS

The geometry of the ore body, the mineralogy,
the geotechnical characteristics of the ore and
the surrounding rock, safety and environmental
considerations and economics are all factors which
influence the selection of a mining method for a
particular orebody. While it is recognized that
mining methods vary from one orebody to another,
the basic operations involved in the mining of
uranium ores are similar. Both underground and
surface mining methods are considered In this
paper. The following brief discussion outlines
the principle assumptions and sources of data used
to establish the reference mine atmospheres.

2.1 Mine Characteristics

Open Pit Mine

The important characteristics of the reference
open pit nine are:

1. Operations are highly mechanized with
considerable use being made of conventional
earth moving equipment.

2. Operations may be restricted by inclement
weather.

3. Stable atmospheric conditions can result in
elevated radon concentrations within the pit.

4. Compared to an underground mine a relatively
small workforce can mine a large ore body.

5. When mining high grade ores, techniques to
control external radiation exposures, such as
exposing only small amounts of ore at one
time, must be used.

6. It is assumed that blasting is done at the
end of shift when the workers have left the
pit and that dust and radon levels have
returned to normal before the workers reenter
the pit.

The potential types of exposures to which a
miner in an open-pit mine might be subjected
include airborne dust (both ore and waste rock),
radon and its daughters, external radiation,
blasting fumes and diesel exhaust.

Underground Mine

Similar considerations apply to the reference
underground mine; in addition:

1. Underground mining of high-grade ore bodies
would require special mining methods to
maintain acceptable worker exposure levels;
for example, non-entry mining with special
ventilation and careful exposure control.

2. In addition to the airborne dust (both ore
and waste rock) radon daughters and external
radiation, underground mining would produce
mine atmospheres consisting of a mixture of
gases and aerosols originating from blasting,
mucking, drilling, diesel engine operation
and welding.

3. Compared to an open pit mine, a relatively
large workforce is required.

Tables 1 and 2 illustrate the major unit
operations and the associated potential exposure
hazards for open-pit and underground mining,
respectively.
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TABLE 1

Unit Operations and Associated Health Hazards

For Open Pic Uranium Mining Activities

DEVELOPMENT
(assumed to be In
non-radlocatIve
waste rock)

Unit Operation

Drilling

Blanc Ing

Potential Hazards

- waste rock dust
- vehicle exhaust
- oi l mists
- noise and vibration

- wastp rock dust
- blasting fumes
- noise

2.2 Ore Characteristics

The nature of Canadian uranium orebodies vary

widely, from the relatively low-grade, low-

associated-roineral, high-quartz-content ore from

the Elliot Lake, Ontario raining operations to

high-grade, highly-mineralized, low-quartz-content

ore bodies such as the Key Lake deposit in

Saskatchewan*

The characteristics of the three orebody types

considered are shown on Tables 3, 4 and 5.

Waste Rock
Renoval

Drilling ami

Ore Excavation

Ore Haulage
and Storage

- waste rock dust
- velilcle exhaust
- noise

- radioactive and
non-radioactive ore
constituents

- radon and daughters

- external radlntlon
- wante rock duHt
- vehicle exhaust
- blasting funen
- oil mists
- noise and vtbrat(on

- radioactive and
non-radtoactlve ore
const)tuents
rattuti m& daughters

- external radiation
waHte rock dust
vehicle exhaust
notso

rndtn.ictlve and
non-radInactive ore
constituents
radon nnd daughters
external radiation
waste rock dust
vehicle exhaust
noise

Table 2

Unit Operat ions and Associated Health Hazards

For Underground Uranlun Mining A c t i v i t i e s

DEVELOPMENT
(assumed Co b* In
non-rtdloactivt
waste rock)

Unit Operation

Drill ing

Blasting

Mucking/Slushing

Holitlng

Potential Hazards

- waste rock dust
- vehicle exhaust
- Oil Oi»t9
- noise and vibration

- waste rock dust
- blasting fumes
- noise

- waste rock dust
- vehicle exhaust
- noise

- waste rock dust
- vehicle exhaust
- noise

MINING Unit activities and potential hasards ire the suite
an Cor Development except the following hazards
nust be Included for each operation:

- rmilonctlve and
non-radioactive ore
COn9tttllf?iltri

- radon and daughters
- external radiation

In addition, the following operation Is Included:

Transfer of Ore
to Mill Site

- orp dust
- radiin it ml <hiiK»iturs
- exti.'riifll rad l i t Ion
- volilcle exhaust
- noise

Table 3

Reference Orebodies

Type Mineralisation

A complex high-grade surface and Key Lake, Sask. Table 4
uraniua ore, underground Midwest Lake,
auxiliary Sask.
Bineralization

8 simple high-grade surface and Eagle Point, Sask. 2.5-?5U-jOg
uraniua ore underground Rabbit lake, Sask. free s i l ica <10S

C low-grade uranium underground Elliot Lake
ore, trace or snail One.
amount of auxiliary
mineralization

Table 6

PrlneIfle ConsUutents of_ Tyjie "A" Ore

Constituent Content

u2u8

m
As

Co

FL-

Aljfl,

V

S

(Qimrtz)

Table 5

Principle Ounsttutents of

Constituent

U3»8

TliOj

Henvy Ketnls

to

2.5

1.0

2 . 0

0.15

2.3

10

0.06

0.00)

2

45

Type "C" Ore

Cuntent (Z)

0.1-0.2

0.005

Trace

1,

Total R.ire
Earths

v 2o 3

Free Stllca
(qiinrti)

I ) . 02

70
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2.3 Potential Environmental Levels

The reference mine atmospheres assume that
mining methods and orebody characteristics are
constant over time* In a real mine, conditions
are variable with mining methods being continually
modified to accommodate Che everchanging mine
geology and worker protection requirements. The
fo l lowing condit ions were assumed for the
reference open pit mine:

Open Pit Mine

An instantaneous stripping ratio as low as
1:1. i.e. 50% of the material handled is ore
and the rest i s waste. It i s expected that
the composition of the airborne dust w i l l
reflect a similar dilution.
Based on existing Saskatchewan mines, the
depth of the pit should be less than 200 m
An in-pit ore dust l eve l of 200 ug/a was
assumed (Schiager et al 1981, Yoshida et al
1981).
A "typical" radon daughter l eve l of about
0.04 WL was assumed (Miller and Scott 1981) .
A gamma radiation l e v e l of 1-2 raR/hr was
assumed. This wil l vary with work location,
mining method and ore grade.
Farticulate emissions from diesel engines was
assumed to result in l e v e l s of about 400
ug/m in the open p i t , resulting in a total
in-pit dust level of about 800 ug/m .

2.

3.

4.

5.

6.

With these assumptions, the expected levels of
airborne contaminants in a type A orebody are as
shown in Table 6. The expected concentrations are
a l l well below TLV levels .

Element

Al

Aa

Cr

Co

Ko

Hb

Hn

Ho

Nl

U

V

2n

Alrburnc

Table 6

Concentrations of

Selected Contaminants; Open Pit Mine.

Type

Concentration
111 Ore U )

10 (Al2Oj)

2

0.02

0.15

2.3

0.1

0.03

o.oz

1

2.5 (U •)(>„)

0.06 (U2,O5>

O . j

i "A" Orebody

Concentration '
in Dust (UK/H3)

11

It

0.04

0 .3

5

0.02

0.06

0.0«

2

k

0.22

0 .2

ACG1I12'
TLV (ug/B3)

10,000

200

500

50

5,000

ISO

5,000

5,000

100

200

50

5,000

Notes:

1) Assuming 200 inj/n3 Total Airborne Ore UuHt.

2} Hunt res tr i c t ive TLV (AUUIII, IU84)

Underground Mining

In an underground mine using diesel equipment,
a substantial fraction ( typical ly about 60%) of
the total respirable dust is combustible (Knight
and Washington 1974). In the reference low grade
underground mine, mineral dust was assumed to be
40% of the total dust and the mineral dust was
assumed to be 70% quartz (free s i l ica) .

In underground mines, total respirable dust
l e v e l s range from 0.33 mg/ra3 to 1.87 mg/m with
locations near the conveyor belt having the
highest dust levels (Makepeace 1982).

The key assumptions made for low grade type C
underground ore body are:

1. A typical underground dust concentration of
about 1 mg/m .

2. 60% of the dust is combustible and 40% i s
mineral.

3. Suspended mineral dust l e v e l s of 400 ug/m"'
(assuming 70% ore and 30% waste).

4. The assumed quartz concentration is 280 ug/m
(i .e . 400 ug/mJ x 0.7)

5. A reference radon daughter concentration of
0.1 WL (Makepeace and Stocker 1979).

6. A typical gamma dose rate of about 0.6 mR/h
(Utting 1981)

The expected environment in a low grade
underground uranium mine is summarized on Table 7.
The predicted airborne concentrations are a l l
well below the appropriate TLV's.

Table

Airborne Concentrations of

Suloeti-d CoiU.iiiiln;iiit_s;

Underground Ht nt», Type "0" Orebmly

Cnnronfrai hw CnncnntrntIQO'* ACRIH2

in Ore {%) in Dust (iig/m ) XyL_li!fij

70 2811 (tntnlj

II

Til

U

V

0.05 (Tha,) n. 14

0.2 (1I3O8) 11.6

0.1)2 (V^c),) 0.06

139 (rpfip.rablu)

5,000

5»0UU

21)0

l.uuu

\) ASRIIIIH'IK 280 UR/tn Tut.il Airhornr Ore llust.

2) Holt n'HtrtcHlt" Tl.V (AIIBIII 19H'i)

No data were a v a i l a b l e concerning the
environment in a modern high-grade underground
uranium mine. Consequently, i t was necessary to
assume various operat ing procedures ; in
particular, non-entry mining, continuous cleanup
of sp i l l ed ore, careful venti lat ion control
(including the ventilation or sealing of inactive
areas) and removal of miners from the workplace
prior to and following blasting until ventilation
has restored an acceptable environment. With
these assumptions, the reference underground
environment for a high-grade (Type A or B) orebody
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was assumed to Include:
Airborne dust:

ore 280 ug/mj:
waste 120 ug/nC
soot 600 ug/m

Radon Daughters: 0.1 WL

External Gamma: I to 2 raR/h

With t h e s e a s s u m p t i o n s the a i r b o r n e
c o n c e n t r a t i o n s of var ious contaminants were
predicted as shown in Table 8. All l e v e l s are
well below the corresponding TLV.

2.4 Estimated Annual Radiation Exposure

The po ten t ia l r a d i a t i o n exposure for the
reference ore bodies shown in Table 9 were derived
from Ashraore and Grogan (1979), Frost et a l (1981)
and Utting (1981).

While the l i m i t a t i o n s of the assumed
environmental conditions are recognized, overall
they are considered to provide a reasonable
description of the environmental conditions which
could be anticipated in the reference f ac i l i t i e s .

3.0 CO-CARCINOGENS IN THE URANIUM MINK ENVIRONMENT

This sec t ion of the paper provides an overview
of the l i t e r a t u r e on human responses to the
v a r i o u s p o t e n t i a l uranium mine atmosphere
contaminants discussed in section 2.

The hazards of exposure to ionizing radiat ion
i n c l u d i n g r a d o n d a u g h t e r s h a v e been
comprehensively reviewed by various international
and nat ional commissions and reported in the
l i t e r a t u r e , (eg. ICRP26, 1977; ICRP 32, 1981;
UNSCEAR, 1977; NAS BEIR, 1980; NCRP 78, 1984).

Studies of mechanisms whereby various agents in
the mine atmosphere can al ter the carcinogenic
potential of ionizing radiation have been reported
in the l i terature (especially Annex L, UNSCBAR
1982). Several kinds of Interaction among agents
are possible. When exposure to a combination of
agents, either in parallel or sequentially, is
ultimately more strongly carcinogenic than the
corresponding individual, non-interacting
exposures, the process is called co-carclnogenlc,
synergistic, or potentiative ( i . e . more than
additive). If the addition of the second agent
inhibits rather than enhances proliferation of the
altered ce l l s , the process is termed
antlcarcinogenlc, or antagonistic. If neither of
tlie two (or more) agents al ter the response <i( the
other agents then the overall effects aru said to
be additive. In I ts broadest sense, a co-
carcinogen is a substance which enhances the
effect of carcinogenic agents and which may or may
not be carcinogenic I tself .

Carclnogenesls is a multlstep process Involving
ini t iat ion and promotion. Initiation describes a
specific cellular al teration, apparently
Irreversible, induced by a carcinogenic agent
which predisposes them to be precursors of tumor
cells ( i . e . , latent or dormant tumor ce l l s ) .
Promotion refers to the proliferation of these
dormant cells resulting either from further

exposure to the same agent or exposure to other
promoting agents. The initiation step appears to
be related to DNA damage (eg. Farber, 1981). The
promoter does not have to be carcinogenic. Agents
administered together in doses too low to be
carcinogenic alone can induce cancer (Farbur
1981).

Element

Al

As

Cr

Co

Pe

Pb

Mn

Ho

Nl

U

V

Zn

Table 8

Airborne Concentrations ut

Seli-cl

Underground

In Ore » )

10 (A12O3)

2

0.02

0.15

2.3

0.1

0.03

0.02

1

2.5 (U3O8)

U.06(ll,0j)

0 .1

led Contaminants;

Mine, Type "A" Ort-bui

In Oust (ug/n )

15

6

0.06

0.4

6.4

0 .3

0.08

0.06

3

6

0.3

0 .3

Iv

ACO1H2'
TLV (ug/a3)

10,000

200

500

50

5.0UO

150

5,000

5,000

101)

200

50

5,1)00

Notes:

1) Assuming airborne ore dust at 280 ug/m •

2) Host res tr ic t ive TLV (ACCIH 1984)

Table 9

Estimated Annual Exposures to a Typical VJurker

Mine Type

Open Pit Mine

- type "A" and "B"
orebody

Ondf'i-Rrounit Mine

- cyt'u "C" ort'bixly
- typi- "A" und "B"

orebudy

External
Whole Hudy

CnSv/yr)

27

11
27

Rad'»n
Daughter

(WLM)

0.42

1.1
1.1

Combined*

0.63

0.45
0.77

•conbliluil •• mSv/50 + WLM/'i.B

Cigarette smoking deserves particular attention
because of Its prevalence in many countries and
i ts drastic effects upon the respiratory system.
F<>r example, cigarette smoking is believed to be
responsible for over 80% of a l l lung cancers in
tho general male population of the United States
(American Cancer Society 1984). As noted at the
end of Annex L of the 1982 UNSCEAR report (para.
237):

"For humans in environmental circumstances, the
Committee has been unable to document any clear
case of synerglstic interaction between
radiation and other agents, which could lead to
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substantial modifications of the risk estimates
for significant sections of the population*
Presumably this i s due to the fact that most of
the agents l ikely to act synergistlcally with
radiation, as judged by the results of animal
experiments, are not found in s u f f i c i e n t
concentrations in nature. A specific exception
Is the case of tobacco smoke."

In addition, however, various miner groups were
also exposed to s i l i ca , uranium, arsenic, cobalt,
nickel and other metals as well as to cigarette
smoke and diesel exhaust. Some studies (eg. NAS
BEIR 1980, UNSCEAR, 1982; Lafuraa 1980; Yuile 1973;
Cross et al 1973) suggest complex mechanisms are
involved in the carcinogenic action of radon and
suggest possible Interact ions between radon
daughters and other contaminants.

An overview of data avai lable for selected
metals (and near metals) and their carcinogenicity
is given in Table 10. Table 11 suomarizes some of
the available data concerning mixed aerosols.

Hucal

Arifnlc

ChronliM

Cok.ilc

Icon

UJd

Maniganot

Holybdenu.

Nickel

V. . .4 IU .

Selcntua

Tht Carcinogenic Nature of Selected

Carcinogenic Nature

lung, akin1

lung1

pniBlbt* lung3

lung1

Inaufflclmit data
to claialEy1

evidence uf auta-
gvnlelty
nu evidence of faiwan
carclnogcnlclty3

no rei^tttl of buftflii
cauclnogencaU2

lung, * 1 » . I M * 1

no dlrrct evidence^

Mature of tipoaura

• • r l t t r n , herbicide*

producer*, plfnent
worker*

cobalt recover ahopa
nickel proceating

fetal*

Coaaienta

other agent*

other agent*

underground liaeHeclte otlier agent*
•inera, Iron foundry

nlrke] refinery

no direct evidence uf
hitman carclnoReutclty*

ottier agcnta

pofulble tnvfl
wltti araenlc

preient

priacnt

preaent

preaent

Ivenent
And cine

pocilbly antag-
noatlc to certain
carclnnftenv

unconfInaed ruuort*

Principle DatH .ftiurcca for Table 10
J IAHU, 1979
* liickey and VcnuRitptt, 1977
1 KaxAiittla, 19RI

The information In Table 10 Indicates that most
of the carcinogenic metals appear in the fourth
period of the periodic chart which suggests their
carcinogenicity may be related to the electronic
structures of those transition metals (Luckey and
Venugopal 1977).

R e l a t i v e l y few of the metals (arsenic ,
chromium, underground haematite raining and nickel
refining) have been clearly identified by the IARC
as carcinogenic In humans although several others
(cadmium, nickel, beryllium) have been identified
as probable human carcinogens*

In a recent discussLon of this problem of co-
exposures, Sevc (1984) has indicated that
exposures to arsenic, chromium, cobalt and nickel

in Czechoslovakian uranium mines since 1948 were
too low to have any major effect upon the risk of
lung cancer attributed to inhalation of radon
daughters in these mines. A recent study of
underground metal miners in Northern Ontario
suggests there may be an excess of lung cancer
which cannot be attributed to radiation effects
(Muller et al 1983); however the data have not
been corrected for extent of cigarette smoking and
it i s therefore not yet possible to say whether
the excess lung cancers could be associated with
metal mining per se.

The potential interactions among the numerous
agents possibly present in the mine environment
are extensive and complex. A few of the agents,
in addition to those noted in Table 10, to which
miners may be exposed are noted in Table 11 along
with brief comments on the possible effects of
combined exposure.

urhi.. Mi-fir1

- <-.»IHI»)> ri.ii hug fo tf • m m u t i r 1

J.JI H I I ••.otuijt,
I * . I - K « t»t«rr-> • • •»

HIM'..' t , , . . > In I l.r
nt.mill* . In* rnrtr;n-

". , 1", SOs, - u l l l

f rl riiHi'-tnl-hl'-ji an
n| nhihijt |...|ii!ill.''-t In

iio '-\ • Twi- lilr.in'f l-i l««« rt-rliKil l^r'nr In

i . n Vxi r.

4.0 CONCLUSIONS

For a l l of the model ore bodies considered
including both high and low grade ore bodies, open
pit and underground mines, the estimated exposure
leve l s in the mine environments are well below the
TLV l e v e l s . Nonetheless, several of the agents
reviewed for carcinogenic potential are present in
low l e v e l s and data on the carcinogenic/co-
carcinogenic nature of of the agents i s l imited.
Since the uranium mine environment Is a complex
mixture of these agents, the p o s s i b i l i t y that
combined exposure may modify human response to a
known carcinogen is potentially Important.

Overall, our view is that the concentrations of
metals and transi t ion elements such as arsenic ,
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n i c k e l and c o b a l t are ILkcly to be qui te low In
tlie workplace a i r of t oday ' s uranium m i n e s .
Similarly , the concentrations of rare earths are
a l s o l i k e l y Co tw> low. ConseqiiPnt ly , we consider
t h a t , p r o v i d e d s u i t a b l y low contaminant
concentra t ions are maintained and that o v e r a l l
dust l e v e l s are kept w e l l below l e v e l s which
impa ir human r e s p o n s e mechanisms ( e g . lung
clearance) such elements are unl ike ly to present a
s igni f icant workplace hazard.
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DISCUSSION

Comment (Saaet): With regard to pulmonary cancer
and asbestosis, asbestos exposure Is associated
with both bronchogenic carcinoma and mesothelioma.
Further, silica probably does not cause slllcosis
through direct chemical Irritation.

Answer: I agree with your comment. My comments
on initiation were not meant to be a description
of the nechanism of silicosls induction, but
rather an illustration of the hostile environment
that silica can create providing possibly an
enhanced opportunity for carcinogens to work.

Question (Ginevan): Might not silica be a
significant promoter in the mine environment?
Conventional wisdom says that it Is not a
carcinogen, but many persons exposed to silica do
get lung cancer. This Is confounded in all of the
human studies, but there are some rat studies
which, I believe, suggest that straight silica can
be a carcinogen. The evidence Is sketchy but
might be worth further consideration.
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Answer: There Is no human data to support silica
as a carcinogen. Dr. Cross notes that at a recent
confetencg on silica in animals evidence was
presented which showed that female rats exposed to
silica developed epidermoid cancer. There are
many studies showing the enhancement of fibrosis
from silica with a combined exposure to radiation,
tt would not be unsurprising that silica and its
effect on the lung would not at least produce such
a hostile environment that cacinogenic agents
might act more readily. As well, it may function
just as a promoter in a situation where a
carcinogen is already acting.

Question (Toohey): You mentioned that asbestos
was possibly the factor causing lung cancer in
gold miners. Could this be sorted out by
histologtcal type of cancer?

Answer: A paper by Gilliam et al. (1976) suggests
that lung cancer among gold miners may be
associated with fibrous materials (e.g.,
asbestos). In active mines the potential for an
asbestos effect could be assessed by direct
measurement of fibrous material in ore, in waste
rock and in mine air.
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ABSTRACT

In 1977 the University of New Mexico initiated a
series of investigations to examine morbidity and
mortality among uranium miners in the Grants mineral
belt, the principal uranium mining area. The major
emphasis has been on determining the feasibil i ty of a
long-term cohort study of mortality. This report
summarizes the current status of the cohort study.
Exposure profiles for the Grants area have now been
developed from Working Level records for the period
1957 to 1967 and from Working Level Months records
for later years. Preliminary findings on mortality
and lung cancer are presented.

INTRODUCTION

New Mexico has been a leading producer of uranium
since the 1960's. Uranium development began here i n
the ear ly 1950's and boomed during the la te 1950's
and ear ly 1960's. Subsequent market f luc tuat ions
have produced shutdowns and consol idat ions, develop-
ment and expansion. At present, New Mexico's uranium
industry is depressed, wi th a t o t a l d i rec t employment
of about 800.

In 1977 the Univers i ty of New Mexico i n i t i a t e d a
series o f invest igat ions to examine morbid i ty and
mor ta l i t y among uranium miners in the Grants mineral
b e l t , the pr inc ipa l uranium mining area. The major
emphasis has been on determining the f e a s i b i l i t y o f a
long-term cohort study o f mo r ta l i t y . This report
summarizes the current status of the cohort study.
Previous publ icat ions have provided detai led back-
ground information on uranium mining in New Mexico
and the data resources for the project ( 1 ,2 ) . We
have completed a prevalence survey of respi ratory
abnormalit ies among 192 long-term New Mexico uranium
miners (3 ) , as well as a case-control study of uranium
mining and lung cancer in Navajo males (4 ) .

METHODS

Data sources: Since 1957 the Grants Cl in ic in
Grants, New Mexico, has done most pre-employment and
fol low-up physical examinations fo r uranium miners in
the area. The c l i n i c records are the ch ie f source o f
information concerning tobacco usage and also provide
some mining h i s to ry .

Estimates o f radon daughter exposure come from
several sources. For 1968 on we have annual Working
Level Month (WLM) reports fo r each ind iv idua l
employed by major Grants producers. For years before
1968 we must r e l y p r i n c i p a l l y on Working Level (WL)
measurements made by the State Mine Inspector and by
the State Health and Environmental Department. Both
agencies took sample readings i n the mines and fo r
cer ta in years calculated der iva t ive mine indexes,
which are person-weighted averages, fo r the to ta l
underground population and fo r maintenance/manage-
ment, stope, haulage, and development categories
separately. Other sources include WL measurements
for 1957-1961 supplied by Dr. Vic tor Archer and WLM
records maintained by Jim Cleveland o f Quivira
Mining fo r approximately 500 long-term Grants miners.

Subject se lec t ion : The present study cohort was
established from a match of over 21,000 persons who
had at least one mining company physical between 1957
and 1976 against company personnel records. Entry
in to the study cohort required documentation o f a t
least one year of underground experience. This
approach i d e n t i f i e d 4051 males: prel iminary i n f o r -
mation indicated that 3055 f i r s t worked before 1971
and 996 f i r s t worked in or a f te r 1971. To date , the
study has focused on the larger cohort o f e a r l i e r
miners.

Follow-up: We u t i l i z e standard techniques to
determine the v i t a l status o f the study cohort . He
regular ly match against New Mexico death tapes and
the case f i l e of the New Mexico Tumor Registry.
Searches through the National Death Index and the
Social Securi ty Administrat ion are cur rent ly in
progress.

Histopathology review: In 1983 we began acquir ing
histopathological material f o r a l l lung cancer cases.
A panel of three pathologists reviews a l l cases and
applies a " lod i f i ca t ion o f the World Health Organiza-
t ion c l a s s i i i c a t i o n (5 ) . We resolve di f ferences
among the panel members' f i na l diagnoses by achieving
a consensus.

RESULTS TO DATE

This section presents prel iminary f indings from
the cohort study with regard to demographic charac-
t e r i s t i c s and mor ta l i t y among the subjects repor t ing
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underground uranium mining experience before 1971.
It includes a detailed description of exposure
patterns, based on all available WL and WLM records.

At present we have identified 3055 males reporting
first year underground uranium mining before 1971.
Surname analysis (6) and death certificates indicate
that 59 percent are Anglo (non-Hispanic white), 35
percent are Hispanic, and 3 percent are American
Indian. Ethnicity is unknown for another 3 percent.
The median birth year is 1934, with a range from 1894
to 1952.

So far, vital status has been determined by a
Social Security Administration search extending
through December 31, 1978, and by periodic matching
of the study roster against New Mexico death tapes
and the New Mexico Tumor Registry incident case file.
Vital status is currently unknown for 274, or 9
percent of the cohort. We have 298 known dead and
currently are missing only 17 death certificates.
Table 1 shows the distribution of cause of death, as
recoded to the Eighth Revision International
Classification of Diseases, Adapted (ICDA 8).

TABLE 1: MORTALITY AS OF 8/1/84
AMONG 3055 URANIUM MINERS

TABLE 2: CHARACTERISTICS OF 57 LUNG
CANCER CASES IDENTIFIED TO DATE

Cause of Death (ICDA 8)

All malignant neoplasms
(140-209)

Lung Cancer (162)

Chronic obstructive
pulmonary disease
(492, 519.3)

Pneumoconiosis (515)

Accidents, poisoning,
violence

Motor vehicle
Suicides, homicides
Other

Residual

Number

70

41

12

4

42
24
62

67

Proportional
Mortality, S

25

15

4

1

15
9

22

24

The 298 deaths include 49 from lung cancer: 41
coded as primary cancer of the lung (ICDA 162), and 8
coded to other causes. Only 4 deaths were attributed
to pneumoconiosis, and 12 to chronic obstructive
pulmonary disease. Accidents, poisonings, and
violence accounted for the largest proportion of
deaths; 62 were in the categories that included
apparent mine accidents.

Through 8/1/84 we had identified 57 lung cancer
cases from sources including death certificates, the
New Mexico Tumor Registry, physicians, companies, and
records of the Colorado Plateau Study. Seven are
thought to be alive, and one had two separate
primaries. Available data concerning these cases are
summarized in Table 2.

