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FOREWORD

In order to provide regulators and practitioners with an international forum for 
the exchange of views on the principles of radiation protection, to highlight issues 
of current importance, to examine the problems encountered in applying the princi
ples of radiation protection and, where possible, to identify generic solutions, the 
International Atomic Energy Agency, at the invitation of the Government of 
Australia, organized an International Conference on Radiation Protection in Nuclear 
Energy. The Conference was held in Sydney, Australia, from 18 to 22 April 1988. 
Following a welcome address by the Honourable John Kerin, Minister for Primary 
Industries and Energy, the Conference was opened by Dr. Hans Blix, Director 
General of the IAEA.

The IAEA Conference immediately followed, and complemented, the 7th 
World Congress of the International Radiation Protection Association, also held in 
Sydney. The scientific programmes of both the IRPA Congress and the IAEA 
Conference were closely co-ordinated. Whereas the IRPA Congress was oriented 
towards radiation protection practice, including protection against non-ionizing radi
ation, the IAEA Conference concentrated on radiation protection principles, criteria 
and policy issues.

The Conference was attended by 350 experts from about 60 Member States and 
six international organizations. Eighty-one papers from 29 Member States were 
presented and discussed in 10 Scientific Sessions covering the following subjects: 
Nuclear Safety and Radiation Protection; Evolution of Radiation Protection 
Principles; Regulation of Radiation Protection; Optimization and Decision Aiding; 
Occupational Radiation Protection; Limitation of Radioactive Releases; Safe 
Disposal of Radioactive Wastes; Radiological Impact of Nuclear Facilities; Accident 
Response Planning; and Accident Experiences.

An additional feature of the Conference programme was the inclusion of two 
key discussion sessions, a Special Session entitled “ The Dose-Response Relation
ship: Implications for Nuclear Energy” , and a Panel on “ Radiation Protection 
Education and Training” , each of which attracted considerable support.

The highlights of the Conference were the sessions on the interface between 
nuclear safety and radiation protection, the evolution of radiation protection 
principles, exemption rules and accident experiences (Chernobyl, Goiânia). The 
Special Session on the practical implications of the linear dose-reponse relationship 
also provoked particular interest. Although the session on optimization and decision 
aiding did not reveal any new developments, it did indicate an increasing emphasis 
on the optimization of radiation protection, a field that is expected to grow in the 
years ahead. A clear trend towards attaining lower collective doses per unit practice 
over a given time period, despite the increase in nuclear power plant capacity, is also 
apparent, although very few data on job-related worker doses have been published 
to date in the open literature . It was noted that levels o f radionuclide concentrations 
resulting from the Chernobyl accident, and consequent doses to the public, are less



than initially anticipated. The need for greater emphasis on training programmes 
devoted to the training of trainers was recognized; there is also a corresponding need 
to develop a ‘training material database’.

From the regulators’ viewpoint, a very strong desire was expressed for a move 
towards regulatory strategies that exempt practices and sources causing insignificant 
individual and collective doses; in this respect, the importance of the roles of 
international agencies (the IAEA and the Nuclear Energy Agency of the OECD) in 
the development of exemption criteria was repeatedly stressed. A review was 
presented of the dosimetry of the Hiroshima/Nagasaki survivors; however, it was still 
too early to predict how, and to what extent, the results will influence future radiation 
protection practices. Although the scientific basis for the concept of the linear dose- 
response relationship was not debated in detail, it was indicated that without this 
assumption, practical radiation protection would be impossible. It was recognized 
that the more general question of how to incorporate probabilistic ideas into risk 
assessment methodology will require further exploration. A recurring theme during 
the Conference week was the need for improvement of communication — especially 
between experts and the general public.

There was general consensus that regulatory bodies are, as yet, unprepared for 
taking fully into account a number of the above concepts; much of the responsibility 
for remedying this situation was considered to lie with the nuclear safety and radia
tion protection community. Further efforts are needed, not only to clarify more fully 
the implications of the linear non-threshold dose-response relationship and of the new 
Hiroshima and Nagasaki dosimetry but, perhaps of paramount importance, to over
come the existing communication problems with the public.

The IAEA wishes to express its gratitude to the Department of Primary Indus
tries and Energy of the Government of Australia for the substantial support, generous 
hospitality, and comprehensive and highly efficient service that it provided and which 
greatly contributed to the success of the Conference.