Age at diagnosis
or death (57)*

Ethnicity (57)

Smoking history (55)

Histology (43)

Median = 52,
range = 31 to 67

48 Anglo, 8 Hispanic,
I American Indian

52 definite smokers,
1 possible smoker,
2 nonsmokers

Small c e l l , 27 (637)
Epidermoid, 14 (337)
Adenocarcinoma, 1 (2%)
Large c e l l , 1 (2%)

*0ther numbers appear in parentheses when data
are not available for a l l cases.

The cases have occurred predominantly among Anglos,
and only 2 were confirmed l i fe long nonsmokers. So far
we have examined histopathological material for 43;
most cases have been small cel l cancer of the lung.

Two large data bases have been developed that
p ro f i l e exposures to radon daughters in Grants area
miners. The f i r s t comprises WL measurements from 1957
to 1967. A to ta l of 20,086 individual readings are
available from the 1886 v i s i t s made during the 11
years; af ter 1960, mine index values, which weight
individual measurements by numbers of persons
exposed, were generally reported. The second includes
a l l individual WLM reports by companies for 1967
through 1982. We have cumulated WLM for each
individual wi th in each year, i f reports were provided
by more than one company; we have also cumulated WLM
for each individual over the years 1967 through 1982.

Table 3 displays the WL data. Distr ibutions both
of individual measurements wi th in a v i s i t and of
summary s ta t i s t i cs for v i s i t s within a year are highly
asymmetrical. Accordingly, we have shown mean,
median, and n ine ty - f i f t h percenti le for a l l v i s i t s
within each year. Because of effects of extreme
values on the d i s t r i bu t ion , the mean is always higher
than the median. Each parameter tends to decrease
over the years, although th is pattern is interrupted
in 1964 and 1965. Mine indexes generally paral le l
WL; the mean Total Mine Index (TMI) tends to be some-
what lower than the mean WL.

We have 41,637 individual annual WLM records for
1967 through 1982 (Table 4) . As with WL, a time trend
of diminishing exposure is evident. Since 1972 the
mean WLM has been approximately 1.0, and the ninety-
f i f t h percenti le has been below 4.

Table 5 displays cumulative WLM for 1967 through
1982 for a l l miners; for the cohort of early miners;
for the cohort of later miners; and for miners not
yet included in the study. I t gives number of miners
by year of f i r s t WLM report and mean WLM received in
that year and subsequently.

Mean WLM from 1969 on was below 10 for a l l years.
A total of 10,477 persons with at least one WLM report
is not in the established study group. Because of
recent reductions in New Mexico's uranium production,
their cumulative WLM is low.
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TABLE 3: WORKING LEVELS (WL) AND MINE INDEXES (TMI) BY YEAR
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Year

1957

1958

1959

1960

1961

1962

1963

1964

1965

1966

1967

No. of
Visits

41

36

163

243

267

184

140

236

256

199

121

No. of
Samples

212

168

808

1512

2120

2088

1361

3248

3458

3000

2111

Mean

4.4

3.1

3.3 .

5.4

5.4

2.8

3.0

4.0

4.4

3.4

1.9

WL
Median

1.3

1.4

1.2

2.4

2.4

1.8

1.8

2.4

2.5

2.1

0.6

95th %

23.0

17.1

14.4

17.9

13.9

6.7

7.4

9.0

14.5

8.8

6.6

Mean

3.9

2.8

2.3

3.0

3.3

2.3

1.4

JMi
Median

2.2

2.3

1.8

2.5

2.7

2.0

0.8

95 th %

16.8

7.0

6.2

7.7

7.8

5.8

5.4

TABLE 5: CUMULATIVE WORKING LEVEL MONTHS (WLM)
PER MINER BY YEAR OF FIRST WLM REPORT

Year

1967

1968

1969

1970

1971

1972

1973

1974

1975

1976

1977

1978

1979

1980

1981

1982

All

Mean

21.8

12.7

5.5

3.9

3.8

3.8

3.5

3.6

3.1

2.3

1.7

l . b

1.5

0.6

0.3

0.4

Pre-1971
No. of

Individuals

137

1217

269

209

31

11

13

41

43

25

16

5

7

9

Cohort

Mean

26.8

15.2

8.0

6.2

4.6

6.1

5.9

5.6

5.7

3.6

2.1

1.0

1.5

0.8

1971-
No. Of

Individuals

1

4

5

8

25

41

91

268

442

48

5

7

4

Mean

34.0

3.5

8.7

5.0

7.6

6.4

6.3

6.5

6.1

3.1

3.1

1.2

2.8

Noncohort

No. of
Individuals

63

312

195

165

52

42

108

329

892

1589

2104

1742

1175

1264

419

26

Mean

10.6

3.4

1.8

1.1

1.5

0.6

1.0

1.0

1.5

2.3

1.7

1.6

1.5

0.6

0.3

0.4
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TABLE 4 : INDIVIDUAL WORKING LEVEL
MONTHS (WLM) BY YEAR

Year

1967

1968

1969

1970

1971

1972

1973

1974

1975

1976

1977

1978

1979

1980

1981

1982

CONCLUSIONS

Ho. of
Individuals

201

1685

1721

1753

1380

1248

1112

1546

2664

3693

4810

5175

3808

4935

3790

2116

Mean

7.6

3.8

2.6

2.1

1.9

1.2

0.7

1.1

1.0

0.9

0.8

0.9

1.0

0.8

0.7

0.7

WLM
95th %

23.2

14.5

8.5

6.5

5.9

3.2

2.7

3.3

3.2

3.1

2.6

2.7

2.9

2.4

2.3

2.0

New Mexico uranium miners offer an important
opportunity for epidemiological investigations.
Exposures are lower than those sustained by earlier
miners in the Colorado Plateau. Adequate historical
information on exposures is available for most
subjects, and the Grants Clinic maintains records of
cigarette smoking. Planned activities include
estimation of individual exposures for years before
1968, completion of follow-up, and detailed analyses.
We wil l continue to explore the feasibi l i ty and
potential benefits of a cohort study of more recent
miners.
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DISCUSSION

Question (Bernstein): What concerns do you hav<j
regarding statistical power (i.e., significance
in your older (heavily-exposed) and newer
(less-exposed and younger) cohorts of miners? In
what ways might these cohorts differ (e.g., in
selection for inclusion in the study, in
ethnicity, etc.) which would make it difficult or
inappruprlHte to combine the two groups f>ir
analysis?

Answer: We have already Uuntified 57 lung canoer
cases in the older cohort so that statistical
power considerations do not seem relevant at
present. We need to assess dose-response
relationships and examine the consequences of
exposures outside of New Mexico.

Question (Bates): I think you have recently
published data on a group of Navajo uranium
miners. Were these part of the total study ymi
have presented?

Answer: Several had been employed in the Grunt*
area.
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ABSTRACT

The health hazards associated with energy
production and technological development appear, in
terms of their effects on average life expectancy, to
be much smaller than the derived health benefits.
This is true not only for the general population but
also for workers in all portions of the nuclear power
industry. However, uranium miners do represent a
critical subgroup in which occupational hazards are
sufficiently high to affect their average life
expectancy appreciably. Uranium mining, like other
forms of (lining in North America, cannot be considered
a "safe" occupation. Depending upon the exposures to
various sources of radiation and the rate of fatal
accidents in a given uranium mine, the potential loss
of life expectancy due to occupational hazards is
calculated to be in the range of one to two years
after 40 to 50 years at work. Potential genetic risks
due to radiation exposures in uranium mines are
expected to be very small.

TECHNOLOGICAL DEVELOPMENT AND LIFR EXPECTANCY

Technological development has been associated with
an average increase of about 35 years in life
expectancy over the past two centuries in western
countries; similar increases are being observed in
recent decades in developing countries (Figure 1).
Two of the major factors contributing to this increase
appear to be education and the development of cheap
and safe supplies of energy (2).
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Predicted occupational plus public fatalities
associated with energy production tend to be in the
region of 1 to 10 per GW'a of energy produced, when
integrated over the next 50 to 500 years (Table 1).
Assuming a total energy consumption between 5 and 10
GW'a per million persons per year, as is true in
many western countries, and that each premature death
results on average in a loss of 30 years from the
normal life expectancy of about 75 years, the average
loss of life expectancy that could be ascribed
directly to energy production would then be in the
region of 0.01 to 0.2 years. This loss is obviously
much smaller than the total gain due to technological
development. This topic has been considered in more
detail elsewhere (1,5,6).

TABLE 1:

Energy

Coal

Uranium

FATALITIES
(1,3,4)

source

PER UNIT OF ENERGY DEVELOPED

Fatalities per GW(e)
Occupational

[0.5

[0.04

2
- 8]

0.4
> - 1,.6]

Total

[1

[0

*a
includ ing

public

12
- 134]

0.6
.05 - 2.1]

[Footnote: Predicted fatality rates for most other
sources of energy are in the range of those indicated
above (1,3,4).]

FIGURE 1: Data as in reference (1).

OCCUPATIONAL HAZARDS AND LIFE EXPECTANCY

The radiation hazards associated with uranium
mining or any other phase of nuclear power development
(7,8) appear to have very little impact upon the
average health of the general public under normal
circumstances where releases of radioactive materials
to the environment are controlled. Occupational
hazards are of more immediate concern for the
individuals concerned.

Occupational fatality rates in different Canadian
industries are shown in Figure 2. The recorded
fraction of workers in industries with an average
fatality rate below 1 x lO^a" 1 was 82Z in
1982 (9). This fatality rate has been suggested by
the ICRP as the upper limit for a "safe" industry.
With continuous employment for 50 years in a safe
industry, the chance of death due to an occupational
accident is less than 2.5% of the normal chance of
death between ages 15 and 65 from all causes in Canada
and hence the loss of life expectancy due to
occupational accidents is small compared to that due
to other causes (Table 2). It should also be noted
that the number of fatal accidents during off-work
hours is on average about three times the number
ascribed to occupation (12). A working life of 50
years was selected for these calculations simply to
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FIGURE 2 : Data from r e f e r e n c e ( 9 ) .

FATALITIES PER 10,000 WORKERS f£R YEAR

Table 2: CHANCE OF DEATH BETWEEN AGES 15 and 65 FROM
OCCUPATIONAL AND OTHER CAUSES IN CANADA

Circumstances

A l l normal causes (11)
Male
Female

Occupational
Risk 0 .5

1
5

20

acc idents
x 10-VJ
x Iff"*.-}
x 10-VJ
x 10-V1

X
of

In 50

chance
death

27
14

years at
0.25
0.5
2.5

10.

Estimate of
average years
loss of l i fe
expectancy

7.4*
4.5*

work:
0.08**
0.15**
0.75**
3. **

I* Calculated from Canadian l i fe tables and based on
average l i fe expectancy at age 65 (11) • These values
would be 5.4 and 3.8 years loss for males and females
respectively if the calculations were based on l i fe
expectancy at age 15.]
[^Calculated on the assumption that each occupational
fatality results in about 30 years loss of l i fe
(10).J

i l l u s t r a t e the maximum e f f e c t s expected from
employment i n a safe industry; values can be read i ly
ca l cu la t ed for any shorter period of employment.

Workers i n nuclear power generating s t a t i o n s are on
average normally exposed to about 5-10 raSv of whole
body radiat ion per year ( 7 ) . No detrimental heal th
e f f e c t s have been observed ( 1 3 ) . The rate of fata l
occupational acc idents and of permanently d i sab l ing
acc ident s i s very low ( 1 3 , 1 4 ) . Assuming a risk of
about 0 .13 x 10~* f a t a l cancers per raSv (15) and a
l o s s of 10-15 years o f normal l i f e expectancy per
f a t a l cancer ( 1 0 ) , the predicted average l o s s of l i f e
expectancy due to f a t a l accidents plus potent ia l
radiation-Induced cancers should be equivalent to that
expected for an Industry with a fa ta l accident rate of
0 .4 - 0 .7 x 10~4a , i - « . we l l below the upper
l i m i t for a safe Industry.

The occupational f a t a l i t y rates In mining are much
higher than the upper l imit for a safe industry
(Figure 2 ) . The risk of death and l o s s of l i f e
expectancy for SO years work at these occupational
rates becomes an appreciable portion of the normal
chance of death due to other causes prior to age 65
(Table 2 ) . Predicted occupational hazards for uranium
mining are considered In more d e t a i l below.

OCCUPATIONAL HAZARDS IN URANIUM MINING

Further data on incidence of occupational
fatalit ies and disabling accidents or illnesses in
various industrial groups are summarized in Table 3.
The US data have been converted to total calendar
years lost per 100 worker"years on the assumption
that each fatal accident corresponds to 30 years loss
of l ife (10). The rates of non-fatal occupational
accidents and illnesses resulting in lost work days
are roughly 100 times higher than the rates of fatal
accidents (12). In order to obtain some comparison of
relative impact, calendar years lost per 100
worker'years as a result of non-fatal accidents and
illness were calculated. For this purpose, the
original data on lost work days (12) was multiplied by
7/5, after a small correction of the original data
allowing for 150 work days lost per fatal accident
(12) in order to avoid double counting. Data on time
lost due to non-fatal disabling accidents or illnesses
are much less reliable (see footnote to Table 3) than
those on occupational fatality rates. However, It
appears, as concluded previously (10), that
occupational fatalities would account for the majority
of accidental harm in more hazardous occupations such
as mining.

Comparative rates of accidental occupational
fatalities in Industries in Ontario, Canada, are given
in Table 4. For long term underground mining, the
average fatal accident rate would appear to be about
8 x lO'^a"1. This rate, which is reported to
be similar to that for underground mining in Sweden
(16), will be used in the present paper; in contrast,
the data for mining in Table 3 are averages for all
types of mining including coal mining, oil and gas
extraction, etc.

In addition to occupational accidents, uranium
miners are also exposed to a'variety of radiation
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TABLE 3: OCCUPATIONAL FATALITY AND DISABLING ACCIDENT
RATES IN DIFFERENT SEGMENTS OF INDUSTRY
(9,12)

Industry

Mining
Construction
Transportation
Government
Manufacturing
Trade
Service
Finance

All industries

Death per
10,000 workers
per year

USA
1979-81

5.4
4.4
3.0
1.0
0.7
0.6
0.7
~

1.2

Canada
1979-81

8.8*
3.8
2.5
0.9
0.8*
0.5
0.4
0.14

1.2

Estimate
calendar
lost per

of
years
100

worker'years,
USA 1980
Deaths

01

1.7
1.4
1.9
0.3
0.2
0.2
0.2
™

0.4

Non-fatal
disabling
accidents
: illnesses

0.6
0.4
0.4
0.3**
0.3
0.2
0.13
0.05

~0.2

[*43Z of Canadian total for mining is due to
compensable occupational illness and 572 to
conventional accidents; 21% of Canadian total for
manufacturing i« ascribed to occupational illness.
The percent due to reported occupational illnesses in
other industrial categories in Canada is low.]
(**Based on data provided by the National Safety
Council for 1979-81; all other data in this column
based on data for 1980 for the private sector from the
Bureau of Labor Statistics, US Department of Labor
(12). Data on tiae lost due to non-fatal disabling
accidents or illnesses vary 2-3 fold from one
reporting agency to another (9,12).]

TABLE 4: ACCIDENTAL FATALITY RATES IN ONTARIO
INDUSTRIES 1970-74 (16)

Occupation
Accidental occupational
deaths per 10* workers
per year*

Logging and Billing
Mining (985! hard-rock):

underground
Mining (942 hard-rock):

open pit
Construction
Mining: shops and surface

operations
Mining: reduction, concentrator

and metallurgical plants
Manufacturing

15.7

8.9

3.2
3.0

1.3

0.9
0.7

(* 1 man-year assumed to equal 2000 working hours.]

hazards. In the pact, most at tent ion has been paid to
lung cancers induced by Inhalation of radon daughters.
Excess lung cancers have been demonstrated in several
groups of miner* who were in the past exposed to high
concentrations of radon daughters (16-24) . The
l i f e t ime risk estimates derived from epldemiological
follow-up of these miners tend to centre around 3 x

10"* WLM fata l lung cancers per WLM (Table 5 ) ,
assuming that a l l of the excess lung cancers observed
were in fact due to inhalation of radon daughters.
The lower l imi t s of various predicted l i fe t ime risk
estimates based on epidemiology are in the region of

" 4 "1 while the upper l imits are in
- 12 x 10~* WLM"1.

es based
0.5 x 10"4 WLM"1

the region of 10

Because of uncertainties in the exposure data for
these miners and because the miners were exposed to
other carcinogenic hazards (notably c igarette smoke,
external gama radiat ion, long l ived alpha emitters in
inhaled ore dust, thoron daughters and possibly other
agents ) , the ICRP (18) also adopted a dosimetric
approach to estimation of the hazards of inhalation of
radon daughters alone. A risk factor in the region of
1.7 x 10"' WLM"1 for inhalation of radon
daughters alone appeared to be compatible with the
dosimetric and epidemiological approaches (Table 5 ) .
This value, which i s similar to that suggested by the
US National Council on Radiation Protection and
Measurements (20) , has been u t i l i z e d in the present
document as the average risk from radon daughter
exposures for uranium miners of a l l ages.

TABLE 5: AVERAGE LIFETIME RISK OF RADIATION-INDUCED
LUNG CANCERS IN MINERS PER WLM EXPOSURE TO
RADON DAUGHTERS

Reference Derivat ion Risk per
10* WLM*

ICRP-32 (18)

ACRP-1 (19)

NCRP-78 (20)

Dosimetry

Epidemiology

Epidemiology

Dosimetry and
epidemiology

0.6 - 1.7

1.5 - 4.5

1 - 6

1.5

1.7

[* At an average breathing rate of 1.2 m^h"1,
one WLM Is equ iva lent to i n h a l a t i o n of 4 .2 mJ of
p o t e n t i a l alpha energy from s h o r t - l i v e d radon
daughters (18).]

Table 6 provides sone estimates of lifetime cancer
risk per year of exposure in underground uranium mines
in Ontario due to the four major sources of radiation
in these mines. The total risk of radiation-induced
fatal cancers appears to be in the region of 6 x
10 per year of work. The data on risks due to
Inhalation of long-lived alpha emitters in ore dust
are particularly uncertain in the absence of detailed
information on particle size, lung clearance rate and
concentrations in mine air (26-28,31).

Exposures to radon daughters and external gamma
radiation in open-pit uranium mines in Saskatchewan
(32) appear to be much lower than for the underground
uranium mines in Ontario. Data on inhaled long-lived
alpha emitters in ore dust were not available for the
open-pit mines; i t was tentatively assumed that the
total risk of radiation-induced fatal cancers night be
In the region of 2 x 10"* per year of work or
about one-third of that in underground uranium mines.
The chance of accidental death in open-pit mining is
generally 2-3 times lower than in underground mining
(16,33); a risk of 3 x lO'^a"1 for open-pit
uranium mining was assumed.
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TABLE 6: ESTIMATES OF AVERAGE RISK OF
RADIATION-INDUCED FATAL CANCERS IN ONTARIO
UNDERGROUND URANIUM MINERS

TABLE 7: COMPARATIVE ESTIMATES OF AVERAGE LOSS OF
LIFE EXPECTANCY DUE TO OCCUPATIONAL
FATALITIES IN MINING

Radiation Average
annual
exposure

Assuned
risk per
10* units
of
exposure

Approximate
average risk
per year of
exposure

Occupation

Inhaled radon

daughters 1.5-2 WLM 1.7 (18) 3 x 10~4

Inhaled thoron
(2 2 0Rn)
daughters 1-1.5 WLM 0.57 (18) 0.7 x 10~4

Inhaled long- l ived
alpha-emitters in
ore dust 0 .2-0 .5 kBq 4 1.4 x 10~4

[range 0.5 - 20]
(25,26)

External gamma 5-10 mSv 0.13 (15)** 1 x 10~4

[*Average numbers for annual exposures were derived
from information for three Ontario underground nines
supplied by A.B. Dory (27). The data appear to be
reasonably consistent with those published elsewhere
(16,23,28-31).]
[**The value given applies to fatal cancers only.
External gamma radiation will presumably also induce
about the same number of curable cancers plus a
smaller number of genetic disorders in the children
and grandchildren of the exposed person (15).]

On the basis of these data, the predicted loss of
life expectancy for 50 years at work night average
about 0.6 years for open-pit uranium Mining and about
1.6 years far underground uranium mining under current
occupational conditions (Table 7). Approximately
one-quarter of this total is expected to be due to
radiation-induced fatal cancers. The values are
slightly higher than those for other types of ainlng
(Table 7) and much higher than those attributable to
employment In a safe Industry (Table 2).

The effect of cigarette smoking on the risks due to
inhalation of radon daughters alone Is still uncertain
(7,21,24). It alght however be noted that smoking 20
or more cigarettes per day throughout adult life
results in some 3 to 8 years average loss of life
expectancy (34,35), a value which Is roughly 20 fold
greater than that due to Inhalation of radon daughters
by underground uranium miners under current regulatory
limits (sec Tables 6 and 7).

Type of
fatality

Assumed
annual
risk

Average years
loss of life
expectancy
per worker
for 50 years
at work*

Manufacturing Accident

Open-pit
uranium
mining

Coal mining
[70* under-
ground] (33)

Underground
hard-rock
ninlng

Underground
uranlun
mining

Accident
Cancer

Accident

Accident

Accident
Cancer

0.8 x 10

3 x 10
2 x 10 -A

6 x 10 -4

8 x 10 -4

8 x 10
6 x 10

0.12

0.45
0.1

0.9

1.2

1.2
0.4

[*Yeart loss of l ife expectancy were calculated
assuming on average about 30 years loss per fatal
accident and about 12 years loss per radiation-induced
cancer (10).]

Gonadal radiation doses resulting fron exposure to
various radiation sources in uranium mining are
summarized in Table 9. Actual exposures to each of
these sources will of course vary considerably from
one nine to another; the values used for the
calculations in Table 9 are probably within a factor
of two of average current exposures in underground
Ontario uranium mines (see Table 6). To calculate
genetic risks, it was assumed that only the father was
occupationally exposed and that these exposures
continued from age 18 to age 30, i . e . to the average
age of male parenthood (11). Gonadal doses fron
external gamma radiation appear to be considerably
higher than those from all of the other radiation
sources to which uranium miners are occupationally
exposed at present (Table 9). An occupational
exposure to radon in concentrations equivalent to a
few hundred WLM of radon daughters would be required
to equal the gonadal doses resulting from 5 to 10 mSv
external gamna per year for 12 years.

TABLE 8: GENETIC EFFECTS OF GONADAL IRRADIATION

GENETIC DISORDERS IN CHILDREN OF URANIUM MINERS

The genet ic risk estimates derived by various
s c i e n t i f i c committees arc summarized in Table 8 . The
data suggest that the risk of inducing a genet ic or
part ia l ly -genet i c disease In the children of
Irradiated persons i s about 2 x 10~3 per Sv of
radiation received by Che parental gonads prior to
conception. The uncertainties on th i s estimate are
about 4-fold In e i ther direct ion (Table 8 ) . These
risk estimates arc not Inconsistent with the data on
the children of the atomic bomb survivors In
Hiroshima-Nagasaki ( 7 , 1 7 , 2 1 , 3 6 ) .

Reference Induced genetic disorders per 10^ Sv
First generation Summed over

only a l l generations

UNSCEAR 1977 (17) 20-63

ICRP-26 (15)

BEIR III (21) 5-75

UNSCEAR 1982 (7) 22

185

200

60-1100

150
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The increment in risk of a child being born with a
genetic or part ia l ly genetic disorder after exposures
of a parent to a cumulative total of 100 mSv or
several hundred WLM fron occupational sources i s
expected to be about 2 x 10" . The predicted
increment i s much too small to be detected by
epidemiological studies when the normal frequency of
these disorders i s 10-1U (7 ,17 ,21) .

TABLE 9:

Assumed
exposure

7.5 mSv
external

2.2 x 106

radon

1.8 WLM
radon
daughters

2.7 x 10 6

thoron

ESTIMATE OF GENETIC RISK OF CHILDREN OF
URANIUM MINERS EXPOSED TO OCCUPATIONAL
RADIATION SOURCES FOR 12 YEARS

annual

gamma

Bq h n~3

Bq h «~ 3

1.3 WLM
thoron daughters

0.35 kBq
inhaled long-l ived
alpha emitters

Approximate Predicted increase
annual dose in genet ic disorder
in mSv per mi l l ion

chi ldren of miners
exposed for 12 years

6 140
(21,37)

0.2 5
(18,38)

0.02 0.5
(0.01-0.2J (38)

0.01 0.3

0.07 2
[0.05-0.1J (38)

0.014 0.3
[0.004-0.04] (26)

[Footnote: Assumed annual exposures are
approximations based on data for underground uranium
mines In Ontario as indicated in Table 6. Radon
daughters were assumed to be In 50% equilibrium with
radon and thoron daughters in 2% equilibrium with
thoron (43); the assumed concentrations of radon and
of thoron in mine air were thus 1,100 and 1,350 Bq m"3

respectively. Radon daughters were assumed to be
present In the ratio RaA:RaB:RaC - 1:0.8:0.6 with 10%
of the RaA in the unattached fraction.]

DISCUSSION

The data summarized In Table 7 suggest that
radiation-induced fatal cancers add an appreciable
amount to the loss of l i f e expectancy anticipated as a
result of fatal occupational accidents in underground
uranium mines such as those In Ontario, Canada, but
that these radiation-Induced cancers are not the most
important occupational hazard associated with uranium
mining under current conditions. All data on
radiation-induced cancers are calculated on the
assumption that the probability of biological effects
Is directly proportional to radiation dose at doses
below the recommended occupational limits (15). This
assumption is ultimately unprovable for very low
radiation doses, but the presence of any large
threshold or quasi-threshold dose in the dose-response
relationships for radon daughters seems unlikely
(23,24,39). The alternative postulate that low
radiation doses cause many more fatal cancers per unit
dose than do Intermediate doses also seems unlikely
(19,22,39), particularly in view of data suggesting no

marked curvature in the dose-response relationship for
dose rates below 50 WLM radon daughters per year (40).
The latter observation appears to be consistent with
microdosiraetric calculations suggesting that only 1 to
2% of the target ce l l s in the bronchial epithelium
would be traversed by an alpha particle after exposure
to 1 WLM (41,42), assuming that the average alpha dose
to these basal cel ls is about 5 to 10 mCy per WLM
(20,43). In other words, there is l i t t l e reason to
expect appreciable curvature in the dose-response
curves due to multiple traversals of the same target
ce l l until the accumulated exposure approaches 50 WLM
during the normal life-span of that c e l l .

The data in Table 7 do not include effects of
non-fatal disabling (lost time) accidents or i l lnesses
(see Table 3) . Data on compensable non-fatal
occupational accidents and il lnesses appear to be
highly variable from one jurisdiction or one era to
another. Occupational fatality rates are on average
very similar for workers in the USA and in Canada
(Table 3) but the average number of workdays lost per
100 workers due to non-fatal occupational accidents in
the USA is only 36% of that In Canada (62 days as
compared to 170 days) (9,12). It is also of interest
that average occupational fatality rates declined by
39% while percent work days lost due to compensable
non-fatal accidents and il lnesses increased by 16%
over the eight year period from 1972-73 to 1980-81 in
Canada (9) . These complications make it difficult to
assess the relative Impact of non-fatal occupational
accidents and i l lnesses in different industries.

Fatalities due to occupational i l lnesses other than
radiation-induced cancer were also not included in
Table 7 owing to the absence of hard data on the
proportion of fatal i l lnesses which are directly
attributable to occupation. The rates of fatal
i l lnesses which are recognized as compensable by
workers compensation boards in Canada is indicated in
Table 3. Si l icosis Is a major concern In some of the
Ontario uranium nines (16,44) owing to the high quartz
content of the ore dust. However, the number of
deaths attributed to s i l i cos i s among these miners
appears to date to be about one-sixth of the number
which might potentially be due to occupational
radiation exposure (23) and the average age at death
of miners with s l l i cos l s i s now similar to that of the
average male in Canada (44). Thus, although the data
in Table 7 do not represent the total occupational
detriment associated with uranium mining, the major
difference between uranium mining and that of most
other types of hard-rock mining would appear to be the
detriment associated with increased radiation
exposure.

An additional type of harm associated with the
increased radiation exposures of uranium miners is the
increased probability of genetic or partially-genetic
diseases In the offspring of these miners• The
genetic risks Involved under current conditions appear
to be largely due to external gamma radiation (Table
9) and are relatively small.

Uranium miners and their families wil l of course
also be exposed to any increments in environmental
radiation doses resulting from uranium mining
ac t iv i t i e s . However, the increments in environmental
radiation exposures resulting from active or inactive
uranium nines and mills under controlled conditions
(7,8,45) are expected to be very much lower than those
resulting from occupational exposures of miners. Even
allowing for the fact that environmental exposures
would entail a total of about 30 years rather than 12
years prior to reproduction and that both parents
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would be exposed, Che added genetic risk will be much
smaller than that in Table 9. The added loss of life
expectancy due to fatal cancers induced by any
increase in environmental radiation levels would also
be Much smaller than the values shown in Table 7.

The major occupational hazards associated with
underground uraniun mining would thus appear to be
fatal accidents and radiation-induced fatal cancers.
The potential loss of life expectancy after 40 to 50
years of underground uranium mining under present
conditions is expected to be about two years (Table
7). This value can be compared with a loss of less
than 0.15 years due to occupational hazards in a safe
industry, with a loss of several years due to
cigarette smoking, and with the general gain of about
35 years in life expectancy associated with
technological development in a country.
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DISCUSSION

Question (Morrison): What is meant by genetic
effects? What is the endpolnt?

Answer: The data in Table 9 refer to the
incidence of genetic or partially-genetic diseases
and abnormalities which require medical attention
at some time in a person's life. About 1 in every
10 persons born is included in this category;
roughly half of these disorders are evident
shortly after birth while the other half only
become apparent later In life. The range of
disorders considered is very wide. Some of the
better known examples include Down Syndrome
("mongolium"), diabetes and hereditary deafness In
old age. A more complete list of these disorders
can be found in the tables provided in the
appendix on genetic risks in the 1977 UNSCEAR
report (reference 17). Data on predicted
Increases In genetic disorders caused by radiation
exposure do not refer to the induction of new and
unusual types of disorders but to increments in
the frequency of those disorders which occur
normally in human populations.

Question (Morrison): Isn't most of the increase
in life expectancy in the last 100 years due to
decreasing infant mortality? Is it therefore fair
to attribute this to energy? You seem to be
saying this is the benefit (35 years increase in
life expectancy) due to technology, while these
are the risks due to uranium mining, in a sense,
comparing apples and oranges.

Answer: Infant mortality certainly contributed to
the lower life expectancy one or two centuries
ago. However, a dramatic Increase In life
expectancy over this period of time is still
evident even when infant deaths and deaths in
early childhood up to, say, age ten are eliminated
from the statistical comparisons. Further details
can be found in reference (1) and related
publications in which this topic la considered.

This Increase In life expectancy is
definitely associated with technological
development in a country. Many factors are
thought to contribute, for example, improvements
in nutrition, housing, secure water supplies,
sanitation, eating utensils, medical care,
communication, etc. All of these improvements are
dependent upon cheap and safe supplies of energy,
among the other factors (for example, education)
required for the functions of technologically
developed societies. The available data (see, for
example, references 1 and 2) suggest that It Is
reasonable to ascribe some portion of the general
Increase In life expectancy in developing and
technologically developed countries to development
of energy sources.
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The benefits and costs Co an Individual
person in the society (for example, a uranium
miner) can be calculated in the same units, that
is to say, in years of life expectancy.

Question (Chambers): I agree that, within the
uncertainties, a factor of two is not large.
However, X feel that epidemic-logic data, based on
past exposures, does include same consideration of
potential contribution of other agents on lung
cancer. In the past, dust levels were higher,
radon daughter levels were higher, gamma exposure
(assuming siailar ore grades) are probably little
changed and thoron daughter exposure not
substantially affected. It seems to me that risk
factors derived from epidemiologic data (which
have not been corrected for co-exposures) should
reflect overall lung cancer risk (more or less)
provided exposure to gamma radiation does not
increase substantially?

Answer: Two factors should be considered in
regard to Table 6. The first is actual exposures
in the Ontario uranium nines in the late 1950's,
during the period when most of the radiation
exposures relevant to the epidemiological follow-
up studies occurred. If one takes the absolute
and relative risk factors (with a 10 year lag
period) provided at this conference by Dr. J.
Muller ("The Ontario Miners Mortality Study") and
converts these to lifetime risk estimates using
lifetable method* as provided by Thomas and
McNelll (reference 22), the values appear to be
about 1-4 x 10-4 W U T 1 . The mean is thus
close to the ICRP value of 1.7 x 10~4

H U T 1 (sec Table S). According to the Ham
Commission Report (reference 16), radon levels
have decreased aboi.C 10- to 20-fold since that
time while the concentrations of ore dust
decreased about two-fold; am you suggest,
exposures to gawta radiation have not changed very
auch and the exposure to thoron daughters has
probably changed much less than that Co radon
daughters. Thus Che effect of radon daughters
would predominate In the late 1950's; certainly,
other radiation sources would make a small
contribution to the lung cancer risk estimates
derived fro* epidemiological studies of Ontario
miners exposed In the late 1950's, but the
proportion of the total radiation hazard due to
these other radiation sources has apparently
Increased at radon daughter levels have been
decreased through improved ventilation.

Second, about half the risk attributed to
Inhalation of thoron daughters and 80% or more of
the risk attributed to external gamma radiation in
Table 6 is due to fatal cancers other than lung
cancer. The calculations in Table 6 are concerned
with total potential risk of all types of fatal
cancer, and not with lung cancer only.

was .in equal value for the risk from exposure to
ore dust, thoron daughters and gamma radiation.
However, the TCRP-32 risk factor was derived in
part from the risk per WLM determined from uranium
miner epidemiology and therefore the so-called
risk per WLM is really the risk from radon
daughters plus associated ore dust, thoron
daughters, gamma radiation, radon, etc. It would
seem therefore that the risk from these other
sources has been considered twice in the table:

- once in the radon daughter risk value which was
derived using the ICRP-32 risk factor for radon
daughters which implicitly accounts for some
exposure to ore dust, thoron daughters and
gamma radiation, and

- again by making individual risk estimates for
each of these sources separately.

When considering the total risk from concurrent
exposure to these various sources of radiation,
should not as adjustment be made to offset the
double accounting of risk from ore dust, thoron
daughters and gamma radiation? It is recognized
that any adjustment would have to allow for the
differences in ratios of these various sources
between today's mines and the earlier nines;
nevertheless, in the Interests of conceptual
correctness, would not some sort of adjustment be
warranted?

Answer: I would like to refer you to the answer
to the question from Dr. D.B. Chambers. With
regard to ICRP-32, it might also be noted that the
Commission used both epidemiological and
dosimetric approaches in deriving suggested
lifetime risk estimates. The epidemiological data
suggest in general a somewhat higher average risk
than the recommended best estimate of 1.7 x
10~4 WLM~1 for radon daughters alone. If
the adjustments suggested (to allow for a small
contribution from radiation sources other than
radon daughters) were to be invoked, these
adjustments should be
epidemiological data only
recommended best estimate
WLM"1. As noted before,

applied to the
and not to the
of 1.7 x 10"4

other fatal cancers
besides lung cancers that might result from
exposure to gamma radiation and thoron daughters
should also be considered.

Question (Bush): One of the tables Indicated a
risk of 3 per year per 10,000 workers, based on
typical exposures to radon daughters and a risk
factor from ICRP-32. Also included In the table
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THE RADON DILEMMA

I". Steinhausler

Division of Biophysics, University of Salzburg
A-5o2o Salzburg, Austria

Radon and its decay products (Rn-d) have been part of
man's natural environment through every stage of his
evolution; they are inhaled by every breathing species
and represent the component of the natural radiation
environment (NRE) which delivers the highest radiation
dose to the general public. Lately this issue has be-
come very controversial because of its potential im-
pact on society on a wide range of topics, such as
energy conservation and occupational safety of miners.

THE PROVEN CARCINOGEN

Numerous scientific publications deal with the carci-
nogenic effect of inhaled Rn-d:
- theoretical dose modelling indicates a non-homoge-
neous lung dose distribution from inhaled Rn-d.
Therefore some parts of the lung tissue can receive
a sufficiently high dose in order to transform lung
cells at risk into cancer cells ( 1 , 2 )

- experimental laboratory inhalation studies show the
potential of Rn-d for the induction of lung cancer
in animals (3, 4 )

- epidemiological investigations of Rn-d exposed po-
pulation groups demonstrate that above a certain
level of Rn-d exposure the lung cancer incidence in-
creases as compared to control populations (5, 6 ).

However, these "pro-carcinogen" arguments are not with-
out some severe shortcomings.

Insufficient data an lung physiology and aerosol
deposition and -clearance, together with the large
biological variability between individuals and ex-
posure conditions, limit the validity of results from
dosimetric calculations to typical "reference man"
and "reference atmospheres".

Extrapolation from animal inhalation studies to
man proves difficult due to potentially species de-
pendent cellular sensitivity to radiation as well as
differences in target geometry and -physiology.

The low quality of radiation-, medical-and demosco-
pical data used as input for epidemiological retro-
spective studies on truncated cohorts results in large
uncertainties associated with quantitative risk
assessments (7).

In view of the above it is not surprising that risk
factors published differ by about an order of magni-
tude (Fig. 1).

THE NATURAL DRUG

Long before the scientific discovery of radioactivity
by Mdm. Curie people made use of radon-containing
springs for therapeutical purposes (Fig. 2). For many
centurins people enjoyed the pleasant environment of
spa resorts, combining vacation with medical care for
a variety of diseases, such as rheumatism, Morbus
Bechterew, impotence, arthritis, diabetes and para-
dentosis. Now every year several hundred-thousanrls of
people all over the world are deliberaty exposed to
radon and Rn-d as therapeutic treatment either by

inhalation or in the form of baths. This is parti-
cularly interesting in view of the general tendency
of the public to reject anything dealing with radi-
ation (anti-nuclear power movement, nuclear weapon-
freeze) . In some European countries the costs for a
series of "radon-cure" treatment is carried by
National Health Services. Such spas exist in Japan
(e.g. Misasa), Europe (e.g. Badgastein) and USA (e.g.
Boulder) and represent major centers for tourism
(Fig. 3).

In cases where people are unable to visit radon spas
human ingenuity has thought of ways of providing them
with the requested "beneficial" radiation exposure.

During WW II the Nazi-regime in Germany considered
shipment of this therapeutic agent to whcnver
required. In order to overcome the probler1 of the radon
half-life of 3.8 days it was considered to issue an
order to the Austrian research institute in charge of
radon research "... to take efficient counter-measures
in order to stop the undesirable decay of radon during
shipment of radon-containing water bottles".

Others designed special applicators (emanators or
ointments) containing radium 226 (Ra) which enabled
the home-user to receive his health-giving amount
of radon in his comfortable home-environment (together
with an unknown amount of not so healthly bone-seeking
Ra). Such devices were commercially available to the
public up to the late '5os. One manufacturer ("Q-ray-
Radium Electric Ltd., UK) even packed his Ra-source
into an electric blanket to increase the effect of
infrared radiation with an additional dose of
ionizing radiation.

Today large scale industrial production of radon
containing solutions can be found in the USSR where
9000 units are produced daily for use in the Russian
Public Health Service. In Bulgaria radon therapy is
extended to the treatment of children and adolescents
where they receive radon containing water/mud baths
in a children- sanatorium as a standard form of a
long-term therapy (8). In Moscow the Central Research
Institute for Spa Research and Physiotherapy sr.eciali-
ses in radon therapy-related research resulting in
numerous publications, looking for the scientific
evidence of beneficial effects due to radon exposure.

Fig. 4 shows mean radon values in various rooms of
a Japanese radon spa (9). For comparison, recommended
action levels for indoor radon exposure in Swedish
dwellings (1O) and the mean occupational exposure of
US-uranium miners (11)are given.

It can be seen that the mean occupational exposure
of the US-uranium miners is about the same as the
indoor-limits proposed for new buildings for the
general public. In contrast to this the Rn-levels
indoors due to delibarate exposure in the Japanese
spa treatment area exceed these levels by more than an
order of magnitude. Chromosome analysis carried out
amongst Japanese residents in the central area of a
radon spa experiencing chronic exposure showed that
the mean frequency of dicentrics was almost twice as
high as for people living in the peripheral area.
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Apparently short-term exposure, such as for therapists
(hydrotherapy) resulted in no significant difference
between mean frequency of dicentrics of exposed and
control group (11).

WHERE DO HE GO FROM HERE?

The radon problem is not going to disappear. On the
contrary, it may well turn out to become a major health
issue of the future because everyone can be affected,
not just occupationally exposed radiation workers. In
several countries which are not necessarily linked to
any stage of the nuclear fuel cycle (uranium mining,
tailings from fuel fabrication) indoor radon levels
can be a serious health hazard. From the national
surveys carried out up to now it can be estimated that
in most Western industrialized countries at present
about 0.5% to 1% of the total number of houses avail-
able has a radon problem that requires remedial
actions, since Rn-d exposure levels for the occupants
exceed those for occupational Rn-d exposure, e.g.
in uranium mines.

Two developments will increase the indoor radon
concentration for the general public in the future:

a) increased efforts to retrofit existing buildings
in order to reduce drafts, and to build new
energy-efficient homes with ventilations rates
as low as 0.1 h~'.

b) use of recycled industrial wastes as building
materials which may contain undesirably high
levels of Ra 226.

With regard to the nuclear fuel cycle the mining sec-
tor will be facing the repeated request for a lowering
of the presently valid 4 WLM-limit. Major joint efforts
between the scientific community, health authorities,
mine management and labour unions will have to be
taken to clarify:

a) to what extent the arguments used to justify
a lowering of the limit are scientifically sound

b) how many mining jobs will be lost, e.g. due to
increased costs for ventilation in order to
achieve lower Rn-d exposure limits, thereby
questioning the economic feasibility of some
mining operations.

At present the practical application of the existing
Rn-d exposure limit results in mean annual exposures
of about 1.3 Win, which is already of the same magni-
tude is requested for the new lower limit (0.7 WLM) .
Therefore it is more cost-effective and in line with
good health physics-practice to reduce the exposure
of the group at the high end of the exposure frequency
distribution (about 25% of all miners), rather than
to aim for a general lowering of the upper limit.
Furthermore every effort is warranted to promote the
technique of personal Rn-d dosimetry as it is common
practice in y- and n-dosimetry. However, further
research on improved reliability of the instrumentation
is needed to ensure cost-effectiveness of this method.

The tailings problem requires a more realistic
approach, applying adequate risk-benefit-cost analy-
tical methods.

It is certainly warranted from an ethical point of
view to aim for a prevention of misuse of the material
for future generations, e.g. for construction pur-
poses. Whilst it is useful to assess the durability
of the technical solution in terms of thousands of
years, it appears unrealistic to extend risk assess-
ments over a period of the next 10 000 years, since
nobody is able to foresee the social and political

changes within the next 5O years. Also it is not like-
ly to add to the credibility of such risk assessments,
if they deal with the radiological impact for a person
living in the Mediterranean area resulting from the
erosion of a tailingpile in a US-desert.

There is a common denominator to the occupational
and non-occupational aspects of the radon problem:
the risk due to Rn-d exposure and its comparison to
other risks man is exposed to either occupationally
or as a member of the general public. It is unreason-
able in mining operations to invest an unproportional-
ly high amount in reduction of Rr-d exposure and at
the same time to neglect the far greater non-radiolo-
gical risks that are associated with the raining pro-
fession in general; or: to trade off a lowering of
Rn-d levels in dwellings (e.g. by aiming for outdoor
values) against a significant increase in costs for
the homeowner due to a staggering escalation of
heating cost. The resulting theoretical reduction of
risk for lung cancer induction is likely to be out-
weighed by an increased overall "risk" for the occu-
pants having to lower their standard of living, in-
cluding reduced financial means available for general
medical care.

Finally it should be pointed out that - like many
problems of every day life - the radon problem also
has two sides, i.e. "radon" is not all "lung cancer"
only, as the brief outline of the chapter one "radon
as a drug" attempted to illustrate. All risk assess-
ments apply the no-threshold theory and extrapolate
from high exposure-effects down to environmental
levels. Seeing that man has envolved in the continuous
presence of the HRE and inhaled Rn-d the radon dilem-
ma should be reduced to answer the question,
"Above what level is radon a problem?" rather than
"Radon - a national problem?"* The way to achieve
this is by means of a realistic risk-benefit-cost
approach. This would ensure that the ICRP-principle
of ALARA ("as low as reasonably achievable") is
maintained by putting emphasis not only on "low"
but also on "reasonable".

Topic of Health Physics Society Summer School 198.
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Fig.1: Range of number of standardized excess fatal lung cancer cases due to inhalation
of radon daughters (occupational exposure).

Fig.2: Medieval spare time act iv i t ies during hydrotherapie in spa environment



640 STEINHAUSLER

Fig.3a: Use of de-emanated

water in thermal pool

(Badgastein, Austria)

Fig.3b: Hot-air inhalatorium (20000m3)

in former gold-mine, BSckstein,

Austria (mean radon concentration:

about 150 Bq/liter)

Fig.3c: "... uranium-radon mine

near Boulder/Montana,

USA, where people arrive

from all over the world

to find freedom from

pain .." (text quoted from

brochure; mean radon

concentration: about

50 Bq/liter)
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Fig.1): Comparison of mean concentration and exposure levels in the Japanese radon spa Misasa,
indoor levels considered as insanitary in Swedish dwellings, the mean exposure of US -
uranium miners and the ICRP - recommended limit for occupational exposure.
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ABSTRACT

Alpha radiation and other atmospheric
hazards are primarily abated by circulating
adequate quantities of fresh air through
mine workings. Assuming that the risk of
occupational injuries attributable to
atmospheric hazards is in many instances
still too high, the paper reviews the
general state of the art of mine
ventilation, attempts to identify
significant shortcomings, and suggests
changes aimed at reducing the risk of
injury associated with atmospheric hazards
in mines.

INTRODUCTION

Mining has been a hazardous occupation
since time immemorial, and despite radical
improvements in recent decades the risk of
work-related injuries remains unconscionably
high in many underground mines. Mining
methods widely used today - and likely to be
used in the foreseeable future - inevitably
expose mineworkers to a wide range of
occupational hazards associated with work in
temporary subterranean excavations. Xt
would be unrealistic to suggest that such
hazards can ever be eliminated entirely,
but there is evidence to suggest that the
risk of occupational injuries, from
whatsoever cause, could be reduced
significantly by the utilisation of
available knowledge and technology and
consistent application of conventional
engineering controls. This view should not
be construed as suggesting that no further
research and development is required in
relation to mine hazards - on the contrary,
the author later advocates more research at
both fundamental and operational level in
relation to mine ventilation - but again it
would seem that production mining personnel
are all too often blissfully unaware of
existing research findings.

Occupational hazards in mines can
broadly be grouped into four cateqorifis:

- industrial hazards similar to those
experienced in other sectors and
occupations;

- inrushes of water and/or liquified
material from internal or external
reservoirs;

- structural failure in the walls of the
excavation in the form of falls of
fractured material or rockbursts;

- aberrations in the atmospheric
environment.

Underground mineworkers are generally
exposed to all four hazard groups
simultaneously throughout the working shift,
although the risk of injury in probabilistic
terms attributable to each type of hazard
may differ greatly from one mine to another
and even from sector to sector in the same
mine.

On this occasion the author's remit is
to discuss ventilation - the primary method
of abating atmospheric hazards in mines -
but in examining one aspect of occupational
hazards in mines it should be noted that for
the mineworker at risk and the design
engineer the overall risk of injury may be
as important as any of the component risks.

In attempting to review the art and
science of mine ventilation in a meaningful
fashion the author has resorted to broad
generalisations and expressions of opinion.
If the review appears to dwell on
shortcomings rather than achievements the
author's motive is the improvement of mine
ventilation and a reduction in the risk of
injury from atmospheric hazards.
Furthermore, since mines are never
ventilated to abate the alpha radiation
hazard alone, ventilation is discussed here
in terms of atmospheric hazards rather than
in terms of the radiation hazard alone.

MINE VENTILATION

At an early stage in man's development
neolithic miners realised intuitively that
the atmospheric environment held hidden
terrors, and learnt to abate them by
providing a second entry and using fire to
augment airflow through mine workings. This
combination of ignorance and intuition only
began to change in the 19th century when
scientific advances provided rational
explanations for some of the atmospheric
hazards experienced in mines. In 1854
Atkinson (1) in Britain published his
seminal paper on the mechanics of mine
ventilation, but it is a salutory thought
that the last upcast furnace in a British
coal mine was only extinguished in 1946 -
three years before the start of the classic-
US Public Health Service (2) epidemiological
study of the dose-response relationship
between alpha radiation and lung cancer in
uranium mirers on the Colorado Plateau, and
twenty-one years before the appointment of
the Aylward Commission (3) to inquire into
the radiation hazard and safety in the
Newfoundland fluorspar miners.

Dospite the long history behind
atmospheric hazards, ventilation
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practitioners have been reluctant to define
the objects of mine ventilation in
unequivocal terms; the author suggests that
the primary object might be:

To control atmospheric hazards in mines
at socially acceptable levels by directed
air circulation through mine workings,
coupled with the use if necessary and
feasible of appropriate forms of air
conditioning and physical containment or
exclusion of hazardous agents.

In a sense the expression 'acceptable
levels' begs the question, but equally the
words connote a standard that should be set
in each jurisdiction in relation to
prevailing social mores and economic
conditions. Widely differing standards
might emerge but at least the ventilation
engineer would in each case be set a
quantitative target against which
performance could be tested.

SAMPLING AND MONITORING

The quality of air coursing through a
mine ventilation system may be affected by
changes in flow rate and changes in the rate
at which contaminants enter and (sometimes)
leave the airstream. Clearly adverse
combinations of such changes may have a
drastic impact on the atmospheric
environment in mines.

Most studies on mine ventilation assume
steady-flow conditions, but experience
shows that flows invariably fluctuate due
to natural causes and various short- and
longterm mechanical changes in the system.
With rare exceptions temporal fluctuations
in mine ventilation systems are ignored in
the literature, except to the extent that in
mine explosion inquiries it is not uncommon
for both the direction and quantity of
airflow at the time of the explosion to be
in dispute.

Similarly the rate at which contaminants
enter the airstream may vary enormously
depending on the rate and duration of
production or emission. Dilution and
dispersal of contaminants is affected inter
alia by the geometry of the workplace, the
nature of the operation in progress, and
notably the amount of air supplied to the
workplace and the manner in which it. is
distributed. Again, the scene is
inadequately described in the literature.

It is probably trite to say that the
efficiency of any system of engineer.ing
control is wholly dependant on the quality
of the information furnished to the
controller on the condition or state of the
situation subject to control.

Elsewhere the author (4) suggests that in
many mines sampling and/or monitoring
arrangements are inadequate to provide the
feedback needed for effective ventilation
and hence the ability 'to contrc]
atmospheric hazards in mines at socially
acceptable levels'. Specific suggestions

included:

- more numerous measurements of air
quality and quantity;

- the use of technologically advanced
measuring instruments;

- the development of appropriate
sampling strategies;

- the use of more sophisticated
techniques for analysing environmental
data.

STATUTORY REGULATIONS

The first statutory regulations affecting
working conditions in mines were apparently
enacted in France early in the last century.
In Britain the first measures relating to
occupational hazards in mines were passed by
Parliament in 1855 in the form of seven
'general rules', of which the first rule
read as follows:

(1) An adequate amount of ventilation
shall be constantly produced at all
collieries, to dilute and render harmless
noxious gases, to such an extent, as that
the working places of the pits and levels
of such collieries shall, under ordinary
circumstances, be in a fit state for
working.

The rule was intended to abate the
chronic firedamp hazard prevalent in
British coal mines throughout the
nineteenth century, but casualty records
suggest that neither the original rule nor
subsequent additions and amendments made
much impact on the hazard until nearly a
century later. Interesting comparisions
could no doubt be made, if space allowed,
of legislative development in Britain from
1855 and Federal legislative developments
in the United States from 1910 to the
present day.

The role of statutory regulations in
mine hazard abatement has been argued
vigorously but inconclusively in many
jurisdictions in recent years, but there is
nevertheless a dearth of objective analysis
on the subject at either national or
international level. It would seem however
that there is often a complex interaction
between the regulatory authority,
management, and organized labour that
determines the success or failure of a
particular measure. Aspects of the
tripartite relationship are touched upon in
the reports of three commissions that have
studied occupational health and safety in
Ontario in the last decade, viz the Kam
Commission (5), the Burkett Commission (6),
and the Dupro Commission (7).

Kany statutory regulations -
particularly in relation to atmospheric
hazards - ostensibly have considerable
inherent potential for hazard abatement,
but the potential is often not
realised in practice. In
short the author believes that regulations
have an important role to play in hazard
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abatement, but maintains that they can only
do so if regulations are diafted and
enforced with a full understanding of the
total work environment.

RESEARCH AND TECHNOLOGY TRANSFER

The wide spread of papers presented at
the Golden Conference (8), and the equally
impressive listing of papers for the Toronto
Conference, testify to the active research-
programmes being conducted in various parts
of the world in relation to radiation
hazards in mining. Much has been
accomplished since the hazard first
attracted public attention twenty-five years
ago, but there are four areas in particular
that seem to require greater attention.

Firstly, there is an urgent need,
referred to earlier, for reliable data
obtained from in situ measurements of
airflow patterns and contaminant behaviour
in mine workings under operational
conditions. The difficulties of obtaining .
reliabled data in mines under active
working conditions are recognised, as are
the reservations of some mine operators
regarding the collection and possible
publication of such data, but in the
author's view both difficulties must be
overcome if mines are to be ventilated on a
rational basis.

Secondly, there is a need for the
development of rational sampling strategies
linked to mathematical models for
predicting the effect of system changes on
atmospheric hazards.

Thirdly, a check on the affiliation of
authors contributing to the two conferences
on radiation hazards suggests that few are
directly involved in mine ventilation
practice, whereas it would seem highly
desirable that personnel with practical
ventilation experience and the necessary
ability should be drawn into the research
arena.

Fourthly, academic research is not to be
denigrated, but in a situation where large
numbers of mineworkers are at risk in
relation to atmospheric hazards, steps
should be taken to apply research findings
in the work situation with the least
possible delay. Conferences of course help
to disseminate research results, but mining
has a reputation of being a conservative
industry and perhaps more positive steps
are required. In the United States the
Bureau of Mines has for several years
operated a technology transfer programme to
present research findings at grass roots
level, and this laudable project could
possibly be emulated elsewhere.