EDITORIAL NOTE

The Proceedings have been edited by the editorial staff o f the IAEA to the extent considered neces
sary for the reader 's assistance. The views expressed remain, however, the responsibility of the named 
authors or participants. In addition, the views are not necessarily those o f the governments o f the 
nominating Member States or o f the nominating organizations.

The use o f particular designations o f countries or territories does not imply any judgement by the 
publisher, the IAEA, as to the legal status o f such countries or territories, o f their authorities and institu
tions or o f the delimitation o f their boundaries.

The mention o f names o f specific companies or products (whether or not indicated as registered) 
does not imply any intention to infringe proprietary rights, nor should it be construed as an endorsement 
or recommendation on the part o f the IAEA.

The authors are responsible for having obtained the necessary permission for the IAEA to 
reproduce, translate or use material from sources already protected by copyrights.

Material prepared by authors who are in contractual relation with governments is copyrighted 
by the IAEA, as publisher, only to the extent permitted by the appropriate national regulations.
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INDIVIDUAL DOSE EQUIVALENTS 
AND BASIC LIMITS OF EXPOSURE 
TO EXTERNAL RADIATION SOURCES -  
CONSEQUENCES FOR REQUIREMENTS 
ON INDIVIDUAL MONITORING

S.R. WAGNER
Physikalisch-Technische Bundesanstalt,
Braunschweig,
Federal Republic of Germany 

Abstract

INDIVIDUAL DOSE EQUIVALENTS AND BASIC LIMITS OF EXPOSURE TO EXTERNAL 
RADIATION SOURCES — CONSEQUENCES FOR REQUIREMENTS ON INDIVIDUAL 
MONITORING.

The basic limits for radiation exposure are stated by the International Commission on Radiologi
cal Protection in terms o f mean dose equivalents to particular tissues and organs or of the effective dose 
equivalent (‘primary quantities’). None of these can be measured directly. Instead, radiation protection 
of individuals relies on area and individual monitoring. However, unambiguous relations between the 
monitoring results and the ‘primary quantities’ do not exist. The International Commission on Radiation 
Units and Measurements has recently recommended new unifled operational quantities for area and 
individual monitoring, but, owing to individual variability and mobility, the intrinsic problem of 
individual monitoring continues to exist. In spite of the admitted uncertainties of individual monitoring, 
a sound metrological concept can produce measurement results of legal significance. This is achieved 
by a well defined calibration procedure for individual monitors in terms of the directional dose equiva
lent. After exposure of the monitor on the body of an individual, the monitor’s reading multiplied by 
its calibration factor is taken as the ‘individual dose for recording’, at least for radiation exposures below 
the investigation level. In this way, futile efforts at interpretation can be avoided.

1. INTRINSIC PROBLEMS OF INDIVIDUAL MONITORING

The basic limits for radiation exposure of in
dividuals are stated by the I C R P ( 1 ) in terms of mean 
dose equivalents to particular tissues and organs or 
of the effective dose equivalent, the controlling 
limit depending on the prevailing exposure condi
tions. In general, none of these dose equivalents can 
be measured directly. Instead, radiation protection 
of individuals relies on area and personnel m o nitor
ing. However, unambiguous relations between the quan
tities of measurement used in these monitoring pro
grammes and the quantities for which the basic limits 
are stated do not exist, nor do they exist between

3
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FIG. 1. Calculated ratio o f effective dose equivalent, HE, to directional dose equivalent, H '(10), taken 
here as approximating the individual dose equivalent, penetrating, Hp(10), as a function of (a) the inci
dent photon energy, [3, 4] and (b) the incident neutron energy, E„ [5, 6]. The two curves are for 
radiation incidence to the front (zero angle o f incidence, A/P) and to the side (90° angle o f incidence, 
LAT) o f the exposed individual. These irradiation geometries are considered to represent actually 
occurring exposure conditions.

the quantities used in area monitoring and those used 
in individual monitoring. Even the new operational 
quantities recommended by the ICRU(2) for monitoring 
radiation from external sources cannot remove these 
difficulties. The reason for these difficulties is a 
fundamental problem which in essence cannot be solved. 