VENTILATION DESIGN

On many mining fields ventilation
developed as a trouble-shooting exercise
related to specific atmospheric hazards
such as firedamp explosions in British and

Continental coal rnirps, silicosis in
Kitwatersrand gold miners, lung cancer in
Colorado Plateau uranium miners, and
astiestosis in Quebec asbestos miners; not
infrequently today ventilation design is
simply based on prevailing practice or
con'pHance with statutory requirements. On
previous occasions the author (9) (10) has
drawn attention to the dearth of material
on rational ventilation design, and
suggested the need for design to be based
on risk.

Five years ago Luxbacher and Ramani (11)
of Pennsylvania State University remarked:

Although the importance of adequate
ventilation has been recognised from the
earliest days of mineral extraction,
ventilation planning is, even today, more
commonly considered an art rather than a
science.

and thereafter the authors proceed to make a
useful contribution to the limited
literature on the subject. A year later a
committee set up by the US National Research
Council (12) to study respirable dust in
mines commented:

Traditional methods of dealing with
ventilation problems underground have
been based mainly on empirical intuitive
techniques.

The NAS committee also made a positive
contribution to the ventilation design
literature, but. in practice it would seem
that all too often 'design' consists of
copying prevailing practice or compliance
with statutory requirements.

This is not the occasion to delve more
deeply into the intricacies of ventilation
design, but it may be observed that many of
the studies reported at the present
conference loose their significance if
there is no prospect, of the findings being
used for design purposes.

CONCLUSIONS

Valuable studies conducted in several
countries over many years on atmospheric
hazards other than radiation have in some
instances contracted in recent years in
line with lower coal production rates and,
more recently, budget cuts due to
recession. Tn the circumstances it is
reassuring that the mining industry and
government agencies are prepared to support
research into radiation hazards in mines;
apart from specific benefits in relation to
radiation, a fresh, and possibly more
sophisticated, approach to atmospheric
hazards in general may help to solve some
longstanding problems.
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DISCUSSION

Question (Bernstein): Can you comment on the
technical feas ib i l i ty of continuous area
monitoring of radon/thoron gases and/or their
radioactive alpha decay products in a system of
alarm-triggered control of mine ventilation? If
such methodology i s technically feasible , can you
consent on i t s economic feas ib i l i ty considering
i t s introduction Into operating nines and i t s
introduction In the startup of new nines? In
particular, can the rate of air flow and the
balance of airflow in underground mines be
adjusted on the basis of continuous real-tine
monitoring of the air-borne concentration of
carcinogenic (delayed-action) agent* in * manner
which i s analogous to ventilation control of toxic
or explosive (immediate-action) agents?

Answer: The three questions will be considered
seriatim.

(1) The technical feas ibi l i ty of monitoring mine
workings continuously for alpha radiation has
presumably been discussed in the instrumentation
sessions at this conference, and there are
probably many delegates in the audience who are
better qualified to discuss the subject than the
present author. Nevertheless the following
comments may be relevant:

- the requisite technology for monitoring alpha
radiation Is seemingly available - albeit
perhaps in need of further development based on
extended mine usage - but far less progress has
been made in the f ield of automatic ventilation
control;

- continuous area monitoring of a l l atmospheric
hazards In mines for control purposes i s highly
desirable, but at the same time the practical
d i f f i cu l t i e s associated with the instal lat ion,
maintenance and operation of sophisticated
electronic monitoring and control equipment In
a hosti le environment should not be under-
estimated;

- in certain circumstances (eg. mines remote from
service f a c i l i t i e s ) i t nay be more cost-
effective to Improve grab-sampling techniques as
suggested in the main address rather than
Install complex monitoring equipment;

- even mines equipped with monitoring systems need
backup grab-sampling f a c i l i t i e s , and concern for
complex monitoring systems should not divert
attention from the need to Improve manual
sampling.
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(2) Assuming that continuous area monitoring is
both technically feasible and strategically
desirable vide (1) above, the question of economic
feasibility is more complex since it relates to
the overall economic viability of each individual
•Ining operation and prevailing views on the
social acceptability of risk in the country in
which the nine is located; Moreover since the full
costs of occupational injuries are seldom
internalized it is a Hoot point whether external
costs should be included under the rubric of
economic feasibility. The profitability of mining
operations can differ markedly between seemingly
sinilar ventures, and may fluctuate randomly due
to outside factors; in the circumstances it is
sjcr^ested that economic feasibility can only be
assessed in relation to a specific nine, and in
this connection there seems no reason to
distinguish between existing nines and mines in
the design phase.

(3) Given an effective Monitoring system, the
necessary control hardware, and suitable software
Cher* Is no reason why the quality of the
atmospheric environment in mines should not be
maintained within predetermined limits by
regulating flowrates and adjusting ancillary air
conditioning equipment, but in practice efforts in
this direction have generally been confined to
Installations designed to control a single
atmospheric parameter. Twelve years ago at the
Tenth (1972) APCOH meeting In Johannesburg, for
exampld Klskanen described a fully automatic
system for monitoring and regulating ventilation
in Outokumpu's Fyhasalmi metallic sulphides mine
In Finland, and more recent examples can no doubt
be found in the literature. However progress in
this field has admittedly been slow.
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ABSTRACT

Based on an understanding of the nature and pro-
perties of the mine aerosol, particularly in terms of
size, unattached fraction, charged fraction and
equilibrium ratio, the status of techniques for grab
sampling, continuous monitoring and personal dosi-
metry in the metrology of the daughters of radon and
thoron is reviewed. The nature and degree of optimi-
zation of single point approximate and exact methods
of grab sampling are discussed, with emphasis on
uncertainties. Continuous monitoring modes of
greatest promise are identified, together with modes
unsatisfactory in the presence of thoron daughters.
Personal dosimeters based on theraoluminescent, track
etch and solid state detectors are compared in terms
of both theoretical limitations and operating perfor-
mance. Finally, the potential of passive dostmetry
ia discussed.

INTRODUCTION

The main interest In measuring radon daughters is
Co determine their potential alpha energy, either as
an aggregate or in terms of contributions from the
Individual daughters. In Che former case, the
Working Level, defined as any combination of the
short lived decay products of radon, 222Rn (RaA or
2 1 8Po, RaB or 2l*Pb, RaC or 2l"Bi and RaC1 or 2lltPo)
la one litre of air which will result in the ultimate
emission by them of 1.3 x 10s MeV of alpha particle
energy, is determined. The potential alpha energy of
the radon daughters can he determined either by time
delay counting or by alpha spectroscopy. In time
delay counting, exact determination of the three
daughters RaA, RaB and RaC/RaC (RaC1 is a prompt
decay from RaC) requires the use of three time
delay*. The use of fewer delays, for example, one,
as In the well known Kusnetz (I) or Rolle (2)
methods, results In a value of the potential alpha
energy that Is dependent upon the ratio of the
daughters. If this ratio is within defined limits,
as Is often the case, the Inherent error In the use
of one time delay may be acceptable.

The physical stale of the daughters imposes cer-
tain limitations In measurement methodology (3).
Further, the physical properties of the daughters are
functions of their environment (3), as reviewed
briefly below.

PROPERTIES OF THE MINK AKKOSOL

Radon daughter* normally become attached to aar>-
•ols as a result of a continuing collision process.
In Elliot Lake uranium nines, the aerosol has been
found to have a i'ount median diameter of about 0.1 um
(4), nuking it susceptible to unwanted collection by
diffusion on and in the collecting device (5). In
addition, the aerosol Is often charged (6).

The size distribution of the mine aerosol, like

that of many other aerosols, can hi; described in
terms of a log-normal distribution function which may
easily be manipulated mathematically in terms of data
from collecting devices such as diffusion batteries
(7). The activity-size distributions of the RaA, RaB
and RaC have normally been found to be similar (4).
The mine aerosol itself may contain contributions of
ore dust from ore handling, ore dust and explosive
material from blasting operations, water, oil and
other mist from drilling operations, soot from illnsel
exhausts, fume from welding operations and aerosol
Introduced with or arising from heating/cooling the
ventilation air. Diesel exhaust can vary in size
from smalt discrete particles ("0.01 Mm) to long
chains and Urge agglomerates (~1I) um) and in com-
bination In terms of solid and liquid phases of car-
bon, hydrocarbon, water, metals and sulphate. Diesel
exhaust size distributions have been found to be
log-normal. Soot (carbon) constitutes about 90% of
the mass (8). The mechanism of soot release has been
investigated by Broone and Khan (9). Jackson et HI.
(10) found that the individual radon daughter acti-
vity distribution showed significant changes in
response to changes in the Inorganic and dlescl soot
components of the substrate particles.

Unattached fraction data are summarized in Tables
1 and 2. Most of the attached fraction and some of
the unattached fraction is neutral, but not much is
known about the electrical properties of the aerosol.
Methods for measuring the unattached fraction suffer
from a small positive error (19) which must be taken
Into account. Studies of the rate of attachment
generally seem to suggest that the attachment rate Is
proportional to d?, where d - particle diameter, and
to the aerosol concentration.

The dlffuslvttl.es of radon and thoron daughters
vary with the age of the nlr and the experimental
conditions (Tables 3 and 4). This variation may be
explained as being due to a process of neutralization
and chemical reaction of the daughters (31,2r>).

EFFECT OF AEROSOL PROPERTIES ON INSTRUMENTATION
REQUIREMENTS

Radon daughters are collected by one of the mecha-
nisms forced convection onto a flLter, electrostatic
migration, or diffusion. The first mechanism will
result in small particles being collected preferen-
tially, with inertlal forces causing some large par-
ticles to deviate from the fluid streamlines so as to
avoid collection. However, since the size at which
Inertlal forces become significant is well beyond the
0.1 urn median diameter of the mine aerosol, inertial
forces will have little measurable effect. Diffusive
collection, however, will also occur, especially for
small particles, since the dlffuslvity D • kT/3itnd
where k » Boltzmann constant, T • absolute tem-
perature, n « gas viscosity and d - particle
diameter. Long entrance geometries will allow par-
ticles to diffuse to the walls and thus escape
collection. Losses In typical dosimeter geometries
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TABLE 1

Unattached Fraction* of Radoo/Thoroa Daughters

Species
and location Unattached fraction

Measurement
technique

Other parameters
and remarkH Reference

Rn ds

Rn ds
US uranium
mines

Rn ds
uranium
mines

Rn ds
French ura-
nium mines

Rn ds
6 US uranium

mine*

Rn ds
iron mine

Rn ds
Canadian ura-
nium mines

Tn ds
thorium plant

0.1

0-0.73
Average « 0.25

0.06-0.15 In
active areas
0.09-0.25 in
dormant areas

<0.05

0.002-0.12
Mean - 0.035
Morn Chan half
was <0.03

<0.059

<0.04

Htan - 0.0074

Diffusion tube

3.7 cm dia, 60 cm
long diffusion
tube with filter
paper at exit

Diffusion tube

Electrostatic
•ampler

Diffusion sampler

68.5 mesh/cm
wire screen
collection efC.
• 862

60 mesh/cm wire
screen collection
eff. - 76X

Diffusion sampler
collection eff.
- 65Z

R.H. 100%

R.H. - 60-902
Inadequate dis-
crimination against
attached Rn daughter

R.H. >99X
Aerosol concn.
• 5 x lOVem'

R.H. - 41-97*
Temp. - 46*-67*F
Aerosol concn• •
3 x 10J - lO7/cmJ

Particle dia.
<7 in

R.H. - 99-100%

R.H. • 70-85*
Aerosol concn. •
3 x W-3 x 10Vc*3

(U)

(12)

(13)

(14)

(15)

(16)

(6)

(17)

Abbreviations: ds daughters; R.H. • relative humidity.

TABLE 2

l/nattached Fraction Measurement* In Ontario

Mine
(Test)

A(l)

B(2)
A(3)
A(4)
A(5)
A(6)

A<7)

Unattached

Diff. sampler

9

6.4
5.8
1.4
0.47
0.6

0.67

fraction (X)

Wire screen

7

-
-
2.5
0.47
0.25

0.7

Ave.

8

6.4
5.8
1.95
0.47
0.5

0.69

Aerosol
concn.
per cm3

250,000

300,000
-
-
-
-

-

0.084

0.086
0.21
0.15
1.22
0.29

0.26

R.H.
«>

96.4

73.0
-

95.0
90.0
86.0

86.0

Temp.
CO

8.3

11.9
11.5
13.1
19.5
29.5

19.4

Mining
operation

drilling and
•lushing
drilling
drilling
roof-bolting
mucking
mucking and
drilling
mucking.
drilling And
roof-bolting

Area of
mine

noii-dtonel

••
»
»

dlesel
»

Abbreviations: Diff. " diffusion; Ave • average; R.H.
Level.

relative humidity; WLU • r;ijon daughter Working
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TABLE 3

Diffusion Coefficients of RaA

TABLE 4

Diffusion Coefficients of ThB

Diffusion
coefficient
D (cm2/s)

0.045

0.047
0.034

0.053
0.085

<0.05
<0.01

0.06981

0.04361

0.08112

0.08032

O.O7251

0.07131

0.09552

0.09132

0.101
0.028
0.043
0.046

0.048
0.035
0.065
0.076

Relative
humidity

"dry air"

15%
35%

<20%
>20%

102
90%
10Z
90%
102
90%
10%
90%

O3

2.O23

3.783

25.213

' o-
2.021*
3.731*

25.2lu

Remarks

Neutral atoms

Neutral atoms; high
radon concentration
(0.15 nCi/L)

Average age of RaA was
less than 15-20 sec

~Four times lower
value for ions

Radon concentration
(atoms/cm3)

1.069 x 106

3.802 x 106

2.973 x 106

1.430 x 106

5.297 x 106

4.453 x 106

2.451 x 106

1.657 x 106

Ref.

20

21

22

23

24

25

25

Diffusion
coefficient
D (cni2/s)

0.054

0.005-0.06

0.076
0.05

0.02-0.09

0.055

0.0545
0.0524
0.0604

0.024
0.068
0.068

Relative
humidity

—

—

—

5-10%
10-20%
20-80%

<2%
30-90%

All R.H.s

Note: for comparison,
~0.l cm2/s.

Remarks

D decreased with age
of air

Jligher value is for
neutral atoms; lower
value is for ions

Neutral atoms; D
decreased with age
of air

D increased with ven-
tilation rate; no
effect of thoron con-
centration on D; ~90
air changes per hour

Top two values are for
positive ions; last
value is for neutral
atoms; no influence of
water vapour on 0

the diffusivity of radon

Ref.

11

26

27

28

17

29

30

* 6 air changes per hour.
2 60 air changes per hour.
1 partial pressure of H2O in argon in mm Hg.
" partial pressure of H2O in air in mm Hg.

TABLE 5

Calculated Lower Detection Limits of the Potential Alpha Energy Concentration in Air for Different
Levels of_Gamma_ Background. Air Sampling Rate - 10 L/hr. Sampling:Compensating Response Ratio = 1.2 (33)

Sampling
period

8 h

40 h

170 h

Detuctor
material

CaSOi,:Tni
LiF

CaSOi,:Tni
LiF

CaS0i,:Tm
LIF

Detection limit in 10 3 WL for a level of gamma background radiation of
10 MR/h 100 MR/h 1 mR/h 10 mR/h

40
14

8
3

2
0.7

40
14

8
7

2
7

40
70

8
70

2
70

40
700

14
700

14
700
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have been found experimentally to be up to [5%,
although theoretical predictions using a variety of
unsubstantiable assumptions are much lower (5).

The charged fraction of a radon daughter aerosol
will tend to deposit in entrance passageways as a
result of both electrostatic attraction and dif-
fusion, since the charge to mass ratio is highest for
particles at the small end of the size spectrum.
Unattached atoms, whether charged or not, will depo-
sit readily in entrance channels. The extent of
underestimation of the Working Level may therefore be
as much as the charged fraction on this account.
Devices in which a charge is induced on particles to
effect collection may underestimate the Working Level
by incompletely inducing charge or by allowing insuf-
ficient residence time in the apparatus for the par-
ticles to be collected. In most electrostatic
devices used for measuring radon daughters, the
latter problem does not arise. Both naturally
charged (the "charged fraction") particles and
induced charge particles will be collected in an
electrostatic field.

DETECTORS

An ideal detector for this application would be
one which responds, or can be made to respond, only
to alpha particles, in an energy selective way, and
which has a direct and straightforward method for
reading out data. Track etch detectors satisfy the
first criterion, but not the second, since read-out
consists of counting tracks which may not be iden-
tical in size and orientation and which may be depo-
sited non-uniformly over the field (32). Silicon
surface barrier detectors fulfil both criteria, but
are expensive and require associated electronics.
Thermoluminescent (TL) detectors do not allow easy
energy discrimination, and are sensitive to y and B
radiation, and therefore require a compensating chip.
A TL detector using a thin (6 mg/cm2) film of
CaSOi,:Tm having a superior ratio of alpha:gamma sen-
sitivity is described by Regulla et al. (33). The
detection limit for 40 hour sampling in gamma fields
of 10 nR/h to 10 mR/h ranges from 0.008 to 0.014 WL
compared to values for LiF:Mg,Ti of 0.003 to 0.700
WL. For this specified sampling period, the sen-
sitivities of the thin film CaS0i,:Tm and the more
conventional LiF:Mg,Ti are about equal in a gamma
field of 100 uR/h; above this field strength, the
CaSOi^Tm TL chip is superior (Table 5). Field tests
of this detector have been reported for a film of h
mg/cm^ (34) and, recently, 2 mg/cm^ (35).

GRAB SAMPLING METHODS

Single count methods depend upon the ratio of
RaA:RaB:RaC remaining constant or within specified
limits. Actual mine atmospheres contain varying
ratios of these daughters, as illustrated by the 385
point survey of Holub (36) for underground mining
(Fig. 1). The most probable mixture is RaA = 239
pCi, RaB = 97 pCi and RaC = 66 pCi. Figure 2 (37)
shows inherent error lines for the 40 minute delay
Kusnetz method (1). Figure 3 (37) shows similar
error lines for Rolle's 10 minute delay method (2).
Based on error intervals which enclose 90% of the
data, the inherent errors in the Kusnetz and Rolle
methods are about ±9% and ±132 respectively. Figure
4 (37) shows the the variations with delay time of
the inherent error for generalized Kusnetz methods in
which the sum of sampling and counting Intervals is
10 min and the delay time 40 min.

Durkin (38) has also calculated the inherent error
in Working Level determination for different daughter
ratios. Based on 271 field data, Durkin found the
most probable ratios to be RaC:RaA - 0.2 and RaB:RaA
* 0.43. For 92% of the field data, Durkin found that
the error arising from using gross alpha counts (that
is, not separately counting the two alphas arising
from the decay of RaA and RaC) was -2.45 to +2.7%.
This result differs from that of Holub (36) but the
field data bases are different. In Holub's data, the
most probable ratios of RaC:RaA and RaB:RaA are 0.23
and 0.33 respectively. Bcrak and Holub (39) more
recently describe field data in terms of the average
composition, which they report is RaA:RaB:RaC =
224:102:67 pCi for 380 mine data values.

To the systematic inherent error arising from
assuming that the daughter ratios remain at their
most probable values (which are a function of the
particular data set analyzed) must be added errors
arising ftom the statistics of the count and decay,
and uncertainties due to temporal fluctuations in
concentration and in sampling pump flowrate (40).
The final errors will therefore be larger than the
figures discussed here.

Two-count methods provide a means of relieving
somewhat the error inherent in approximating three
daughters from a single conversion factor. Complete
description of the system would of course require
three counts. Extension of the method to more than
one count also allows the option of using beta as
well as alpha counting. The method developed by
James and Strong (41) and optimized by Holub (36) is
based on gross alpha counting, as is that of Hill
(42) (also optimized by Holub (36)). Shreve's method
(43,44,36) is based upon both alpha and beta
counting. Holub (36) has combined the James counting
method with the Shreve method so that both alpha and
beta are counted during the 2 min sampling period,
for a total measurement time of 2 min. This method
was found to result in the least inherent error.

Two (and more) count methods have been used to
determine both radon daughters and thoron daughters
when present In the same air sample. (Exact deter-
mination would require four counts.) Cote and
Townsend (45) developed two or three count gross
alpha methods. The first count is taken at 1.2 to
16.2 min after sampling, at which time the thoron
daughter contribution is negligible, the second at
165-180 min to record both radon daughters and thoron
daughters, and the third count, which is strictly
redundant, and is made in an effort to minimize the
total error, is taken at 225-240 min to measure the
thoron daughters alone.

For radon daughters, the introduction of a third
count allows exact determination of the con-
centrations of all three daughters. Exact deter-
mination is also possible through alpha spectroscopy.
The original three-count method was developed by
Tsivoglou (46) and optimized by Thomas (47,48) on the
basis of counting statistics. Further optimization
on the basis of fluctuations in airborne daughter
concentrations and sampling pump flow rates has been
carried out by Busigin and Phillips (40) (Fig. 5) and
Busigin, Pogorski and Phillips (49), in the latter
case using Monte Carlo techniques which do not assume
independence of the standard deviations of the con-
centrations of the three daughters. Optimization for
fluctuations has been extended to methods for
measuring both radon daughters and thoron daughters
when present simultaneously (50), resulting in a
method requiring 10 min sampling at 5 L/min and
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FRACTION OF MINE DATA
ENCLOSED BY INHERENT

ERROR INTERVAL

95%

90%

80%

965

FIG. 1. ACTUAL MINB DATA (385 POINTS) NORMALIZED TO
1 WL, SHOWING RADON DAUGHTER AGEING CURVE AT VARIOUS
TIMES TO EQUILIBRIUM (36).

RaB, pCi
50 100

0 20 40 60 80 100

DECAY TIME, minutes

FIG. 4. INHERENT ERROR CONTOURS FOR THE GENERALIZED
KUSNETZ METHOD WHICH ENCLOSE 80, 90 and 952 OF THE
RADON DAUGHTER MIXTURES MEASURED IN URANIUM MINES.
IN ALL CASES THE SUM OF THE SAMPLING AND COUNTING
INTERVALS IS 10 MIN AND THE DELAY 40 MIN (37).

TIMING SEQUENCE
5-40-5

K = I46

900

FIG. 2. INHERENT ERROR CONTOURS DERIVED FROM URANIUM
MINE DATA FOR SAMPLING, DECAY AND COUNTING METHODS OF
5-40-5 MINUTES FOR THE GENERALIZED KUSNETZ METHOD
(37).

RaB,pCi
50 100

003 006 OOD 012 Ola

RELATIVE STANDARD DEVIATION
OF CONCENTRATION

FIG. 5. THE PRECISION OF THE MODIFIED TSIVOGLOU
METHOD (48) ( ) AND THE IMPROVED MODIFIED
TSIVOGLOU METHOD DEVELOPED BY BUSIGIN AND PHILLIPS
(40) ( ). MEAN SAMPLING FLOWRATE - 3 L/M1N
(FLOWRATE STANDARD DEVIATION = 32). COUNTER
EFFICIENCY - 0.40 CPM/DPM. C =• 100 pCI/L; CD
60 pCl/L; C - 40 pCi/L (4of.aA RaB

150

100

300

o
a.
< 500
o

700

900
FIG. 3. INHERENT ERROR CONTOURS DERIVED FROM URANIUM
MINE DATA FOR THE ROLLS METHOD WITH SAMPLING, DECAY
AND COUNTING INTERVALS OF 10-4.4-5 MIN (37).

ROLLE METHOO
TIMING SEQUENCE

10-4.4-5
K = 203

000 0.01 002 003 004 005
BSD CONCENTRATION

FIG. 6. CALCULATED RELATIVE STANDARD DEVIATION (RSD)
OF MEASUREMENT OF RADON AND THORON DAUGHTERS vs RSD
CONCENTRATION FOR 5% FLUCTUATIONS IN FLOW FOR HARLEY
AND PASTERNAK'S METHOD ( ) (51) and KHAN, BUSIGIN
AND PHILLIPS' METHOD ( ) AS COMPARED IN (52).
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counting at 2-4, 5-20, 30-60 and 140-200 rain, all
within one 8 h shift (Figs. 6 and 7). The method of
Harley and Pasternak (51) required 60 rain sampling
and 40 h counting, both impractlcally long times;
furthermore, this method Is not optimized for fluc-
tuations in concentration and flow.

0.04

0.00 0.01 0.02 0.03 0.04 0.05

RSO CONCENTRATION

FIG. 7. CALCULATED RELATIVE STANDARD DEVIATION (RSD)
OF MEASUREMENT OF RADON AND THORON DAUGHTER WORKING
LEVELS VS RSO CONCENTRATION FOR 52 FLUCTUATION IN
FLOW FOR HARLEY AND PASTERNAK'S METHOD ( ) (51)
AND KHAN, BUSIGIN AND PHILLIPS' METHOD ( ) (50)
AS COMPARED IN (52).

Raabe and Wrenn (53) have developed a method based
on least means squares analysis of multiple counts
(for a radon daughter system, a minimum of four made
up of one for each daughter (three) plus one to
supply a degree of freedom for the regression
analysis). This method allows the concentrations of
the individual daughters to be determined, together
with an estimate of error based on the statistics of
counting. The precision of the method can be
improved by use of more than the minimum number of
counts. In an extension of this method, Zhang and
Luo (54) have applied least mean squares analysis
both during and after sampling mixed atmospheres of
radon and thoron daughters. The procedure developed
is also suitable for analyzing alpha spectroscopy
data and fixed Interval gross alpha counting data.

Alpha spectroscoplc methods have been proposed by
a number of workers, including Martz et al. (55),
Jonassen (56), Kerr (57), Kritidis et al. (58),
Aprilesl et al. (59), Tremblay et al. (60), Cote and
Townsend (45) and Revzan and NazarofE (61). As well
as providing for the possibility of Improved preci-
sion, the use of alpha spectroscopy allows correc-
tions to be made for the presence of thoron daughters
(~6 MeV alpha particles are emitted in the thoron
daughter chain, in addition to alphas of energy uni-
que to thoron daughters, namely, 8.78 MeV). Groer et
al.'s method (62) involves counting RaA and RaC plus
beta counts.

For relatively short decay times (5-25 min), the
alpha spectroscopic method may produce less uncer-
tainty (accuracy plus precision) in a typical
"average" mine atmosphere than gross alpha counting
(39). However, for the usual gross alpha decay times
of greater than 30 min (for example, in the Kusnetz

method), gross alpha counting produces less uncer-
tainty than alpha spectroscopy, as a result of the
dominating effect at these longer decay times of
counting statistics (precision) over inherent error
(accuracy) at the "average" daughter ratio.

Borak et al. (63) have estimated the total uncer-
tainties associated with 12 grab sampling methods,
finding them to be within the range 31-36%, with one
exception at 575!. It is noteworthy that about 303! of
the total uncertainty was estimated as being due to
temporal fluctuations in nine atmospheres between
measurements.

CONTINUOUS MONITORING

Many instruments have been developed for the con-
tinuous monitoring of radon gas, usually based on
alpha counting. For exact calibration of the dynamic
response of continuous flow-through detectors, the
activity deposited in previous time intervals must be
allowed for (64,65). For continuous monitoring of
radon daughters, a filter has usually been employed,
although such a filter will eventually block up with
particulate. Since the collection efficiency of most
suitable filters is very high (-99Z) (66), filter
blockage will only have the effect of increasing the
pressure drop, and will require that flow control be
implemented. Eventually, before significant degrada-
tion of the alpha spectrum occurs, and because of
long term build-up of long-lived decay products, the
filter will have to be changed. Switching to a
parallel filter after a time would also be desirable
if electrostatic collection were used. The method of
Haider and Jacob! (67) is based upon alpha counting,
and that of Kawaji, Pai and Phillips (68) on both
alpha and beta counting using a proportional counter.
Methods based on gross alpha and on beta counting
have been proposed by Droullard and Holub (69).
Schiager et al. (70) have tabulated the uncertainties
associated with these methods (Table 6).

Versions of continuous alpha monitors are
described by Droullard (71), based on alpha counting
(using surface barrier detectors) or alpha plus beta
counting (Geiger-Mueller tubes). Alpha and alpha
plus beta activity are measured from the collection
side of the filter, and beta activity from the
reverse side of the filter.

The dynamic response of gross alpha, gross beta
and gross (alpha + beta) continuous Working Level
monitor modes has recently been analyzed (72). For a
sine wave fluctuation in the radon concentration, the
conversion factors defined as activlties:WL depend
mainly on the frequency of the sine wave.
Fluctuation of the conversion factors about the value
corresponding to a constant radon concentration is
less than 10% for frequencies between about 0.1 and I
cycle per minute. The gross alpha counting mode Is
the most satisfactory of the three methods analyzed
because of the relative constancy of the conversion
factor with ingrowth time.

If thoron daughters are present, the continuous
beta or alpha plus beta modes of a continuous Working
Level monitor are not suitable for use If the radon
daughter Working Level Is required (73). The con-
tinuous alpha mode, however, may be acceptable for
measurement of the total Working Level of thoron
daughters and radon daughters If severe constraints
are Imposed with respect to the ratio of thoron:radon
gas and the age of the air (the air should not be too
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TABLE 6

Characteristics and Uncertainty Parameters for Continuous Radon Daughter Monitors (70)

Activity
measured Detector

Efficiency Flow rate Counting U(A) U(P)2 U
(%) (L/rain) time (min)1 (%) (%) (Z) Ref.

Alpha

Beta

Alpha

Surface
barrier

Geiger
Mueller

Proportional
counter

20

12

20

1-10

1-10

I

15

15

15

2.1 0.7 2.2 69

5.0 0.7 8.1 69

3.5 0.7 3.6 68

' The Integrating time Is selectable. Tests performed by the U.S. Bureau of Mines used counting

tines of about 40 min.
2 Precision is based on sampling air at 1 L/rain for 15 min when the potential alpha energy is
equivalent to 1 WL.

TABLE 7

General Characteristics of Some TLD Phosphors (75)

TLD phosphor

LiP;Mg,Ti

MgBi,07:Dy

Li2Bi|O7:Mn

LijfVC^jCu.Ag

Ll2Bi,07:Cu

CaSOî Tm

CaSOi,:Dy

CaS0i,:Mn

CaF2:Dy

CaF2:Mn

Cafziaataral)

•'•'gZSlOî Tb

BeO

A12O3

Relative
gamma ray

sensitivity

1

7

0.4

1

8

3.2

38

70

16

5

23

53

3.1

5

TI- emission
peak
(A)

4000

4800 & 5700

6000

3680

3680

4520

4800 & 5700

5000

4800 & 5700

5000

3800

5520

2000-4000

4250

Dosi-
raetrtc

peak
temp.
(°C)

195

210

210

185

205

210

210

110

200

260

260

195

180-220

250

Useful range

50MGy-103Gy

-

0.1mGy-103Gy

50MGy-10l(Gy

-

uGy-103Gy

MGy-103Gy

MGy-103Gy

MGy-103Gy

MGy-103Gy

lOpGy-lO3Gy

l«3y-103Gy

0.lmGy-103Gy

10nGy-103Gy

Effec-
tive

atomic
Ho. Z

8.2

8.4

7.4

7.4

7.4

15.0

15.0

15.0

16.0

16.0

16.0

11.0

7.2

10.2

Pho ton
energy

dependence
at 30 KeV
(60Co = 1)

1.3

1.5

0.98

0.98

0.98

11.5

11.5

11.2

15.6

15.4

14.5

4.5

0.87

4.5

TL fading

tOE/month

102/2 month

lOX/month

10%/month

9%/2 month

102/month

3%/month

602/day

l2S!/mont1i

10%/month

—

3X/month

5%/month

5%/2 weeks

Significant
effect of
l ight in
enhancing

fading

No

—

No

Yes

No

No

No

—

Yes

__

- -

Yes

Yes

Yes
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TABLE 8

Status of Some Personnel Monitoring Service* Employing TLD (75)

Country

Approximate total no.
of users covered by
personnel monitoring

services Institution

Approximate no. of
persons being monitored

or are likely to
be monitored by TLD

TL
detector

Austria

Canada

Cernany Fed.
Rep.

India

Israel

Netherlands

Sweden

Switzerland

UK

U.S.A.

70,000

120,000

16,000

6,000

17,000

13,600

19,400

49,500

600,000

Inst. for Rad. Frot.
Selbersdorf

Radiation Doslmetry Dlv.,
Dept. of National Health
and Welfare, Ottawa

Staatl. Materlalprufungs-
aat, Dortmund

Div. of Radiological
Protection, BARC, Trombay

Soreq Nucl. Research
Centre, Yavne

TOO Arnhem

AB Atomcnergl, Nykoping

GIU, Wurenlingen

NRPB, Harwell

Los Mamas Sc. Lab., New
Mexico
Rberllne Instr. Co., West
Chicago 11

13,000

70,000

2,000

5,000

6,000

13,000

10,000

2,000

37,000

5,500

40,000

LiF chips

LIF rods

CaSOi,:Dy
Teflon discs

LiF chips

LiF chips

and LIF pellets

TLD-700

LIF teflon discs

LiF chips

LiF chips

Note: This table Is based on data collected from various publications and personal communications (75).

TABLE 9

Details of Spue Commercial TLD Systems for Personnel Monitoring (75)

System

Harshaw — 2271

Harshaw — 2276

Panasonic

Pitman's-Autoledo

Studsvlk-1313

Teledyne-9100

Detector

LIP chips

LiF chips

Ll2Bi<07:Cu
and C«S0i,:Tm
phosphor thin
layers

LiF teflon discs

Ll2BitO7:(Mn,Sl)
Sintered pellets

LiF teflon tape

Heating
principle

Hot finger

Hot finger

Optical heating
(by Infra-red lamp)

Hot element

Hot air

Hot element

Ho. of
dosimeters
In a card

2

4

4

2

4

4

Evaluation
frequency
(cards/li)

100

70

200

75

90

75
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young). The acceptability of this measurement mode
depends upon the weighting factors used to combine
the Working Levels of radon daughters and thoron
daughters. Measurement of the Working Level of radon
daughters alone is not possible by this method (73).

PERSONAL DOSIMETRY

Active Doslmetry for Radon Daughters

One of the earliest developed dosimeters was based
upon the use of beta-shielded thernoluminescent (TL)
chips and gross alpha counting (74). In the gross
alpha node, radon daughters cannot be separated from
thoron daughters, and the sum of the two is recorded.
Both LiF and CaFg have been used as TL phosphors.
LiF has been preferred for its high sensitivity and
linearity of response. CaFj is sore sensitive, but
at the expense of an enhanced response at low gamma
energies. The most basic requirement for a radon
daughter dosimeter is ability to compensate for gamma
dose, normally by use of a second outwards facing
chip which is read out and subtracted from the main
alpha chip directly facing Che collecting filter. A
high alpha:gamma sensitivity ratio is therefore
desirable. Thin Tm-activated CaSOt, films on Al foil
(manufactured by Matsushita Inc.) have a high
alpha:gamma response ratio, at nottd earlier (33,34).
This proptrty is important in fields of high gamma
radiation and may allow separation of the radon
daughter Working Level from tht Choron daughter
Working Ltvel using absorbers (35), as discussed
later.

Properties of various TL phosphors, and their
deployment in personal monitoring services (mostly
gamma) are shown in Tables 7-9 (75) and Fig. 8 (75).

The original NOD dosimeter was based on LiF and
Incorporated gamma compensation and beta shielding.
It has been extensively tested (71,77,78,79). The
dosimeter head has generally been found to perform
adequately, except for filter blockage as a result of
too high a dust loading. The pump, on the other
hand, has often been found to fail. Such failure,
however, is not confined to this dosimeter; rather,
it is a general problem.

A recent and refined version of the TL dosimeter
is that developed by the Australian Radiation
Laboratory (ARL). This dosimeter is based upon the
use of CaSOi,:Dy thermoluminescent material dispersed
and sealed In Teflon in the shape of discs (80,81) of
about half the diameter of the 25 ran filter. The
discs are water resistant and robust enough for a
mine environment, in contrast to the small (1/8" x
1/8" x 0.050"), unprotected LIF phosphors in the MOD
dosimeter design. The ARL dosimeter has performed
satisfactorily in the field, with the minimum detec-
table Working Level being 0.03 ML when used with a
pump drawing 30 L/h. One annular TL disc is located
with identical spacing geometry on each side of the
filter. Air Is drawn through the hole in the alpha
recording disc. The geometric efficiency Is 15% when
the distance of separation between the disc and the
filter ia 3 mm, and was found to be independent of
the source distribution in the filter. The compen-
sating chip located symmetrically behind the filter
is used to compensate for the external gamma and beta
field. Backwards-travelling alpha particles are pre-
vented by the air gap and the filter thickness from
reaching the compensating TL chip. The filter used
is 25 mm diameter by 1 mm thick glass fibre (Gelman);
in use, the filter is compressed to 0.5 mm to prevent
air leakage.

TABLE 10

Comparison of TL Characteristics for
y »nd CaF?:0y (82)

CaSGi,:Dy

40 60 0 20 40 60

STORAGE TIME, DAYS

f — — — — CaS04'Oy

Density
Effective atomic number
TL emission spectrum, A
Temperature of nain peak
Efficiency to 60Co Y

relative to LiF
Fading

2.6
15.5

4800, 5700

22,
8Z,

220 *C
20

1 month
6 months

4835,

10!!,
162,

3.18
16.3
5675

180 *C
30

24 hr
2 wk

FIG. 8. FADING OF TL DOSIMETERS AT VARIOUS
TEMPERATURES AND RELATIVE HUMIDITIES. THE
POST-IRRADIATION ANNEALING USED FOR CaF2:Dy WAS
lOO#C/25 MIN AND FOR OTHER DOSIMETiSRS 100'C/IO MIN
(after Burgkhart et al. (76)) (75).

More sophisticated developments might include ,%
tissue-equivalent detection system.

The C*SOj,:Dy material (from Teledyne Isotopes
Inc.) exhibits low fadfrg (Table 10) (82) and was
found to withstand a range of relative humidity, tera-
peraturu and solvent Immersion without the readout
being adversely affected. Readout of the chip* for
the ARL dosimeter was performed using a Pitman 654 TL
reader with a 30 second pre-read anneal at 135*C and
a 30 second readout at 277*C. The pre-read anneal
prevented any contribution from the rapidly fading
80*C and 12O*C peaks In the readout. Shortly before
use/re-use, the chips were bitch annealed at 277"C
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for 2 hours, followed by rapid cooling on a block of
copper. The discs were all individually calibrated
by exposure Co alpha, beta and gamma radiation fro* a
226Ra foil source of 30 am diameter and 53 kBq acti-
vity located 4 nm away from the disc in air.
Individual disc sensitivities were found not to
change relative to the mean value for the batch.
After several reannealing cycles, however, the mean
sensitivity was found to decrease, so that after each
reannealing a few discs were selected for calibration
against the Z26Ra source in order to keep track of
the batch sensitivity.

In use, the contributions of the beta and gaaaa
radiation amounted to about 16Z of the total readout
when the average external gaaaa radiation was about
0.5 aR/h or about 20 mR per working week. The 0.03
WL sensitivity corresponds to a signal of about twice
the external gaaaa background at an airflow rate of
30 L/h. The lowest level of detection is estlaated
to be 1 WL-h and detection is possible if the WL-h >
0.008 x total gaaaa dose In mR, or If the continuous
WL > 0.008 x gaaaa dose rate in aR/h. In ordtr to
record all of the decaying radon daughters, the chip
was left In the doslacter head for about 10 hours
after cessation of exposure to enable the radon-
daughters to decay completely.

A procedure for determining any thoron daughters
prevent Is described In which the TL chip 1* removed
after about 10 hours exposure to radon daughters, and
replaced with a fresh re-annealed chip, which then
records the longer lived thoron daughters. The cho-
sen combination of 10 hour saapling, 10 hour delay,
10 hour chip exposure was then used to calibrate for
thoron daughter WL. An alternative aethod for thoron
daughters is siaply to reaove the filter after the
radon daughters have been counted (10 hours after
cessation of collection), and count the filter by ZnS
scintillation and photo-aultipller tube. The sen-
sitivity to thoron daughters collected in a 0.5 aR/h
gaaaa field was reported as being 0.09 HL. The
thoron daughter capability, In the present design of
the dosimeter, can only be considered to be an ad hoc
procedure. The radon daughter capability, however,
Is suited to full-tiae, routine use.

TABLE It

Cost of Operation of AKL Dosimeter
_Oy«r_ a 4 Year Period (83)

Cost
Itea a 4

TLD reader etc.
500 puaps for monitoring
($500 each)

Salary of one technician for 4 years
Consuaables (filters, TLD discs,

repairs, etc.)
($20,000 per year)

Total Cost

In $1000 over
year period*

25
250

60
80

41?

Total number of readouts

Cost per readout

(alners) x (months)
500 x 48 - 24,000
415^000 - $17.30
~Ti\555

Costs for running a routine service have been
estimated on the basis of monitoring 500 miners over
a 4 year period with monthly readouts of the TL dosi-
meters. The cost of a TL reader has been Included In
the estimation. The monthly cost per miner Is esti-
mated as A$17 (Table 11) (83). Competitive devices
are reported as costing US$15-60 per aonth for the
passive track etch doslaeter, without collection
refinements (84) and about US$40 per month for the
CEA active track etch dosimeter (described later)
(Table 12) (85).

TABLE 12

Cost of Operation of CEA Dosimeters (85)

Cost evaluation is based on a group of 2000
ainers equipped with the dosimeters.
The cost (1981) is broken down as follows:

2000 doslaeters
$500

2000 puaps
$50

10X spare parts
$500

2000 sets of filter
and detector
$2.50 per month

Equipped laboratory
Including reading
and developing
equtpaent

Manpower
2 technicians
$40,000/y

Per

1 3 years pay off.
2 5 years pay off.

Total cost

$1,000,000

$100,000

$100,000

$60

$1,250,000

Month and per worker

Monthly
cost

dosimeter

i

14l

4

4

2.50

24.50

10.504

1.70

- 36.70

* The Australian dollar Is used at a conversion rate
of US $1.12 - Aus $1.00 (1980).

The passive track etch doslaeter with no collec-
tion refinements, however, presently suffers froa
large scatter In readout, probably a reflection of
uncontrolled variables affecting operation, and Is
not satisfactory for routine use. Passive doslaetry
Is discussed in more detail later. The active CEA
truck etch dostaeter records tracks non-uniformly
over the track etch film, thereby making it necessary
to count all tracks, not just a small section of the
film. Clven that track counting Itself it a dif-
ficult procedure, prone to irrcproductblltty by vir-
tue of the difficulty of defining a firm criterion
for a track to be counted (sice, obliqueness, etc.),
the resultant affect Is that poor precision Is
obtained. Soae lmproveaents are possible In the
future tn the state-of-the-art of counting, however.

Two electronic doslaeter types have been developed
based upon gross alpha counting. That of Durkln (86)
Is designed For »n air saapling rate of 100 cm3 min l

and use* A solid state surface barrier detector to
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count all alpha disintegrations during and after
sampling. Readout is accomplished by connection to a
separate counter circuit after exposure. Durkin
reported good agreement between the dosimeter and
separate measurements. Extensive mine tests (78)
revealed a number of ancillary problems, most of
which have been or are fairly readily corrected.

An electronic solid state detector alpha dosimeter
developed by Alpha-Nuclear, Toronto also allows
counts accumulated continuously during the day to be
dumped from the counter memory at the end of each
shift. Provided that the WL is relatively constant
over the working shift, the thoron daughter WL can
also be estimated by making a second count running
from say, 10 hours after cessation of collection for
a further 10 hours. The Alpha-Nuclear dosimeter uti-
lizes a diffused junction silicon solid state detec-
tor sensitive only to alpha radiation and a pulsed DC
driven carbon vane rotary pump operating at 0.05
L/min or 0.1 L/min (87). Flow regulation is based on
thermistor anemometry and variation of the pulse fre-
quency of the DC to the motor. Thii flow regulation
Is a major advantage of the dosimeter since many
dosimeter pumps lack flow regulators. Power supply
Is 4 V DC, from the cap lamp battery. The detector
ha* an area of 400 am* and Is protected by a thin
metallized mylar membrane, which also shields out
light. The microprocessor In the dosimeter stores
the alpha countn during a working shift and is read
out by a small computer at the end of each shift.
Air volume, calculated from the number of DC pulses
Co the pump motor. Is also read out. Since the dosi-
meter record* gross alpha counts, a small error ari-
ses as a result of variations in the equilibrium
ratio of the daughters. This error is estimated by
Alpha-Nuclear (87) to be normally less than SX.

The major disadvantages of electronic dosimeters
are complexity and cost. Significant progressive
improvements and developaents In dosimeters In the
class of continuously counting solid state devices
may be expected In the future, resulting In lower
costs and simpler construction.

A thermolumintjscent dosimeter which does appear to
have the ability to separate the radon daughter
Working Level from the thoron daughter Working Level
has recently been tested by Hongquan et al. (35). To
achieve this separation, two ultra-thin film (2 mg/
cm2) high a:Y sensitivity ratio CaS0i,:Tm phosphors
are used, one with a-absorbers to pass 8.7S MeV
alphas from the thoron daughters but not alphas of
lesser energy from the radon daughters. Empirical
calibration la used to give the two Working Levels.
This dosimeter appears promising for Mixed thoron and
radon daughter atmospheres.

The original CEA track etch dosimeter Is a
apectrometrtc device separately reporting JtaA (6.00
MeV) and RaC (7.68 MeV) through the use of selective
absorbers and controlled etching. A* now modified
(79), the dosimeter Includes a third channel to
record ThC (8.78 HeV). It Is thus possible to com-
pute both the radon daughter and the thoron daughter
Working Levels without making any assumptions with
respect to the equilibrium r&tlo. Three colllmators
and throe absorbers are fitted to allow degradation
of the energy of the nlpha particles from the three
daughters RaA, RaC and ThC to a common value of
about 1 * 11.5 MeV. The Absorber thlcknesseM required
to accomplish this objective are about 6 Mm, 25 W*
and 37 urn. Alpha tracks appear an transparent holes
after etching for 90 min at nO'C In 2.5 N NaOH solu-
tion. Energy differentiation Is possible because the

formation of readable transparent tracks at specific
etching conditions is strongly dependent upon the
residual alpha energy. The respective Working Levels
are calculated from the equations:

,„ 6.00 n. + 7.68 n.W 4 A £
1.3 x 10s e V

K

L
. 6.05 x ((25 + 10)/64] nT + 8.78 n T

1.3 x 105 eT V

where WLgn - WL from radon daughters
WLjn - WL from thoron daughters

n& - number of RaA tracks. The number of RaA
tracks is determined by subtracting (25
+ 10)/64 of the 8.78 HeV ThC' tracks
from those measured in the nominal 6 MeV
channel. This correction allows for the
~ 6 HeV thoron daughter alphas.

r\Q • total number of RaC1 tracks
nx • total number of ThC1 tracks
V • total volume of air passed through the

filter
eR,T " overall efficiency of registering and

counting tracks of the appropriate algha
particle* In the detector • 1.06 x 10 3.

Counting of the alpha tracks may be accomplished
by spark counting, by Image analyiia or by direct
counting under a microscope. Since the deposition
pattern of tracks Is not uniform across the circular
registration field, it Is necessary that the entire
area be counted, not simply a small portion for the
purpose of proportionating the whole. It Is believed
(32) that the uneven track density is due to
electrostatic charges which develop on the detector
as a result of contact friction, especially around
the peripheries of the detection circles. This une-
ven deposition pattern constitutes a serious disad-
vantage of the track etch dosimeter.

Passive Postwetry for Radon Daughters

Passive doslmetry 1« now considered to be reliable
In the general field of industrial hygiene of gases
and vapours (88). For gases and vapours, collection
Is based upon: (1) diffusion through a stagnant gas
layer and/or (11) selective or non-selective permea-
tion through a membrane. The governing equations are
of the form:

(1) r - ilk
C DAt

where C • ambient concentration, M • total mass
collected, L • length of diffusion path, D • dif-
fuslvlty of giH or vapour sampled, A • cross-
sectional area of diffusion path, and t • time of
collection. This equation results from Integration
of Flcks Law of diffusion for diffusion of nasH dm in
time dt, that Is, dm/dt • DA dc/dx where c • con-
centration and x « distance, assuming that the con-
centration at the surface of the collector is r.ero,
I.e. concentration changes C[ to CQ over distance
*i - xo - -L, where c0 - 0 and cj . ambient con-
centration.

(11) C • Wk/t

where C • ambient concentration, k • permeation
constant (determined experimentally), and t • collec-
tion time.
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For collection of radon daughters (an aerosol), it

Is clear that this second mechanism cannot be
exploited. Subject Co efficiency considerations,
collection by diffusion is theoretically possible.
As noted previously, the dtffusivity of an aerosol If
given by the equation D • kT/3*ud. Aerosol dif-
fuslvitles are very nuch less than those of gas atoms
and molecules.

Aerosols nay also be collected by electrostatic
attraction, either as a result of induced dipoles
caused by proximity to a charged collector, or by
virtue of their natural charge (32). Induced dtpole
collection Is believed to dominate at less than 55!
charged fraction (32). Either charged metal disc or
electrets could be used for collection (32). Collec-
tion ts independent of the charged fraction of the
radon daughter aerosol In these cases. Collection of
radon daughters by such a conscious utilization of
electrostatics is currently under investigation at
the University of Toronto and has lead to * working
prototype (89,90). An important aspect of the design
Is a shield to protect the collector from the affect
of wind; in Its absence, a flux of radon daughters,
given by tha product of the relative valoctty between
the collector and the atr and the radon daughter con-
centration, will intercept the collector. Collection
will therefore be a function of the orientation of
the wearer with respect to the wind, and of wind and
walking speeds. Previous passive dosimeters have
overlooked this effect, which M y be Che main reason
that these dosimeters produced data with a vary high
scatter. Further, previous passive dosimeter* relied
upon diffusion and adventitious electrostatic collec-
tion (91,92). It Is now generally accepted (91)
that, because of structural and geometric limitations
in the design of the detector, no satisfactory solu-
tion exists to the problem of contamination of the
detector by dust deposition when the dosimeter
depends upon diffusion alone. This situation artses
because the collection rate by simple diffusion Is so
low. Interesting but negative results using passive
nuclear track detectors art reported la a study for
the U.S. Bureau of Hints (78). Tha new passive radon
daughter dosimeter of Urban and Schmttz (93) relies
on diffusion alone. No nine test data ars available.
The key question to be answered In testing Is whether
diffusion alone Is sufficient.

Thermophoretlc collection raises csrtaln practical
problems (94) in maintaining suitable temperature
gradients.

Because of the poor performance of most pssstve
radon daughter dosimeters, and ths complexity and
cost of active radon daughter dosimeters, ths alter-
native of using a passive radon gas dosimeter
together with fixed station monitors for radon
daughter/radon gas equilibrium ratios Is of interest.
Tht passive radon track stch radon monitor developed
by Terradex Corporation for fUld obstrvations (95)
has been modified for personal doslmetry. Ths
Terradex product (Type SF) consists of a track etch
dstector lounted In a small plastic holdsr 3.5 cm In
diameter and 2.1 cm high. The holder Is closed off
by a filter which allows the panate of radon gas
only. A metal clip or pin allows attachment to
clothing. Type SM la fitted with a less permeable
filter which retards gas passage so that 220Rn
(thoron) decays before entry to tha chamber. This
varslon can be used under conditions of high thoron
concentrations, but has « lower sensitivity to radon
than tha other version. Th« detection range for Type
SF is about 0.4 to 10" pCl/L-aonth (0.008 to 200 WL
months at a Working Level ratio of 0.5). The per-

missible operating condition range is -50*C to 7O*C,
0-100% relative humidity. A calibration precision of
better than iX is claimed. The detector Is not sen-
sitive to beta or gamma radiation. Readout must be
carried out by Terradex. Readout costs are similar
to those quoted earlier for the passive radon
daughter detector. Certain details of Che detector
are not revealed by Terradex.

Plesch et al. (92) have conducted a comparative
study of geometry and detector type for passive radon
gas dosimeters based on nuclear track detectors.
Although without specific application to personal
doslmetry, Niewladomski and Ryba (96) have developed
passive and active-passive radon gas monitors based
on thin CaS0i,:Dy Teflon disc detectors. The intended
application is to environmental monitoring. The
alpha:gaaaa sensitivity response ratio for a 0.1 Mm
C«S0i,:Dy detector is 3.0, compared to 0.11-0.24 for
conventional LtF detectors (0.38 or 0.9 mm
thickness). The passive radon gas dosimeter deve-
loped by Frank and Benton (91,97) is also based on a
plastic nuclear track detector, but is designed for
personal doslmetry in uranium mines. Although cer-
tain problems were Identified, these passive radon
gas dosimeters were considered to have acceptable
accuracy and consistency for radon gas dostmetry pur-
poses*

Adoption of tha radon gas mode of personal dosl-
metry would require careful choice of location of
flxsd station equilibrium ratio monitoring stations.
These could be based on, for radon daughters, auto-
mated modified Tsivoglou Instruments, or alpha
spectrometers, or lnut*at Working Level maters,
together with, for radon gas, any one of the various
commercial continuous radon monitors. Measurement of
radon daughters, or of Working Level Is, however, to
be preferred over measurement of radon gas.

Bigu et al. (98) have compared under mine test
conditions the CEA track etch dosimeter, two versions
of TL dosimeter, and the Alpha-Nuclear dosimeter.
The comparisons were made In two mines, Rio Algom and
Dsnlson, both at Elliot Lake, Ontario* These mines
contain thoron daughters as wall as ration daughters.
The results sre valuable for th* Insight they offer
Into dosimeter problems.

STATUS OF INSTRUMENTATION

The physical state of radon (and thoron) daughters
Is not single-valued In different atmospheres; in
particular, ths diffuslvlttes, fraction born charged,
electrical mobilities, and unattached fraction all
depend on the atmospheric conditions (gases, aero-
sols, level of lonlzatlon Induced by radon gas, etc.)
(3). Although the performance of each measurement
method may well vary as a result, the following
general conclusions on ths status of Instrumentation
may t» offered.

The present level of understanding of the limita-
tions and Inherent error of grab sampling methods is
now quite comprehensive. Most of these methods are
optimized in terms of counting statistics - or If not
can readily be optimized based on prior examples -
and the Inherent error associated with using fewer
than the counts required for exact determination of
all of the daughters may be estlmsted based upon sta-
tistical knowledge of actual mine dsta, generaliied
summaries of which are available (36,38). In vlsw of
Its time Advantages, It Is surprising that the Xollt
single count method is not more widely used. The
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effect of thoron daughters on single count measure-
ments ts generally well understood, and second count
variations have been proposed to measure them.

Several exact methods based upon Che Tsivoglou
method and derivatives have been optimized for fluc-
tuations in airborne concentration and pump flow-rate
in addition to counting statistics. Further, a
second level of optimization, based on Monte Carlo
methods, is now being applied in which the standard
deviations of the activities of the daughters are not
assumed to be independent of each other, and decay is
assumed to occur throughout the time step rather than
at the end. The results of these calculations, when
forthcoming, should provide an almost complete opti-
mization of the system. Whether significant dif-
ference from established practice will emerge will
have to be determined. Much less attention has been
directed towards optimization of measurement methods
involving both radon and thoron daughters. Global
time optimization is not justified In this situation
since it results in total measurement times greatly
in excess of one working shift; rather, a single
shift time constraint should be imposed. A one-shift
scheme optimized for statistics and fluctuations in
flow and concentration la available.

The status of continuous monitoring is slightly
laaa developed. A wide variety of modes, uaing gross
alpha, alpha plua beta, alpha spactroacopy, and
variations, exists. In the presence of Choron
daughters, groaa alpha counting is unacceptable
except for extremely constrained conditions. Alpha
itpectroscopy, by its very nature, offers the most
flexibility in this situation. The dynamic response
of continuous method* ha* been little studied, and
warrants further attention.

Personal doslmetry Is still in a state of flux.
No clear "best" dosimeter has emerged. The system of
greatest potential would have a solid state detector,
microprocessor control, and dally spectroscoplc
readout, all combined with low cost, ruggedness, and
preferably, passive collection. At present, the last
three criteria cannot he satisfied, although tech-
nological progress seems likely to aid the first two
of the three; passive collection may be possible,
based on present promising work ualng elsetret*, but
no firm promise of performance can yet be nude. Lean
expensive detection systems are track etch, with pri-
mitive alpha spectroscoplc capabilities, and ther-
molumlnescent detectors. In measurements containing
both radon and thoron daughters, track etch 1*
ideally suited, although readout and certain
clustering problem* still remain to be solved comple-
tely. Dosimeter designs baaed on chin film high aiy
sensitivity ratio C«S0i,:Tm phosphors and or-absorbers
to separate the radon daughter Working Level from the
thoron daughter Working Level (each recorded separa-
tely on It* own TL phosphor) also appear promising
for tills mixed atmosphere application. In the
absence of thoron daughters, standard TLD (no separa-
tion of radon daughters from thoron daughters via o-
absorbers) may well be preferable to trick etch in
view of Ito more satisfactory readout procedure.
Pavxlva collection, If available, could of course be
applied to either track etch or Tl. detectors.
Passive collection rated greater than can he achieved
by diffusion alone seem desirable, If not necessary.
Electrostatic collection via ulectrets or charged
surfaces appear* to offer promise. In using standard
TLI) in the presence of thoron daughters, a snttufsc-
tury solution may also resuU from the use of a
mechanical shunt to shunt the flLter onto .1 fresh TL
chip some hours after Che last collection. This chip

would read thorun daughters; the first would read
radon daughters together with a small contribution
from the thoron daughters. Filter shunting could be
accomplished automatically as the dosimeter was hung
on a rack at the end of the shift, and could automa-
tically be reversed upon removal of the dosimeter
from the rack at the start of the next shift, so chat
cumulative several day (or more) doses are received
by both primary chips. A major advantage ot both
track etch and either ct-absorber or standard TL dosi-
meters is the low cost and simplicity of the detector
systems.

In summary, the variety and knowledge of metrology
techniques for radon and thoron daughters are such
that the quality of nine atmospheres and the degree
of individual exposures can reliably be determined to
a level of precision United mainly by cost. A
caveat should be proclaimed, however, to the effect
that dosimeters are much less perfected than con-
tinuous and grab sampling methodology, and that con-
tinued research and development effort is still
required in all areas.
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DISCUSSION

Question (Bernstein): Considering the current
states of knowledge and limitations in the
technology of radon/thoron risk assessment and
exposure measurement, can you comment on the
adequacy of grab sampling and analytical methods
for: (a) regulatory compliance monitoring in
underground uranium mines and (b) routine
industrial hygiene monitoring by mine operators?
Can you suggest a more appropriate approach
(strategy, methods of collection and analysis) for
compliance and routine monitoring?

Answer: Grab sampling methods are adequate in
themselves for regulatory compliance monitoring.
The problem arises in the establishment and
implementation of a statistically adequate
sampling program and work pattern recording scheme
designed to ensure that no worker is exposed above
the regulatory limit. Grab sampling by its nature
provides information on the concentrations at a
given location at a given time; the matching of
individual movements in terms of location and time
introduces significant uncertainties in estimation
of the individual exposure. Indeed, grab sampling
used in this way can be considered to quantify
average exposure rather than individual exposure.
"Outliers" that is, individuals with exposures
significantly greater or less than the mean, are
almost certain to be predicted poorly or not at
all using economically practical sampling programs
and work pattern records. The high "outlier"
individuals may, therefore, not be protected in
terms of the regulatory exposure limit. In order
to protect adequately all personnel, the cost of a
grab sampling program may exceed that of personal
dosimetry. I think I am correct in understanding
from Pierre Zettwoog that in French mines
deployment of the CEA personal dosimeter now costs
less than the previous area monitoring practice.

For both regulatory compliance and
routine industrial hygiene, personal monitoring is
scientifically preferable to grab sampling. It
may also be economically preferable. Grab
sampling is, however, stilt needed for mine
ventilation control.

Although it is true that the current
status of development of personal dosimeters lags
behind that of grab sampling, this Is not as large
an impediment as it may seem, since we may be able
to accept more uncertainty in estimation in
personal dosimeters than in grab sampling (since
the latter has to allow for sampling program and
work pattern input) and still have less final
uncertainty in the overall exposure estimation.
Given these considerations, present personal
dosimeters, although not yet ideal, may be
adequate for replacement of grab sampling for
estimation of personal exposure.



670 PHILLIPS

Comment (Wrenn): Raabe and Wrenn in Health
Physics (1969) described the solutions to the
time-integrated alpha decay of radon and thoron
daughters plus long-lived emitters (in ore) for a
general collection time t and n counting periods,
when n equals or exceeds the number of alpha-
emitting nuclides measured. It is applicable to
gross alpha counting and variable sampling and
counting times. The Thomas optimization is a
specific solution for fixed time periods in the
absence of thoron daughters.
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PANEL DISCUSSION

Panel: Mr. A.B. Dory, Chairman (Canada); Professor
M.J. Martinson (South Africa); Dr. J.R. Johnson
(Canada;; Mr. H. Seguin (Canada); Mr. K.B. Culver
(Canada); Professor F. Steinhausler (Austria);
Dr. D.K. Myers (Canada).

Dory: Ladies and Gentlemen, unfortunately every-
thing in life has to come to an end and so has our
conference. I must say that we have had a very
delightful and beneficial three and one-half day
gathering. Before we go ahead with the intro-
duction of the panel members, I would like to make
a few comments.

First of all, you will not have to fill out any
more of the questionnaire forms as the panel
discussion is being taped and the transcript will
be included in the proceedings.

Now I would like to introduce your panel
members. On the far. left Is Professor Martinson
whom you heard this morning. Next to him is Dr.
John Johnson from Atomic Energy of Canada Limited
(AECL) who has been involved for many years in
radiation dosimetry. Next to him is Mr. Homer
Seguin from the United Steelworkers of America,
who for many years worked directly in Elliot Lake
and is presently the area staff representative, in
Sudbury, on matters of occupational health and
safety of miners, in particular of uranium miners,
in Ontario. Next to him is Mr. Ken Culver of Rio
Algort Ltd, who was introduced the other day. Next
to Ken Culver is Dr. Fritz Steinhausler from
Austria, whore all of you listened to with great
pleasure last night. Again, I don't think he
needs further introduction. And finally, Dr.
David Myers from AECL, who for many years has
worked in the field of epidemiology. The conduct
of the panel discussion will be as follows: each
of the panel members will have five minutes to
summarize the main conclusions of the conference
In his area of expertise, and more importantly, he
should indicate where we should go from here.
After these five-nlnute presentations by the
panelists, the floor will be open for questions.
Professor Martinson, may I ask you to start,
please?

Martinson: Thank you Mr. Chairman. The first
point I would like to make is perhaps hair
splitting. It concerns the title of the
conference, "Occupational Radiation Safety in
Mining." This Is a change from the Golden
conference, where the title included the word
"hazards", and as a matter of preference, I would
favour the use of the word "hazards". "Safety"
means an absence of danger and I think if there Is
a real absence of danger, then one doesn't need to
have a conference of this sort. I think that my
overall impression of the conference has been that
if we are looking for improvements, we should pay
greater attention to conditions in the workplace.
This means that we really need more measurements
of the quality of the atmospheric environment,
particularly in relation to radiation. We need
far more measurements of conditions in the work-
place and I think that the conference as a whole

could attach more attention to this aspect. It
is, after all, occupational radiation safety (or
hazards) in mines, and I think that while
recognizing the need for advances in technology,
for advances in the scientific analysis of the
problem, I do think that the occupational aspects
need greater emphasis. Now, how would I go about
this? I would recommend that there should be a
greater number of samples taken in the work
environment, and that these samples should be
subjected to analysis, far greater analysis than I
think is presently the case, with the idea of
building up mathematical models of the working
environment.

The second point is the question of technology
transfer. I think one of the things that emerges
from a conference like this is that, in the field
of radiation safety or radiation hazards, there is
a tremendous gulf between the theoretician and the
practitioner or the practical mining men. A
successful technology transfer is a way of
handling this problem in order to narrow the gap
between the theoretician and the operator.

Thirdly, we need to look at education and
training, generally. We should look at the
education of mining engineers, and engineers in
general, and place greater emphasis on the concept
of occupational safety in the training of
engineers. The same goes for the training of
operating personnel and persons concerned with the
implementation of ventilation. I believe that a
way must be found to narrow the gap between
practice and theory.

Johnson: I would like to start off by thanking
the organizers for keeping smokers down at that
end of the head table and the non-smokers at this
end. I have been attending the sessions labelled
"Dosimetry" over the last few days and I have
noted, as those of you who were at those sessions
have noted, that most of the papers presented were
not directly involved with dosiraetrlc calcula-
tions. However, there was a lot of data presented
and concepts discussed which will have a direct
bearing on dosimetric calculations and their
possible applications over the next few years. I
noted particularly that essentially no new
information applicable to radon daughter dosi-
metric calculations was presented and this
probably reflects the fact that there is fairly
good agreement on the physics of radon daughter
dosimetry. When we turn to the biological side,
however, things are not quite as good. Questions
as to relevant target tissue or cells and the
choice of appropriate quality factors and
weighting factors still remain. The question of
the dose from long-lived alpha activity in ore
dust was addressed by several authors and useful
information, drawn from experimental data, both in
the mine and in human lungs, was presented• As
Dr. James pointed out in his review, the effects
of the uncertainties In lung clearance mechanisms
tend to cancel out when one considers the effec-
tive dose rather than the dose to a particular
organ. However, there still Is considerable
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uncertainty regarding the appropriate annual limit
on intake to use for ore dust and the character-
ization of ore dust in mines is still uncertain.
These uncertainties are of particular concern in
those operations where ore dust may contribute
significantly to the effective dose, as its mea-
surement and control would add to the cost of
health and safety in mines. It is my opinion that
this area of dosimetry is the one that will re-
quire the most attention over the next few years.

Seguin: At the outset I want to take a ninute to
reflect back on soj»e of the history that has given
cause to conferences such as these to be held.
This history, in Canada, is one of almost total
neglect by the government and employers with
respect to educating workers about the real
hazards encountered in the workplace. Indeed,
workers were told that the workplace was safe,
that the radiation levels that they would encoun-
ter in the workplace were not a hazard. Within
the last five years, I have had occasion to visit
a worker education session in which all of the
aspects of the mina, the ventilation system and
the practices for minimizing exposures to radia-
tion, to ore dust and to other contaminants, were
described to the workers; but the Head of the
Department giving the course laid that, although
these contaminants were present, there wa> no real
hazard. He said, in fact, that the radiation
standard of 4 WLM per year was set when an in-law
of the U.S. Surgeon-General died of cancer and the
Surgeon-General decided to take out this personal
loss on radiation. So that's how the basis of the
standard of 4 WLM per year was reported to a group
of new workers going into uranium operations.

Yesterday, we saw the joint presentation of
Denison Mines Ltd. and the United Steelworkers of
America, a collaboration which indicates tremen-
dous progress in the last ten years and indeed, it
is so. The point I would make about where we go
from here into the future Is the following. One
of the greatest strides that could be made would
be in worker education and in real cooperation,
not negotiated cooperation. Negotiated means that
one goes to the bargaining table to get Joint
safety and health committees, to get worker
Inspectors, In a confrontational process. In
fact, It should be a right, In Canada, provided by
legislation, for the workers to know about their
environment. I suggest that we tell workers that
there are hazards, and that all the safety
practices in place in the nine are practices to
protect their health. Let us not tell the worker
that he has to do this or that, that there is no
real requirement to do this or that because
radiation levels or dust levels are safe, that the
operation is, in fact, safe. Rather, in a
conference like this, we can talk frankly to each
other about the hazards of radiation. The workers
want to believe there is no hazard, because they
don't want to be involved in hazards. When their
employer and governments indicate that there Is no
real hazard, then they will not utilize those
safety practices that are designed to reduce
exposures to various hazards. We hav« been
struggling with that kind of approach in educating
our own workers. These workers have to be
informed that there are hazards. We are arguing

with government agencies and employers for
recognition of hazards. If you tell a worker to
do all kinds of things that affect his employment,
make it more difficult for him to earn incentive
pay if he follows all the safety practices, and at
the same time, tell htm that all those practices
are for nothing because there isn't a real hazard,
the worker tends to disregard a lot of the safety
practices that are put in place for his own
protection. So, I guess if there is an approach
to the best kind of radiation safety in the
future, it is to move on from this so-called
forced era of cooperation, forced at negotiating
tables for the recognition of joint safety and
health committees, and to go beyond, to what is a
just practice, an acknowledged practice.

Culver: There are a couple of comments that I
would like to respond to, first of all. I'd like
to thank Mr. .Jennekens for his kind words of me
last night, at the head table. Friend or foe, I
consider it an accolade in the sense that they
were given and, really, Mr. Jennekens and I have
much in common. Our presentations are generally
succinct. Our logic is Irrefutable. Our position
1* immovable and at times our humour is barbed.
But barbs aside, arrows aside, in responding to
the theme of this particular session today, where
do we go from here? Frankly, a« an operator of a
uranium mine, I am not sure that I can really
answer that particular question. I have sat
through a number of the sessions, and I am leaving
in a confused state of mind in many areas from the
point of view of how I should take all this
information and apply it as an operator, in the
operating conditions of an underground uranium
mine. How do I assess the value of absolute risk
models versus relative risk models? There is the
left hand and there is the right hand and there
are all the grey areas In between. Who's correct?
I listened to a paper on dosimeters. Ninety
percent of the problems in their operation have
been taken care of, but the other ten percent are
very important to the exposure calculations. What
do I do with dosimeters? 1 heard another paper on
dosimeters which said that, yes, we measure radon
and all you have to do is develop an equilibrium
factor to measure your exposures to radon
daughters. My equilibrium factors vary from 0.1
to 0.99. How do I come up with an average? How
do 1 do it? I refer to the questions and some of
the issues raised by Dr. Cohen. X listened to
some of the comments made by Dr. Steinhausler on
the accuracy of the data and the conclusions we
are trying to draw from that data, and as an
operator, I am extremely confused. It is a very
difficult situation to comprehend and to live
with.

The real question, I guess, from an operator's
point of view, is whether we are operating our
mines today in such a manner that radon is not
going to be a problem, and I'm not too sure
whether there has been a consensus established to
date. If I had to take a position, I'd argue that
we are on the safe side, but I couldn't give one
hundred percent assurance, because there are still
question* in my mind.

We, the industry, have been accused on a number
of occasions of promoting and suggesting that the



12 PANEL DISCUSSION 675

radon daughter exposure limit be set at 22 WLM per
year. I would like to comment on that. This was
not a recommendation of the industry. It was
suggested in a paper that was prepared for the
industry by Dr. C.G. Stewart in response to an
issue which was raised at one of the consultative
meetings of the Atonic Energy Control Board, when
they were explaining their proposed changes to
Regulations, and the question was raised as to
whether there is another way of looking at setting
a limit. The response from the Board at that tine
was: no, we don't know of any other way than that
which appears in the UNSCEAR Report, in the HEIR
Report, and in an assessment of all that data and
in what the ICRP is recowiending. We merely
submitted the document as another approach in the
consideration and setting of a standard. I
believe that one of the important dilemmas we are
going to be faced with is whether we should force
upon the industry regulations that are not
required, if there is no firm technical and
scientific basis for them. Our industry Is a
fragile industry. I'M not pleading that we're
poor, but it's an industry that can only absorb §o
much in terms of Che regulatory environment. If
ic is really and truly necessary that we have to
add long-lived dust, gaama radiation, thoron
daughters and radon daughters, then we will
eventually have to cope with that problem. But
the question really remains: do we have to? In my
very simple mind, the detriment we see today is
the result of all those situations in the 1950'«
and early 1960's. I don't think these situations
exist today. So I would say that If you're
serious, if you're really serious, then you have
Co assess the data and you have to be very correct
in your data. And the regulatory people have to
be very correct in their assessment as to whether
it is required. I am not so sure if this is a
•ixture of a technical group, a scientific group,
and a mixture of operators, but somehow we have to
resolve •one of these Issues if we are going to
keep the uranlun industry alive.

Stelnhausler: T would like to respond to previous
speakers from the point of view of a person, who
hai neither shares in uranium mining nor any
advantages In talking for the union*, but as
someone looking at it from the point of view of a
scientist. X would say that what we should aim
for is objectivity in order to provide the input
data that are needed to make a decision. In order
to make a decision the input data require measure-
ments. I would say the radon problem, as It
stands now, reduces to a relatively simple series
of questions, ranging from "What do we have to
measure?" to "How do we have to measure?", and
then the logical consequences will be to analyze
those data with regard to health effects.

What we measure depends on the biological
detriment or end point. That is the question.
How we measure depends on the technical means, on
the methods that have been developed in laborato-
ries. I hate to avoid, at this point, giving
answers as to where to go and which route to Cake.
I think we are, historically, at a very important
crossroad, where we have to decide which way to
take. Do we turn a uranium mine into a field
laboratory for our scientific ego? Do we take

notice of concerned appeals by the people who
actually work there? I think, as a scientist, we
cannot avoid giving an objective answer to this
question. For once we have been given the chance
to Influence the decision-making process.

The crossroad that we are standing .it, t think,
reduces to a very simple question: do we continue
area monitoring, do we change over to individual
monitoring, or do we need both? The answer that
you get to that question ranges from: "It's not
necessary to do individual monitoring" to "It's
the only way to go". I don't think that we, the
audience, can avoid giving an answer. It's too
important just to push it ahead of us to yet
another conference. I think we will have to take
a position.

To where do we go? I would say, let us try to
answer some of these questions.

Myers: As pointed out by Or. Pochln earlier this
week, epidemiology is essential in order to be
able Co obtain quantitative estimates of radiation
hazards to humans. With respect to the follow-up
of miners exposed to high concentrations of radon
daughters in Che past, I would suggest the major
conclusion from the present conference is the
remarkable Improvement In the amount of moderately
reliable data that are available or will become
available in the near future. There appears to be
a great deal of activity in this area and things
are progressing rapidly.

If one were to single out one particular study,
the Ontario miners study reported by Or. Jan
Muller and his co-workers stands out as an example
of a very well-planned study involving large
numbers of miners in different types of mining
activity and with a highly sophisticated analysis
of the resulting data. It seems fair to hold this
•Cudy up as a model of Che type of study that many
epidemiologists might like to see carried out In
other areas of the world.

Two problems that seem to deserve further
attention are Che reliability of exposure data and
the effects of cigarette smoking on radiation
hazards. The studies on U.S. uranium miners
suggest synerglstlc effects of exposure Co radon
daughters and to cigarette smoke, while those on
Swedish Iron miners and Newfoundland fluorspar
miners suggest that the risk from inhalation of
radon daughters Is similar In smokers and
non-smokers. Further attention to this topic Is
obviously required; the results have considerable
Impact on the general applicability of what Is
termed the "relative risk model".

Even more important la the reliability of the
exposure estimates used In various opldemiologlcal
studies. None of chese studios can ever be any
better than the exposure estimates. A concerted
effort to re-examine the basis of the exposure
estimate* used in different studies would seem
highly desirable. Ideally we would also like to
know what other radiation sources Che miner* were
exposed to and Che approximate concentrations of
other contaminants In the mine air. In particu-
lar, It would be extremely valuable to provide
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some Units on Che uncertainty associated with
each of the expocure estimates used In varloua
epidemiologies! studle*. It Is reassuring Co see
that steps in this direction have been taken In at
least one study, namely that on Ontario Miners,
and that exposure estimates for Newfoundland
nlners have undergone a re-evaluation.

Finally, it night be suggested that more
emphasis night be placed on total occupational
hazards (or safety) in uranium Nines and Chat
attention Co radiation hazards be seen as on* part
of the total safety program.

Dory: Ladies and gentlemen, when you ask a
question, please start by stating you name, so
that It can be correctly recorded in the
proceedings.

than personal dosimetry and so on. But we have a
tendency to think of relative comparison* and we
haven't, I don't think, addressed the major
issue. What should the absolute tolerance be In
terms of an acceptable uncertainty for this annual
exposure? Then, In answering chis question, we
should be comparing the methods up to that
particular abiolut* or acceptable tolerance,
rather than trying to say this system is better
than the other, because we are just trying to be
in competition with each other. So my question
is: do the members of the panel or somebody else
know of anybody that is trying to sit down and
evaluate what an acceptable tolerance 1* and if
so, what mould be the consequences to the miners
if we used that as a basis for comparison?

Dory: Dr. Johnson, would you answer the question?

Bush: Where do we go from her*? there has been a
lot of talk about limtc*. There has been
virtually no talk ac this conference about
optimization of radiation protection. This hat
now become the number on* principle of radiation
protection* We have heard chat the ventilation
has been Improved trsmendously and it hat, I'm
•ure. I suggest that considerable improvement
Might sttll b* possible with respect to auxiliary
ventilation In Individual work places. We had
Arthur Scott call us this week that for on*
particular geometry, If you had your duct
twenty-five feet from Che work face, you goc
excellent air distribution. If it was more than
that, you didn't, t think that there 1* a lot of
room for studying what factors Influence the
optimum distance from the duct to the working
face. I have been told that you can't get It Coo
close because of th* blase. The duct will be
destroyed. I'M aura that this sort of problem can
be overcome. I would Ilk* to hear some comments
from people with practical mining experience about
whether they think improvements can be mad* In
optimizing local ventilation.

Dory: Professor Martinson, would you car* to
answer?

Martinson: I would certainly endorse the recom-
mendation of Nr. tush. I think that this U the
tort of study which I visualised In my suggestions
earlier on. I think we need to know much more
about the work environment and this 1* on* aspect
of th* work environment. How it the air, in face,
distributed In th* work environment? How are
contaminants disburssd? I would support such
t study.

Borak: Expert*, many of whom are present, who
have spent considerable time at thlt meeting and
earlier In terms of trying to compare
methodologies for estimating th* annual exposure
to radon daughter* of uranium miners, have com* to
a variety of conclusions In their papers presented
at thlt conference. Most of th* conclusions of
these papers Imply that thlt system It batter than
that syat«m or a grab sampling systum in batter

Johnson: It is HOC really ay field, but I'm
always willing Co Calk abouC somechlng like that.
I would certainly agree Chat the Idea of having an
acceptability criterion for individual exposure is
vary necessary before you decide what It la that
you have to Measure and how often you have to
measure it. I would add to that. 1 think pare of
th* criterion should be a consideration as to the
need to measure th* radon daughter* in air (even
with personal dosimeters or area dosimeters) with
great precision unless th* Measurement can somehow
lead to a decrease in the exposure. What 1* Che

point of knowing something to five percent If you
are going to leave It at that level, particularly
if it It going to cost you money. That Money is,
I think, better spent in other waya on increasing
health and safety In Mine*.

Vane*: Mr. Chairman, I have jutt a few comments
on th* conference. I've been her* all weak long.
It's quit* an experience for a rank and fit*
worker to come to tuch conference* Instead of
reading about them, but I guess the Cham* of Che
panel 1* where we go from her*. Now, I have a
problem, I have to go home after listening to
son* of th* papers, and after hearing some of the
papers about risk, ay chances of making it hone
are very slim. First of all, Mr. Chairman, t an a
smoker. My lif* expectancy has been reduced by
several years, depending on which paper you want
to bellav*. I'M alto an underground miner and
hav* been for aany ytar», »o my life expectancy Is
reduced again, by tone number of years, depending
on what paper you want to look at. I'M alto an
activist in th* Union and the lif* expectancy of
an activist In th* Union is alto reduced. So I
have that problem, that I may not make It,
However, if I do make It home, then I hav* to give
a report to th* people, to My membership who
selected me to COM* down her*, and that's where I
hav* the problem. It is on account of workers
dying, because of their work environment
(depending on whom you want Co listen to) that all
you academic* and scientists arc h*r« today. If
we didn't hav* miners dying, then you wouldn't txi
hern. I plead with th* acadamlc community to gat
together and to glv* us some answers, based on eh*
presentation of Dr. Steinhsusler last nlghc and on
tlie presentations of Dr. Cohen, Dr. Bites and



12 PANEL DISCUSSION 677

others. What do I tell the workers tn Elliot
Lake? I can take back any paper; but what mould
you suggest as a panel, for me, an a rank and file
worker, to go back to tell the menbers about our
work environment? Thank you.

Dory: Who cares to address It first?
Stetnhausler.

Or.

Stetnhausler: I'M not trying to avoid It. 1c i*
a serious a question. If I were you, If I had to
go back, I would, quite honestly, say: do not
worry about the conditions that we are working
under, at present. Try to improve the situation
where It is worth It. I •• not saying the
situation is ideal tf the risk is higher than what
Is considered acceptable in a safe industry, but
if I understand it correctly, if I had taken up
the occupation of a Miner, I would have been aware
that it is more risky than inking cakes. Now,
what t* Important, I would say, for you to tell
the other* Is that they rvcogntze what portion of
the higher risk that they carry, by doing what
they are doing. Is dut to radiation. I think thin
is th» only part of the total picture that wa ar«
hern to answer. I would say it Is a minor part of
the total risk that they are exposed to because
they are miners. That's an answer to you. This
Is my honest feeling and 1* what I would say If I
had to go back to Elliot Lake.

Culver: That ralaea an Interesting point. I
accept what Dr. Steinhausler has said, and if you
look at what Dr. Myers said yesterday, we may have
got off the beaten track just a little bit when we
put our emphasis on radon and we lose sight of
i o n of the conventional health and safety aspects
of underground mining. It I* a hazardous occupa-
tion and If Dr. Myers's statistic* are correct, or
his consents are correct, we are now facing a
situation In the Canadian uranium industry where
accidents are climbing. The risk of Mortality
fro* an accident la thrnt time* as high as the
risk of Mortality In the for* of lung ennest from
exposure to radon In uranium mines. Andy Rlckahy
made an Interesting comment the other day, during
his paper, that Denison Nines Ltd. has concen-
trated vary heavily on updating and Improving its
ventilation systems and during this period of time
they have bean very successful In lowering their
exposures. But Danison noticed that Its accident
rates, with respect to conventional safety,
climbed up and the company realised that what It
had dona was, maybe, to hav« lost sight of what
the total working environment was and that there
was too much emphasis being put on radiation. If
I had to respond to your question, 1 guess I would
say It Is really the decision of the Individual.
If he wants to be a miner and he wants to work in
a uranium mine, then that's his decision. It Is
up to th« management to make It an safe as
possible, and I think, today, I would have to nay
that we are doing a very reasonable Job of that.

Ahmed: I would like tn have the opinion of the
panel as regard* the present tendency Co lower the
»tn'i(lurdn for radon daughter*. Thin subject was

not addressed fully In this conference although it
was covered in part In several sessions. Based on
the conditions in duellings as well as in nines, I
an somewhat confused and concerned about the
present trend, particularly in the United States
of America, where they sre now at the point of
reducing the radon daughter standard to 0.7 WLM
per year. The United States has long and wide
experience in the field of uranium production and
therefore their opinions would carry a lot of
weight. If we take the rule of thunb from the
ICKP (i.e., using a factor of 10) then the
recommended radon daughter concentration for the
public would be 0.07 WLM per year. Recent surveys
in a number of countries lave shown that the radon
daughter concentration in dwellings in many cases
could exceed the present day occupational exposure
limit for radon daughters. Dr. Steinhausler In
his presentation last night also mentioned that,
even outdoors, there are areas in the world where
the radon daughter concentration or radon concen-
tration in significant. What I am trying to any
Is that the tendency to lower the radon daughter
level to such a level might mean that It is not
permissible for the general nubile to breathe or.
In other words. In order to allow them to live and
breathe, they should he elevated to the status of
uranium miners. Or. Stelnhauslar alan gave a
historical perspective of radon as a business, and
t think that If the radon daughter limit goes to a
value of 0.7 WLM per year, then there will be
other booming businesses coming Into life. Pocket
radon doslmet«rs could surpass pocket calculators
as a booming business. Housing in cold climates
will not be a problem and the business will shift
to the hot climates and outdoor living may be
justified, economic and radon factors being taken
into account. So what I want to say is that there
should be some objective analysis and objective
approach to the radon daughter levels and the
objective should be to avoid the move from radia-
tion risk to the risk of overprotectlon. I would
like to hear the opinion of the panelists on this.

Johnson: I qutte agree with all of your remarks.
I think that I* one of the masons why I
personally would like to see, and I think It 1*
the AECB's position, that we leave the limit at 4
or 5 WLM per year and work on optimization rather
than lowering the limit. I don't know whether
that argument Is going to convince anybody who
wants to sec the limit lowers!.

Culver: Well, from a financial point of vlaw, you
will wipe out the uranium tndustry if you go to
0.7 WLM per year as a legal requirement, because I
doubt If there Is a uranium mine In the world that
could meet that. You will wipe out a number of
gold mines. You will wipe out a number of copper
nines. You will wipe out a number of coal mines.
You will wipe out a number of other nines. I
think the Implications would be fairly serious. I
come back to the original question, as to whether
there la truly a need to go down that low, i.e.,
to 0.7 WLM per year. It certainly would have
quit* an impact on the nuclear Industry as a
whole. With no source of uranium being made
available, I am sure you would end up shutting the
industry down and I really don't tlilnk that Is the
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intent of radiation protection. I would like to
comment on the statement that we have heard
nothing on ALARA today. As Mr. Bush is aware, the
industry is also confused on how one applies the
Methodology of ALARA. One of the statements that
a nuaber of people make is that the regulatory
body, or the government of the country, will set
the "alpha" value, to be used la carrying out an
ALARA analysis. I would offer to you the
suggestion, that there isn't a political body in
the world that i* going to set that "alpha"
number. They may set a range, but politically I
don't think that they could accept it, because it
is distorted, as most people view it as being a
value on a human life. Unless we educate the
public that this number is really not the value of
a human life, then we will have a very difficult
time putting the principle of ALARA across to
people outside the nuclear industry. There is a
very interesting report, prepared by the NEA/OCCD,
in which they look at *n application of AlARA with
respect to three hypothetical uranium tailings
properties. I don't think this report Is
published yet, but I have had some critical input
to it at times. Really, the report raises more
questions than It answers. How do you predict
chancing weather patterns over the next one
thousand, four thousand, or over whatovtr tin*
frame you want to Integrate? How to you predict
changing population patterns over that period of
time? It's very simple, and very sweet to make a
•weeping mathematical statement; but when you try
to carry out that mathematical statement prac-
tically, tn terms of reality, It becomes exceed-
ingly difficult from an operating point of view,
and I get very disturbed. One of the statements
made in that document was that certain areas in
North America were delivering a dose equivalent of
1 microsievert per annum to Europe, and therefor*
we may have an International problem on our hands,
I question whether we haven't somehow lost our
sense of priorities, when we start to make that
type of statement.

Harchant: I would like to coma back to Mr.
Vance's question and make a comment, becauso I
think my credibility would be undermined If I
didn't. If I were to go back to your membership,
the thing that I would tell them, above all, would
be to itop smoking. That Is because If you look
at the papers that were presented here this week,
and many more, we have great difficulty because,
almost by definition, a miner ts a smoker. But
more than anything, the literature, generally. In
the area of occupational medicine, Is changing Its
focus and is classifying smoke In the workplace as
an occupational hazard and not a voluntary risk,
as most people assume. Moreover, we have been
able to show that non-smokers (exponed to
cigarette smoke in the workplace) have enhanced
opportunity to get occupational dlsensea as wall
as hava Increased severity of these diseases. I
think If you were to do one thing to make a
difference tn the Itvas of your membership, It
would be to work with all your efforts to gat «
cassation of smoking program In your workplace.

Chakravattlt The last few day* have bean vary
anllghtunlng. Thinking about how to pose my

question, I can begin by saying that Anthropolo-
gical studies do Indicate that our society has
been greatly shaped by the influence of the female
sex, and that It is not therefore surprising that
radon "daughters" should attract for the second
time in three years such distinguished scholars,
researchers and scientists in a gathering of this
kind. We have heard (com various speakers. As
Professor Hartlnson Indicated earlier this
morning, radiation in the air tn the environment
of the mine is only but a component of the risk.
Yet it does command a great deal of tnterest. As
a matter of fact, the AECB is the only regulatory
authority in Canada that Is a sponsor of this
conference. I would like to see the regulatory
authorities which control mining, In general,
address such conferences on the other aspects of
the risks. In mining, so that we may all benefit
to some extent from a discussion of those other
risks, which are present but not meamired. Let us
begin then to say from where we have come. I was
privileged to have attended the first conference
In Coldtn. He anded with a panel discussion of a
similar type, which left a number of issues
unanswered. We began this particular conference
with a very eminent speech by Dr. Bates simply
reiterating some of the same Issues. Where have
we come since the Introduction of thsse issues?
It was reassuring to learn from Dr. Stalnhausler
that tt was the cheese that killed the mouse,
according to the epidemiologist's interpretation.
I understood from sitting in the various
"Dosimetry" sessions, that the scientists have
kept conducting, and very intensively carrying
out, their dosimetrtc analyses. They have
measured the risk, to the mouse, of its being
attracted by the cheese to the trap. I have also
heard, and tt has been reiterated, that Professor
Random, In that little story, is in fact the mine
operator who put the Crap there In the first
place. I think the most sobering thought was
conveyed by Dr. Hurray In what Agrlcola observed.
What we heard there ia essentially true; one has
to accept that. I would only hope that some day
both Mr. Gerard and Mr. Rickaby will find the time
to writ* their temolrt of Agrlcola revtilted.

Now, my questions. What of dostmetry? In
terms of mathematical calculations In the
biological sciences, I think Dr. James gave a
clear Illustration of what doslmetry means.
Myself, being an engineer, not a scientist, I am
privileged to have attended that session. I have
an understanding and grasp of the Intensity with
which these scientists carry out such analyses. T
am vary thankful and indebted to Dr. James.
Earlier questions were ralsad, as to whether or
not we should <\o dostmetry on a personal basis, or
by area measurements. I refer back to Professor
Martinson's Introduction this morning. I am an
engineer. I thtnk the mines are essentially
designed by engineers. They are operated and
controlled by engineers. It ts unfortunate, or
perhaps fortunate, for the other engineers, for
the civil engineer*, for the surveyors, Chat their
peers and the scientists and the mathematicians
didn't give them a balanced view. For instance,
when they are doing a measurement which
incorporates the length, a measurement of length
and the measurement of an angle, and apply the
sophistication in reading the angles (these days
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with a laser) whether or not the length in
Measured with a staple steel tape, they Indicate
the degree of precision. Do they really interpret
their result* to the n t n degree of "p" values?
The engineer doesn't do it, because of the staple
mathematical question, which uas posed by Dr.
Cohen. The aatheaatict is fundamental; the axioms
are the aissing links. You cannot take a better
interpretation than the data you have. I believe
Dr. Steinhausler posed the same question. So
where we ended the Golden conference, here we are
again; we are still facing the save questions, and
no answers. One thing was enlightening. Dr.
Bates indicated that there will be something
forthcoming froa the French study. Having sat
through that presentation, I was reassurred that
the French are conducting an entdeaiological
study. By the same token, I don't believe that
the results (based on the design of the study) are
likely going to differ auch froa those of other
studies. How can we do it? We have to say the
rtsults or the data are not that reliable; that's
a fact of life; we cannot turn back the clock,
correct the data and re-analyse it. So ay
question is: where do we go? I aa reassurred by
Che interest of the Atomic Energy Control Board in
having sponsored this conference. Rut I fear that
a regulatory agency will be taking directions from
a dialogue, which Dr. Bates Indicated does not
exist In this Industry, I aay disagree with hia.
I believe this Industry does provide a dialogue.
It U a public consultation; this ts the finest
kind of public consultation, I still beg the
question: where do we go? In teras of
optimization, the qucstton i* always asked: has
the Industry optimized? Kobody looks at the
situation by recognizing that aaybe industry is
already optimised. Any mathematical analysis aay
satisfy a mathematical mind, but it Is not likely
to change fate. I would like to know, really,
what the Issues are. One thing concerns personal
dosimeters. I have heard many of the authors who
still prefer the Individual personal dostmetry.
The question us left dangling In the Golden
conference lumaary session Is: do we really want
to see the miner becoming a Christmas tree? I ask
the question again. Do we make the miner Into a
Christmas tree In order to provide Input for the
(dose-determining) equation? So many empirical
factor* are Involved In a mining environment, and
radiation Is only one aspect of the overall risk
In the mining environment. Does It really do
something for the uranium miners that Is not going
to be done by some other means, as a normal part
of mining operations?

Johnson: There were a lot of questions there, Nr.
Chekravattl. I would like to discuss the problem
of doslmetry In relation to uranium mining. I, as
you know, run a fairly large Internal doslmetry
programa but In most cases we have the ability to
measure activity Inside the body or In excreta and
therefore confirm or not confirm, as the case may
be, whether or not there were significant doses.
In uranium mining, of course, you don't. Radon
daughters are too short lived to be monitored by a
bloassay program, so you have to rely on air
monitoring. I think that la true now, and I think
It will always be true. But then, one has to ask
oneself a question. Since you need air monitoring

and there ts uncertainty tn the air monitoring
result, (whether it is personal air monitortn;;,
area monitoring! averages froa grab samples, or
whatever) there Is always uncertainty between the
exposure and the risk. There is, probably, alwnys
an uncertainty even between the dose and risk, but
there ts a larger uncertainty here. Then, getting
to another part of your question, when you say,
"Well, what are we supposed to do?", I think we
have to sit down and develop our criteria for
accuracy In exposure measurements, keeping in niai)
the uncertainty in relationship betweun exposure
and dose, and dose and risk, or exposure and risk
If you want to use the epidemiologlcal approach.
But I think you wer« In Elliot Lake in 1976. We
had the same argument: why don't we use personal
dosimeters? They're ready now, and we've heard
that for at least ten years. I think we will
never solve that, until we sit down and say what
is it we are really trying to do. And I don't
think we can just keep saying (as Dr. Borak
mentioned earlier) that ay method Is better than
yours. Ue have to say what the requirement In,
and work froa that point of view. Until we do
that, we won't get anywhere.

Steinhausler: I would break It down. You have to
assess the exposure, you have to convert to the
dose, and you have to calculate the risk, t think
It would be at the wrong end to start with the
risk because, as you all know ay feelings, I don't
Chink that is going to Improve very much in the
future. He saw a big laproveaent ts the exposure
to dose conversion in the past, and that 1«
documented now. That Is a field where there has
been an laproveaent, and there is rooa for further
Improvement. For the first step, exposure
assessment, I come back to what 1 said. We have
to decide whether area monitoring is enough,
whether it should be supplemented by personal
doslmetry, or substituted by personal doslmetry.
I would like to initiate a discussion on that. I
think we have reached a level of competence In
area monitoring, combined with radon grab sampling
techniques, which ensures that for the objective
of operational ventilation control and the general
mine management, this level of competence is very
high. I would go even further. I would nay it is
sufficiently high. But If the objective Is to
carry on doing epidemiology, that Is a completely
different objective. Here, I put the statement
down. I do not think you will be able to do any
better saying I'm going to measure with *y
scintillation dosimeter at three points in the
•tne, and thst will be representative of fifty
mines and fifty different locations, I'M
exaggerating. We have accepted that, for external
radiation and for neutrons, we aim for Individual
doslmetry, and however unpleasant it may be,
however difficult It may be, this Is the way we
shall have to end up If, the objective 1*
epidemiology. If the objective Is running the
mine, to ensure that it Is tn compliance with the
set standards, I would say area monitoring,
combined with a ntatlstlcally-sclectcd, defined,
grab sampling program, Is reaching a level that we
can trust. So it depends on the objective, as tn
which way to go. The second question Is then:
"Have we reached that level of technical
competence in personal doslnetry?" This is where
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I see the problea at the aoaent, that we are in a
confrontation, froa either end of the spectriw.
As I indicated, it la very good or It ic
insufficient. This would be ay reply.

Myers: Might I ju«t say a couple of word* in
respect of "where do ue go froa here", t would
just like to point out that the hiatorical trend
in our aociety In general i« towarda Increased
health protection. Don't expect anything dramatic
to occur as a result of regulation* within a year,
but in general there is a trend towards increased
safety, both at work and to soae extent in our
free tiae. As a result of that we all seea to be
living fairly happily and living fairly long
lives. With respect to the question of what a
representative of the Union would tell his
aeabers, I would like to heartily endorse Dr.
Marchant's statcaent that probably the first, aoat
important thing the atners can do, If they ara
seriously Interested in protecting their health.
Is to quit cigarette saoking. The other point I
would like to «ake 1* Chat In applying the
optimization principle, I really feel that all of
the occupational hatarde In a uranlu* Mint should
be taken Into account. There aay be soae
jurlsdictlonal difficulties. I'a not aura whether
radiation cafaty la really controlled by soason*
separate froa the people controlling conventional
safety, but on* should look at where effort Bight
be aost profitably rewarded tn teraa of
occupational safety; and it'a quite possible that
It la not in terns, at the aoaent, of Increased
radiation safety, but of increaaad attention to
conventional accidents.

Bush: Regardless of laproveaents In personal
doslaetry, It looks like grab saapllng la going to
ba with ue for soaa tiae. Where do we go froa
hare? Maybe w should back up a little bit. Ha
can character!!* th* working anvlronaent vary
wall, but th* other halt of th* aquation la, how
long doaa th* worker, how long doa* each
Individual worker, spend In that concentration?
At th* aoaent wa eesua* that all th* workera spend
a certain fraction of their tla* in the working
area, and a certain fraction of their ttae going
and coaing. Perhaps SOB* laproveaents can be aade
In that half of th* aquation.

While I aa here, could I juat take up Mr.
Culver's coaaent a little bit. On this question
of an "alpha" value, you Mentioned the value of a
ltf*. That ta really Irrelevant. If you have a
•lne cava In and a ainar trapped there, the sort
of conalderattons that go Into the "alpha" value
don't COM* Into that. You would spend a lot of
Money to get that Miner out. The "alpha" value Is
a Msasura of how Much It Is reasonable to spend to
reduce a stattatlcal risk, to soae unidentified,
hypothetical person. The AlCs has not specified
an "alpha" value for varloua reasons. One of the
reasons Is, as you said, that we haven't given
enough guidance on how we are going to try to
decide whether conditions ara good enough; but we
wouldn't want an over-rigorous application of the
optlMlsatlon process to Interfere with th* good
conservative design practices that are already tn
place( and which wa want to encourage, neverthe-

less, I would see a gradual evolution towards a
•ore quantitative ALARA process.

Bernstein: I can't help asking a brief coaaent,
and then I would like to ask a question. Dr.
Harchant and Dr. Myers have Mentioned the question
of cigarette saoking in the workplace. I think
one aust say that when a cigarette smoker, whether
he is in aanageaent, regulatory or research
activities, advises that other cigarette swokers
be prevented froa saoking, (and one has to be
concerned about job security, or even job
opportunity in relation to that issue), this is a
rather serious dileaaa. On the issue that Dr.
Merchant brought up, the ethics and aedical, legal
and liability aspects of restriction and cessation
of cigarette saoking in the workplace are aatters
of vary great concern at the aoaent. Certainly,
on an Individual basis, It is the physician's
absolute responsibility to advise an Individual
that cigarette saoking is likely to Halt his
health tn aany ways; but with respect to the
occupational setting, it is a auch sore
complicated situation, and there are dileaaas both
on the part of the would-be worker, or the actual
working individual and aanageaent. So I think
that these ara issues which can't H* slaply
stated, and require considerably aore thinking. I
would Ilka to coaaend the panel for discussing
soae of these very difficult Issues, but I would
like to coae back to Or. Stelnhausler's request
and really, If I aay, deaand that soaeone, or
several individuals on the panel, actually addraaa
his question. The question is, aa I understand
it, on the issue of optiaicatton, in fact, because
the recant 1982 UHSCEAR Report suggests (and we
have heard In a number of presentations hare) that
under aoat atandards which ara on the order of 4
or 5 WLM per year, aine operators today are
generally Maintaining control, soaewhere between 1
and 2 WLM for the so-called average worker. In
teras of optlaisatlon, and in teras of Dr.
Stelnhausler's request, the real Issue now appears
to be the Individual worker's exposure, and how
best to optlMlse that exposure, on a real tiae
basis as opposed to a aonthly, quarterly or annual
basis? So I feel that the question of continuous
Monitoring, and peraonal Monitoring, aust be
addreaaed by the panel, In terns of the current
atate of technology, and In teras of economic and
technological feasibility.

Martinson: Well, I don't know. It's a difficult
question to answer, but ay response would be thst
this dspends so Much on all the surrounding
circumstances, that It la virtually laposslbl* to
state thla In categorical teras. t would think
that, In the typical situation, where the average
nuaber of Miners, In a working Mine, are within
th* Halt set, there 1* not wifflclsnt Motivation
to go to any great «t«pa to Monitor More
axcen*iv«ly.

Johnsom I would coaacnt further. I listened
this Morntng to soae discussions about the cost of
personal Monitors. They probably cost froa five
hundred to as high aa two thoueand dollars a year
to operate. Soae suggestions are that, tn regiona
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of high radon daughter concentrations, you would
require miners to wear these Monitors so that you
could quantify their dose (or exposure) better. I
would like to see how much of that money and how
much fresh air you could supply Co those ulners,
and what the cost- effectiveness balance would be
between supplying fresh air either through a
respirator system, or through snail changes in the
local ventilation, and see whether or not you can
just balance these off. As I said earlier. I
don't see any point in Measuring the hazard better
unless It leads to a reduced hazard.

Culver: Maybe I could inject a few comments here.
I think that the area of improvement In local
ventilation In the underground alne is probably an
area that has not been stressed too ouch in the
past. Everybody realizes where you should be
carrying the ventilation pipes, but it tl«s In
with a comment that Mr Seguin maim. In that we
•ay be soaewhat lax it. o r aducattonal systeaa.
We do have educational systeas; we do put workera
through educational programs in which wt attempt
to explain to thea what radiation la and what we
ara atteapt ing to (to. SOBS of our teaching
Methods can certainly be improved upon, In a
nuaber of ar«a«, but when It gtts down to control
of local vtntilatlon, it really ia the worker,
himself, who is In control of that local
ventilation. The supervisor can coae along, but
he can't spend six and one-half hour* with hia,
•nd unless we can educate the worker that he has
to have that ventilation pipe within so aany feet
of hit face, that he has to Maintain his
ventilation, that if he gets a ventilation
failure, he doesn't continue to work in that
particular area but he goes back and finds the
problaa. So there la an educational system, and
our talk la to get the worker to understand It
•ore completely• Vie may have failed In this area.
Thta *ay be a route to laprova on ventilation. In
teras of overall ventilation (I.e., the prlaary
ventilation systea) I would guess that we have
reached a point where we couldn't put down Mich
•ore air, and use It effectively. I M y be wrong,
but I believe Denlson hat soaethlng of the order
of 4.8 Million cubic feet per ainute of air going
underground. The answer Isn't adding another 4.8
•11lion cubic feet per Minute of air, because
quite frankly, the Individual worker would find it
extremely difficult standing up In an 8-foot x 8-
foot drift. You would generate a horrendous dust
problem. You would end up having to water the
auck piles a second tine. At present, watering Is
done after blasting by Beans of automatic pressure
releasea. The Buck piles are watered down, but
when you start to put very large volute* of dry
air In, and it Is generally dry air In northern
cllMtes, the air drlet the pile* out very
quickly, and you create a horrendous duet problea.
So, we may be at an opttaua point in terse of
overall ventilation systems.

In taraa of personal doslnetry, the mjor
problea for an operator It the reliability of the
Instrumentation which 1* available on the market
today. In my personal view, the Instrumentation
duet not stand up well In the underground
environment. The problem! have not been solved.
There are still problems with the detectors. Some

of the Western operations which contain no thorium
show the presence of tkoron daughters on their
dosimeters; I don't know why. They are having
problems; correct me again if I'm wrong, but
they're having problems with radium-A and
radium-C. So until the instrumentation is
adequate, tt is going to be very difficult to
convince ae, as an operator, that I should put
these Instruments on a large group of ay
underground workers. 1 am not convinced that it
will do thea any better than what I an currently
doing on an area monitoring basis. If it is
solely to gather data for epidemiologies1 studies,
then I think we've got some real problems, because
now we have to have an understanding of cigarette
smoking habits. If we are going to get into the
epldeaiological aspects of it, and into the
medical histories of Individuals, I would hazard a
guess that In certain countries, or even in
certain states within the United States, you will
have problems. How do you gather smoking
histories in Utah, where maybe eighty percent of
the alnera are Hormone, for whoa smoking is
prohibited? Probably, some of the miner* do
smoke, but they won't admit It. How do you gather
a smoking hlatory when court awards are not made
when the miner says: "Oh y*», I've smoked two
packs a day for the past thirty years"? It
doesn't take very long for the word to get around
to the miners that you never tell anybody you
smoke, because if you have a aedlcal problem,
courts aren't going to make awards to you. The
Compensation Board isn't going to pay up. So
these are some of the problems. What do you do
when you lose the dosimeter? Uhat do you do for
the next two weeks? You handed it out today. It
goea underground. tt malfunctions. The Miner
loses it. You can't afford it, and we have a very
high turn-over rate; 25 to 30 percent of our
dosimeters are out of condition at one time or
another. So I think there ara a lot of problea*
In the field of personal doslmetry. They may be
good from another point of view, but until the
reliability of those Instruments is improved, the
industry la reluctant to adopt them.

Dory: I would Like to offer a comment on this
topic. I think we heard Just a while ago that,
Indeed, we wouldn't be satisfied In measuring
gamma dose rates In two or three spots In a nine
to determine exposures. He are not satisfied with
that, although gamma fields are comparatively
stable In comparison with radon daughter concen-
tration*. What we have to see, and we have seen
tome developments since the Colden conference, Is
a personal radon daughter dosimeter, which Is
about as complicated u the present TU> gamma
dosimeter, and probably In the same cost rango,
and that will be the answer*

Wheeler: Mr. fteguln, I listened to your comments
about workers. For the past year I nave been
Involved with V,S, coal miners, in trying to get
them to participate (n an X-ray study. It Is my
Job to Increase their participation. I draw the
analogy, because 1 think the problems are similar
to what I have seen with these particular Individ-
ual*. People do not worry about the when and
then, they worry about the hare and now, and I
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Chink that is a problem when you Cry Co change a
hablc. Ic'c a very difficult thing Co do, and if
you have been in a coal nine you will know chac
they don't give a damn abouC coal ducC. Ic's
•ethane they care about, because that can do them
in right now. That's an acute problea. Coal dust
is a sort of chronic problea, and that's some time
in the fuCure. I think if you look at radon
daughters, ic night be Chac Che effects do not
occur right now, but some time in the future. Bow
you focus the workers' attention on this Batter 1*
something that I would like Co know. I don't know
how you would do ic. IC's a difficult problea.
For example, I don't project such into the future
about the two gin and tonics I Bight drink, or
something else I sight drink today. But it's
something important when you deal with a worker,
or with Management. They should look into the
future.

Stguln: Yen, that's vary true. On* of the most
difficult Caaka that we face in the uranium Mints
la to gat the cooperation of the workers
themselves. But we found that It was possible by
educating thftm about the haiards, the real
hazards, and to be vary sensational about
radiation. But raally you have to gat down to
telling a person about killing hiaself. You know
that, with soaa of the work practices that may go
on, there Is In fact a rsal hazard. Ha will aee
the open hole. He will see the loose rock. He
understands all about blasting and all about those
other things, but radiation is soaathing Ilk* coal
dust. As you said, he never thinks of tomorrow.
And I think that Is a big area, where tremendous
Improvement in radiation safety can be made by
concentrating on proper training, proper
education, and not on this kind of approach that
all too frequently, even today, goes on, where
regulatory agencies or employers say that there
isn't raally any danger In this operation. I
mean, we hear that all the time. "There Isn't
raally any haiard now. That'a the hazard of year*
gone by. You know. It was much worse than."

Whesleri But don't you faal that some Individuals
develop a cavalier attitude about it? I am a
"macho", a real man; it won't effect me; lt'a soae
time In the future. I think sometimes It Involve*
changing the habits of Individuals. I think the
psychologists will tall you that It takes more
than twenty days, to change « habit. If you can
gat people to do the same thing for twenty days,
you e»y have a good chance of getting the* to
change their ideas. Ha ha*# worked a little bit
with the M Company. At least I have talked to
them. On* of the things they find la that you
should appeal to the Individual, maybe his family,
maybe the family unit. But I've bean at work with
the miners, spent a lot of time underground, and
It's vary fumy. They're a vary close family out
of the mine Jind very "macho" In the mine. That's
my Impression from being with them. Once you get
to know them they are much different people from
what you would Imagine from the casual walk
through, or from chatting with them on a tour. I
think a lot of paopla get a vary wrong Impression
of what goes on In a mine on a tour, and I'd aay I
have seen enough sanitized tours in my time. I've

taken enough people on them.

Seguln: I think uranium miners arc juct like
other people. They, in fact, want to believe Chat
there isn't a hazard. Who wants to be exposed to
specific hazards? There's enough of a hazard in
mining without having an additional one from
radiacion. They're inclined to Cry and put thac
out of Chelr minds so that if you wane Co promote
radiation safety, you've got to bring it back and
make it a real Issue, and that's a real struggle.

Wheeler: I have one question to ask Dr. Myers
from the epidemiology side. In many mines I have
visited, I've seen miners wear respirators. When
you start to try to compute doses of people moving
rapidly on haulage vehicles, in and out of drifts,
I think It's going to he a major problea for the
epldeailoglst to try to determine what those doses
are. I know that it's on an individual basis but
Individuals will tend to wear respirators. Do you
sea this as something that we are going to pay a
little closer attention to In the future, If we
expect to make the numbers workT

Myers: I think the simple answer to that Is that
we hope that there will be essentially very little
hazard evident in epidemlologleal studies of
uranium miners who are starting work now, when the
radiation levels are so much lower. This is
undoubtedly a problem. There are also problems, I
believe, In the fact that miners are sometimes
supposed to be wearing respirators according to
the records, but it Is too Inconvenient to work
with them and they are not actually wearing
respirators. I believe the Atomic Energy Control
board, In Canada, Is sarlouely concerned about
thla.

Browns Mr. Chairman, in one respect I have bean
seriously disappointed at what has been presented
at this conference. To explain why, I must
Indicate that my radiation responsibilities go
beyond uranium mining. He did a little atudy In
Saskatchewan a short time ago. We estimated chat
on* percent of the total population dose was
associated with uranium mining. Something Ilka 98
percent It associated with diagnostic medical
procedures, now In those procedures doses are not
disastrously high, but they are higher than they
should be, and world-wide there 1* a trend to
bring them down. It Is being attempted through
what Is called effective suallty aasurance
programs. Basically and mainly, these represent
Improved working procedures and effective codes of
practice that we are trying to get Implemented by
all users. How It seems to me that at this
conference Che emphasis on absolute dose limits
ha* been far too excessive. It's been outdated In
health physics terms. It has keen superseded by
consideration of ALAJtA. As with medicine, our
doses In uranium mining are no longer disastrously
high, but they are higher than they should be, and
the way to tackle this Is through AXARA, but not
through the atrlct financial Interpretation of
AURA which Mr. Culver has so effectively
mentioned the problems with. I understand that
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when Eldorado closed down their Beavcrlodge
operation, they wanted to do It on the basis of an
4LARA, but the ALARA analysis Indicated that the
correct procedure would be sinply to walk out and
leave everything exactly as It stood. So they did
it on the basis of sound engineering practice.
Now, what I'a trying to suggest Is that I would
have liked to see a lot nore material presented at
this conference dealing with working procedures,
engineering practices and codes of practice that
can be implemented In practice, that would be
effective. In gradually bringing down radiation
exposures all around. 1 think that in arguing how
we combine dust with radon daughter oeasureaents,
and what the ultimate Halt should be, we have
loHt sight of the fact that there are a lot of
effective procedures that could be Introduced that
would reduce the dose to everybody In the area,
and I would like to hear the panel's consents on
that.

J.K. Johnson: If nobody else is going to say
anything about it, I think I would agree.
Certainly, that's been one of ay arguments: that
precision in dose is not what you really want.
You want a reduced dose. And you have to look at
your individual operations to be able to do that.

Dory: I would like to add that it is, indeed, the
philosophy which we try to apply, at least in
this country. But there are obvious political
pressures applied to the argument. If, for
example, the conditions are such that the actual
exposures are lower than the present Halt, why
not lower the Unit? But, philosophically, your
point is very valid Indeed.

Goodwin: I believe Dr. Ahmed mentioned earlier
that there was some proposal In the United States
to reduce our standard froa 4 WLM per year to 0.7
WLM per year. I would like to talk a little bit
about that and where we are today with that issue.
In 1980 we were petitioned by the Oil, Chemical
and Atomic Workers' Union and the Health Research
Group, the latter being a public interest health
group, to promulgate an emergency temporary
standard which would reduce our current standard
of 4 WLM per year to 0.7 WLM per year. It had
soae other issues in it, as well, including
aedical surveillance and other things. But the
aost serious one was reducing our current exposure
limit. As many of you are familiar, the Act we
administer provides that we promulgate standards;
it provides that we can promulgate an emergency,
temporary standard, thus avoiding all the public
input necessary in normal rule-making. This
temporary standard is to be temporary, and starts
us on a track of promulgating a permanent
standard. At the time we got the petition, we
said we didn't have enough information on which to
do this. The petition didn't contain any real
detailed discussion of why it should be done. We
asked NIOSH, which also has a responsibility under
the law we administer to provide us with criteria
on standards for health subjects, and which has a
responsibility for doing research under the Act.
They came to us with a report in, I think,
December (or thereabouts) of 1980, that concluded

that, indeed there was a public health concern at
the current level of our standard. We said In
reply to then that this report was a necessary
first step, but certainly what they gave us didn't
provide us with all the data and infornation we
needed to go forward with this standard. Since
that tlae we have been working with NIOSH on
getting aore information. They have provided us
with soae draft reports in the last year or so,
and we are still working with then on that. 4ut
last April (I think it was April), the Union and
Health Research Croup people got inpatteit with us
for not acting on their petition, and took us to
Dictrict Court in the United States, the District
of Columbia, with a civil action to coipel us to
act on their petition. That court action Is still
in progress. We have submitted a nunber of papers
and so has the other side. I night just coaaent
that the Aaertcan Mining Congress has also been
allowed to be a party to that suit. He haven't
aade a decision yet on anything, and of course the
court is still considering this whole issue. We
are considering going out with what we call an
advance notice of proposed rule-aaking. An
advance notice doesn't coaait us to anything. It
doesn't coamit us to change our standards. It is
simply an inforaation gathering process, and it is
very likely, we will go with this advance notice
shortly. We would appeal to anyone who is
interested in this to keep in touch with that
process, and certainly we would wish to solicit
Information froa anyone who cares to coaaent on
that rule-aaking under that advance notice to do
so. In the notice we likely will ask for a very
detailed list of technical subjects we want to
have addressed to nake the rule-aaking as complete
as we can.

Bernstein: The Environmental Protection Agency
(EPA) normally provides guidance for radiation
protection in occupational settings in the United
States under the Executive Order, which
established that Agency, and so the process of
decision-making for radiation protection guidance
in the United States would normally include advice
froa the Environaental Protection Agency, as well
as the National Institute for Occupational Safety
and Health. I wonder if, perhaps, Dr. Nelson or
Dr. Goodwin could describe the process in which
both EPA and NIOSH will be involved in ultimately
providing this kind of advice.

Dory: If I nay interject, in the interest of
saving tine, I think Dr. Goodwin was kind enough
to provide inforaation on how to get involved in
the process. Perhaps we should leave it at that
for now.

Zettwoo>;: I would like first to cone back to the
problems of comparing the costs of grab sampling
doslaetry (ambient dosinetry, as you call it) and
personal dosimetry, from our own point of view,
from experience in France. If you nake such a
comparison you nust be absolutely clear concerning
the terns of reference, and it is very dear that
the ambient dostaetry Means taking a fev
measurements per year, per nine. It's auch
cheaper than personal dosimetry. Now, in France,
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we have about fifty measurements per year, not per
nine, but per miner. In that case, we have found,
in going from ambient dosinetry (in 1982) to
personal dostnetry (In 1983), chat the latter was
cheaper and better. Now the second point Is that
we should perhaps not draw such a line between
grab sampling and personal dosinetry. You have an
intermediate possibility which is functional, a
so-called functional dosinetry, in which you
select a representative number of the workers, and
you give them a personal dosineter to assess the
doses corresponding to their functions. With Chat
system, you can have a free choice of Che size of
the representative sample, Che larger the size,
the higher the cost, and the higher the quality of
data. The issue of quality over cost usually has
an optimum for a given size of sample, and it
could be, perhaps, the answer in some situations
if there is not too much variation in exposure
among the workers.

C.R. Phillips: I was particularly interested, in
light of my question, in the comments of Mr.
Zettwoog. I would like to get back to the
questions posed by Dr. Johnson and Dr.
Steinhausler, which 1 think hit the nub of the
issue. If I can paraphrase them in turn, Dr.
Johnson was asking us to determine with what
precision we would be satisfied to know the
exposure, and I think Dr. Steinhausler was asking
us to consider whether we should adopt personal
dosimetry, or area or grab sampling (air
monitoring), or some combination of the two.
Since they have boCh raised the issues and nobody
seems to be willing to offer an answer, perhaps
they would. But before they do, can I offer one
brief comment? It is to suggest that there is a
difference between personal dosimetry and grab
sampling (area monitoring), and it is in terms of
precision of knowledge of the distribution of the
dose. I think, in the case of a personal
dosimeter, you are somewhat more likely to know
the dose to which the individual has been exposed.
In the case of grab sampling and the introduction
of some work history, you are never quite sure,
and you will have outliers, individuals who have,
maybe, excess exposures beyond the average and
that is part of the question which has to be
answered.

Johnson: I think this decision as to what
accuracy is required should really be done by some
international agency, by gathering a group of
experts together and by having them sit down and
discuss the issue. I don't know whether there is
something ongoing in the NEA program.

Steinhausler: NEA/OECD is not, to my knowledge,
doing anything on that. My reply would be, as I
stated before. It depends on the objective. I
don't think it is interesting to the operator to
know which person has exceeded, to what extent,
the mean value or median value, as long as he is
assured that he is in compliance with the
regulatory level. It is insufficient information
for the researcher, if he wants to know whether
this exposure represents a risk. And it is
completely insufficient for the ventilation

engineer to know, a aonth later, that a certain
individual has had that exposure, lie lias to know
there and then. So it's Che objective, fron ay
point of view, that determines how you oeasure.
The ventilation engineer has to be able to »',KUR»
there and then: area monitoring, continuous
monitoring, whatever. The operator has to be sure
that he is In compliance with die regulations.
That determines how accurately he has to neasure,
and Chat brings us back to Dr. Johnson's commute.
The prerequisite Is to know how accurate we have
to be. So it is objective and accuracy that
determine which way to go.

Kanabe: I would like to remind our Chairnan and
members of the panel and also some of the
audience, of Che natter of miners' saoking habiCs.
Now, miners have not smoked for the last ten years
in uranium mines. Me know that. C -parties have
forbidden smoking for the last ten ears and we
still have a problem. Maybe everybody should be
reminded that smoke does not cone only from
cigarettes. We, as miners, receive smoke from
diesel emissions, which we have in the nines and
from the scoops. That snoke, I think, is sore
dangerous than the smoke from cigarettes. Perhaps
someone from the panel could comment on smoke from
diesel emissions.

Dory: In the interest of saving time, I think I
would like to come hack to what people (such as
Dr. Myers) have said many times during this
conference. What we should do is to look at other
carcinogens present in the nine atnosphere. So I
think the point is well taken.

Jennekens: Thank you, Mr. Chairman and members of
the panel. If I understand this subject
correctly, I would say that intelligent people,
who have had the benefit, who have been fortunate
enough to attend a university or an institution of
higher learning, and have been taught the
scientific method, use a process of inferential
deduction to arrive at certain conclusions. Now
when they do that, they do so invariably in
quantitative terns, and they qualify very
carefully the deductions that they have arrived
at. Intelligent people who have not, for one
reason or another, had the benefit of a university
education, perhaps don't know some of the teaching
of Sir Francis Bacon. Nevertheless, they too, use
the process of inferential deduction to arrive at
certain conclusions. And some of those who have
attended this conference have made it clear, that
they have not had the benefit of a university
education, but obviously they are intelligent
people, and obviously they have used the process
of inferential deduction. Invariably, those
people arrive at their deductions and conclusions
and describe them in qualitative terras, but in
terms that are much more understandable to the nan
and the woman on the street in terns that are
commonly used by the media, and in terms then that
have much more meaning for the vast majority of
people. In response to your question, Xr. Vance,
if I were in your shoes going back to Elliot Lake,
I would say that, during my four days in Toronto,
I had reconfirmed for myself that there continues
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to be a very broad spec t run of positions, on
questions of the carcinogenesis or carcinogeniclty
of radon and radon daughters. I understand now,
at least In part, why that spectrum is so broad.
It is because some of the people who have
represented that broad spectrum have explained the
assumptions upon which they have arrived at
certain conclusions. However, I would say the
vast majority of what I understand to be the
scientific community, appears to be convergent,
and this is in response to Mr. Chakravattl. I
believe in the last three years there has been a
convergence. And we now believe we know, provided
we abide by and comply with and understand, as Mr.
Seguin has so very clearly emphasized, what safe
work practices are in terms of radiological
protection, and that the probability of serious
detriment to us is very, very low. Now that does
not allow us to let our guard down. We must
remember prudence. We must remember caution. Dr.
Brown said something that I was intending to say.
I would like to reiterate It: good, sound
engineering practice. That is what we need to
make sure that we don't lose sight of. So we
maintain this and we keep it. Mow, Mr. Bush and
others have referred to optimization.
Unfortunately, Dr. Beninson was unable to join us.
His paper will be available for us in the
proceedings. But optimization to me, as Mr.
Culver has said, doesn't mean these very
theoretical, academic, arithmetic calculations
using a certain value for "alpha", because 1, too,
refuse to accept any value for "alpha". Human
life to me is invaluable. But what I think we
want to do, using the qualitative interpretation
of ALARA and not the quantitative, is to use good
sound engineering, management, and ventilation
practices, the sort of things that Professor
Martinson has been talking to us about. And we
must not forget those while we go on in our
overall optimization of the utilization of the
resources available to us. As Dr. Steinhausler
has said, let us look at all these other things
that are required to be addressed, and let us
optimize the utilization then of the finances that
we have, or the resources, human and other, to
make sure that the overall risk to the miner and
to atomic radiation workers, generally, is
minimized. Thank you.

Now we do have to be careful even on that front,
because we should not educate safety. What we
should teach people is how to perform their work
safely. In other words, we shouldn't take safety
away and make it an esoteric topic. So I think
what I hope to see in the future, first of all, is
a group of people who are attending this
conference, saying: let's get together and
organize another conference, maybe three or four
years down the road, just as happened in Golden.
The result of that action Is what we have been
enjoying these past four days. I think the very
clear message is that there Is a need, still, to
develop a very simple, inexpensive, passive
personal dosimeter for radon daughter exposures,
because I believe that what was said is correct,
for the determination of compliance and for the
operator. I think we are getting to the point
where some of the answers are really becoming
academic, although it is clear that they are very
important for epidemiology and other purposes. So
I think, on that note, that I would like to
conclude our discussion, with perhaps one sentence
which was inspired by the excellent presentation
of Dr. Murray. I think we have seen improvements
in radiation protection in uranium mining. We
have to continue to strive to achieve further
improvement, and to provide better protection to
workers and everybody, but we have to keep in Bind
that we can't become iimortal.

Ladies and gentlemen, I would like you to extend
your appreciation to the members of the panel, and
thank you very much.

Dory: Thank you, Mr. Jennekens. It is nice to
have the last word. I would like to try just very
briefly, to offer my perception of what we have
done in the last four days. I believe that the
first conference in Golden and now this
conference have certainly served a very useful
purpose. They have sped up scientific work, sped
up the development of practical solutions to
problems that we are facing, and I think they have
kept the focus of attention on the problems which
still exist. I would like to mention one topic
which we didn't really address during this
conference. Earlier today, we heard Mr.
Chakravatti say that it is the engineer who
designs and runs the mine. I would like to add
that it is also the worker who runs the mine, and
by the word "worker", I mean the miner, I mean the
first—line supervisors and I mean the management.
I think it was alluded to many times, that
education is an important part of our concern.
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REGULATORY STANDARDS AND THE PREVENTION OF
OCCUPATIONAL INJURY

BY: James M. Ham

In the industrial extraction of materials and the
production of goods, risks to capital stand in
contrast to risks to the health of workers. On the
capital side there is profit or loss, depreciation
and technological obsolescence. On the human side
there is compensation, injury and obsolescence of
skills. The goal of productivity for profit and
compensation inherently involves tradeoffs between
risks to capital and to workers.

With the industrial revolution, technological
change acquired a distinctive characteristic which
cohtinues to be deeply rooted in the evolving means
of production. This characteristic is one of the
fragmentation and deskilling of work, of the
definition and classification of jobs as pieces of
operations, pieces that are a residuum from
mechanization, automation, computer control,
robotics and computer aided manufacturing. We
continue to push machines to the limits of their
capabilities and deskill the residual human tasks.
The residue is often hazardous, dirty and
monotonous, although the work of the miner has its
own excitement.

With historical technological change have come
major changes in social expectation, specifically
with respect to the character of work. Health care
and environmental care are rooted sensitivities in
our time. Drudgery and stress have different
meanings to us than to our forbears. It is
characteristic of our time that we isolate
individual risks from the complex of risks of what
it means to be human. We are litigious about our
rights and press for regulation rather than trust
the exercise of joint responsibility under what one
might call general duty clauses of the social
contract.

The expression of occupational risks is closely
related to the organization and management of work.
There are two basic paradigms for the organization
of work. The first is the traditional one in which
the contract of employment is interpreted as the
acceptance by the employee of the full authority of
the employer. Work under this paradigm is
hierarchically organized into closely specified
jobs which are fragments and often deskilled
fragments of the whole operation. Compensation is
based on the job classification. A contrasting
paradigm that is emerging is one based on worker
commitment and participation in team tasks that
entail the accumulation of skills and compensation
based on range of skills and task performance.
This paradigm is related to phrases such as quality
of working life and job enrichment. Intertwined
with this question of work paradigm are broad
issues of unionization, industrial democrary and

managerial pholosophy. What is profoundly clear
however is that the expression of occupational
risks in particular corporations is intimately
related to attitudes in the organization and to the
performance of work. One only has to observe that
worker's compensation claims rise notably in
particular companies prior to strikes and layoff to
realize how complex the human-technology relation
is.

I conclude from this brief perspective that it is
essential that the regulation of occupational
risks, whether it be through legal safety and
health standards, worker's compensation or work
practices take cognizance of the links between
risks, technological change and paradigms of work
organization.

The historical evidence for accidents and
industrial disease goes back to Pliny in Roman
times, to Agricola in seventeenth century Germany
and to Ranazzini in eighteenth century Italy.
There has been a gradual trend downward in the
intensity of occupational injury, of accident and
disease. There have been no sharp declines
overall, perhaps to the chagrin of legislators
and Chairmen of Royal Commissions. The issues
are far too complex to be sharply changed by
intervention In single facets. If one sets
arbitrarily an overall index for the intensity of
occupational injury at 100 for 1900, my estimate
is that to-day it stands at about 10.

A broad range of factors creates what I will call
a "social tension" of concern about occupational
injury. The elements involved in this social
tension change over time and it is useful to
sketch a few points. During the industrial
revolution concern was about the age of workers,
hours of work and the avoidance of epidemics
among workers by cleaning the walls of factories.
As the great achievements in public health
through sanitation and immunization began to be
realized, industrial injury and disease become
relatively more prominent In the social milieu
and "tension" rose. It is interesting to note
that in New York State in the 1920's, two thirds
of compensated cases of lacerations and abrasions
were infected. With modern antiseptics and
antibiotics such outcomes are now rare.

The history of public response to occupational
injury has been characterized by a sequence of
perceptions of crisis followed by legislation and
it's accompanying regulations. Whether it be in
Laws for Worker's Compensation or in Health and
Safety Acts, the cycle of crisis-legislation-
regulation is characteristic. My personal
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assessment Is that while such changes are a natural
part of public response to "social tension" about
occupational Injury, they have never in themselves
produced radical downward changes in the expression
of risk but they have been an integral and
necessary factor In sustaining the "social tension"
of concern.

In terms of practical advance at and surrounding
the workplace, we have seen the progressive use of
personal protective equipment, the development of
the whole field of industrial hygiene supported by
immense advances In our capacity to measure
physical agents such as noise and toxic chemical
substances. Indeed the meanlngfulness of trace
amounts of toxic substances has become a
provocative issue. Medical epidemiology has
enabled us to correlate the occurrence of specific
diseases with particular industrial environments.
Examples include bladder cancer and diesel fumes,
nasal cancer and nickel, lung cancer and radon
daughters, liver cancer and vinyl chloride monomer,
mesothelioma and asbestos, silicosis and quartz
dust.

Let me suggest a few of the complex of factors that
influences the effectiveness of the current state
of "social tension" towards a continuing downward
trend in occupational risk as manifested in injury.
One of our perennial problems is to understand
industrial disease. Agencies administering
worker's compensation act as adjudicators on a
case by case basis using the accumulated knowledge
about disease and its origins. But they do not
appear, at least on this continent, to assume
responsibility for researching the evolving
landscape of industrial risks. Our massive systems
of health care continue to be oriented primarily to
cure rather than to the roots of illness. The
neglect of occupational medicine including the
provision of clinics in occupational medicine is,
at least in Canada, a continuing disgrace.
Bernardino Ramazzini would be enraged. The conduct
of essential epidemiology is frustrated by the lack
of coherent publicly accepted means to gather the
necessary personal data and to use it responsibly.
Our burgeoning litigiousness and insistence upon
exercising rights, for example to opt out of
medical surveillance, as among coal miners in the
U.S.A., or to diffuse occupational health records
through freedom of workers to select the attending
physician as in Canada, undermines the human
efficacy of our efforts to assess the current
reality of occupational risks. The epidemiology of
trauma as it is rooted in human motor and sensing
skills as conditioned by the organization and
management of work is relatively underdeveloped.

On the technological side one observes that few
engineers are taught about occupational health and
safety and fewer graduates of schools of business
have any knowledge of the economics of industrial
injury and related production costs. While we
spend millions to build simulators to train pilots
of aircraft and operators of nuclear reactors, we
appear unwilling to invest in simulators to train
operators of punch presses and ballast control
systems for offshore oil rigs. In terms of the
structure of regulations issued by regulatory
agencies it is clear, particularly from work
carried out in the State of California, that only a

limited percentage of injuries of trauma are
preventable in the sense that they would not have
occurred had all formal regulations been complied
with.

In these complex circumstances what are the
incentives that regulatory agencies, including
worker's compensation, can continue to bring to
bear in sustaining that overall "social tension"
for the reduction of occupational injury, and what
role do specific standards for designated agents,
such as radon daughters, have to play?

Economists hold the view that since the fundamental
objective of a private-sector corporation is to
make a profit, the only effective incentive for
investment in health and safety is an associated
cost embedded in operations. Conversely they hold
that detailed regulation is inefficient. In the
deregulatory spirit of these times there are
proposals for injury (and exposure) taxes levied
directly on the employer quite apart from worker's
compensation. The practicality of these proposals
has not been demonstrated. Labour tends to react
with the allegation that such taxes would be
licences to maim and Co poison. They entail
placing explicit values on human life and this is
not politically acceptable, except in so far as it
concerns income replacement under worker's
compensation.

A related policy proposal is to give greater
prominence to compensating wage differentials which
in effect represent agreements by employers to pay
a worker not only for his job but for the risks
entailed in working on the job. Various
statistical analyses have imputed that such
differentials exist in a number of industries.
Mining is one of these.

Worker's compensation is in essence "after the
fact" compensation informed primarily by the need
to maintain the income of the worker (or his or her
survivor) who is unable to perform regular work.
Although the cost of worker's compensation is in
some measure a financial incentive to the employer
to make preventive investments, there is no clear
agreement on how this incentive changes when
benefits are increased in an inflationary economy
with high interest rates, and when self insurance
and various forms of experience rating are used.

Recent studies in the Institute of Civil Justice of
the Rand Corporation suggest a variety of
interesting influences which interact with the
actions of health and safety regulation. If the
prevailing interest rate is larger than the rate at
which benefits increase, the incentive to Invest in
engineering controls to prevent industrial disease
may decrease. At an investment rate of 10.5%, a
million dollar investment today In engineering
controls is the monetary equivalent of paying out
20 million dollars in compensation costs thirty
years from now. Likewise if the rate of increase
of cost of safety equipment due to inflation Is
greater than the rate of increase in benefits, the
incentive to invest in preventive measures for
safety declines. Incentives to invest In safety
increase when personal protective equipment is used
but may decline when engineering controls are
required by regulatory preference. And employee
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failure to follow safe practices always decreases
the effectiveness of the Incentives of worker's
compensation. These observations are made simply
to emphasize how complex the interactions between
work, technology, economics and regulation are.

While tort claims are denied to most workers in
direct claims against employers as a condition of
eligibility for worker's compensation, third-party
product liability suits have assumed recent
prominence particularly in the U.S.A. as related to
the use of asbestos. A senior member of a U.S.
regulatory agency for health and safety recently
expressed his conviction that the threat of such
tort liability is a bigger stick than specific
regulatory standards for toxic substances.

Given this complexity of factors, what is the
proper role of regulation in reducing occupational
injury? Do we need OSHA's and MSHA's and
provincial and state Divisions of Occupational
Health and Safety? Is the argument for economic
efficiency of incentives to prevail? What place is
there for indigenous regulation by corporations and
their associations, for internal responsibility
between management and labour in the workplace?

I will be direct and declare my conviction that
regulatory agencies, whose actions are properly
founded in the main on mandatory standards, are
essential as one of the root elements of "social
tension" about occupational injury. The regulatory
agency maintains a policing role, the integrity of
which is essential to the public perception of
natural justice for the worker in a world where the
contract of employment is in essence the acceptance
of the authority of the employer. Work is not
simply a commodity that is bought by the employer
from the worker.

Since occupational injury rarely occurs under
circumstances of criminal behaviour, but rather is
inherent at some level to the risks of production,
the fundamental problem of any regulatory agency is
to maintain with integrity the balance between "the
carrot and the stick". I personally favour the
view that the policing role of a regulatory agency
should take the form of tough auditing of the
performance of the indigenous regulation that
management and workers are resolved to achieve
co-operatively. While effecting this role
undoubtedly requires bed rock reference to
regulatory standards, the ethos that pervades
their use should be broadly conceived as a tension
of incentives.

Within this ethos, the issue of policy detail can
be and is pursued in diverse ways. The U.S. has
adopted first instance penalities for failure to
comply with regulations, while Canada typically
issues fines on failure to comply with an order to
do so. Current U.S. regulatory practices emphasize
specification standards rather than performance
standards. One reason for this is the propensity
under the U.S. legal system for contest over the
legitimacy of a fine. Contest is relatively rare
in Canadian administration of health and safety.
The use of general duty clauses is greater in
Canada than in the U.S.A. Labour argues in general
for highly specific regulation and for policing.
Industry prefers performance standards and auditing

as distinct from policing. The policy of
regulatory agencies can properly be seen to
represent a balance struck between cooperation and
contest, specification and performance, auditing
and policing, engineering controls and personal
protective equipment.

While administrative policies of regulatory
agencies in Canada and the U.S.A. have nany
differences, the occupational risk index for the
two countries is following comparable trends with
no dramatic declines and temporary fluctuations.
For some of the reasons I have cited, the
regulation of occupational health at the workplace
is an unresolved area of administrative practice.
Much of the activity of industrial hygienist—
inspectors is driven by worker complaint rather
than by focussed plan. Permissible exposure limits
for toxic agents, such as radon daughters, provide
essential points of regulatory reference but
whether or not they are effective at the workplace
depends on many factors - regulatory policy,
managerial and worker commitment, work organization
and practices, worker training and joint under-
standing of hazards. Planning to reduce risks nust
encompass all of these factors. I know of no
corporation where there are adversarial relation-
ships between management and labour that has
occupational risks below the average experienced by
its corporate peers. I believe the same to be true
with respect to the relation between regulator and
employer. The history of occupational risks shows
that the stick of regulation needs to be strong and
capable of being bluntly wielded but the stick
alone, with the most rigorous regulatory standards,
cannot wisely resolve the "social tension" between
industrial productivity and occupational risk.
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