Whereas the quantities used in area monitoring are 
defined for idealized and standardized conditions as 
to the phantom and the irradiation geometry, with the 
result that unambiguous relations exist between the 
radiation field quantities used in calibration (e.g. 
air kerma rate and neutron flux density), such ideal
izations do not easily lend themselves to individual 
monitoring, because of the variability of individual
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geometries, structures and compositions and in view 
of the fact that the individual can move freely. 
Therefore the body's orientation in the radiation 
field and, necessarily, that of the individual mo n i 
tor, are not fixed.

The relations between the effective dose e q uiv
alent and the directional dose equivalent (2), taken 
here as representative for the individual dose e q uiv
alent, are displayed in Fig. 1(a) and (b) as examples 
of the existing problems. Irrespective of these prob
lems the high standard of radiation protection for 
individuals in general has not been impaired nor have 
incalculable health risks resulted, as in most real
istic situations the results of radiation monitoring 
can be taken as conservative estimates of the quanti
ties for which the limits are stated.

2. CONCEPTS FOR DEALING WITH UNCERTAINTIES

In view of the situation described above it ap
pears justified to admit rather large uncertainties 
in individual monitoring. According to the ICRP(7) 
these should be somewhat less than the investigation 
level , which amounts to 1.25 mSv for a monitoring 
period of one month, corresponding to an annual limit 
of 50 mSv for the effective dose equivalent. Explic
itly, ICRP admits +100?, -50$ for individual doses 
below 10 mSv and +50$, -35$ for individual doses of 
the order of the relevant annual limits.

The inherent uncertainties in int e r p r e t i n g .the 
results of individual monitoring in view of the basic 
limits may lead to two different approaches regarding 
the requirements on individual monitoring:

- To be metrologically rigorous in the definitions of 
the quantities to be measured and in the measuring 
methods, including required accuracies and the n e c 
essary requirements on instruments.

- Not to be particularly rigorous concerning either 
concepts, methods or instrumental requirements.
This attitude makes it difficult to compare the re
sults of different monitoring programmes and to 
perform intercomparisons. At the same time non ex
pert interpretation and criticism are provoked.

When the investigation level is exceeded, a closer 
examination of the individual's exposure conditions 
is required.
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The advantage of the first approach is evident. 
Intercomparison programmes would not require addi
tional and more precise definitions, and, more impor
tant, the results of individual monitoring would have 
a legal significance as they are, at least in the 
routine case, without the need of dubious interpre
tation. Expert interpretation would be necessary only 
in those rare cases where the need arises for a more 
precise estimate of doses to tissues, organs or the 
whole body.

3. REFLECTIONS ON A PRACTICAL PROCEDURE

The new quantities recommended by the ICRU(2) 
for monitoring exposures to external radiation 
sources were meant to achieve the goal aimed at in 
the first approach mentioned above. In any case, for 
the first time the new quantities are uniform for all 
types of radiation and do not suffer from the defi
ciency of non-additivity, as demonstrated by the dose 
equivalent indices (8, 9). However, a flaw remains 
pertaining to the quantities of individual monitor
ing. The individual dose equivalent, penetrating,
H (10), and the individual dose equivalent, super
ficial, H (0.07), are both defined at a particular 
point at the specified depth below the surface of the 
exposed individual's body, for the ICRU standardized 
soft tissue (same composition as that of the ICRU 
sphere). The ICRU further states (2): "The c a l i b r a 
tion of dosimeters is done under simplified conven
tional conditions at the depth d in an appropriate 
phantom. For dosimeters worn on the trunk, a suitable 
phantom is the ICRU sphere." This means that the c a l 
ibration is to be done in terms of the directional 
dose equivalent H'(10) for strongly penetrating radi
ation, or H'(0.07) for weakly penetrating radiation 
(see also Ref. (10)). When this procedure is adopted, 
the requirements for the individual monitor's spec
tral and angular responses can be specified in terms 
of the physical quantities used in calibration (11, 
1 2 ).

Now to the flaw in the ICRU definition. The de
viation of the tissue actually existing at the spe
cified point within the exposed person from the ICRU 
standardized soft tissue is not considered to be of 
serious consequence. However, the radiation field 
sensed by the monitor on the surface of the exposed 
person will be somewhat different from that during 
calibration, the incident (undisturbed) radiation
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being the same as regards spectral and directional 
distributions. This deviation is caused by long range 
secondary radiations arising in the exposed person 
owing to the fact that the b o d y’s geometry, s t ruc
ture and composition are different from those of the 
ICRU sphere and that the actual field is not expanded 
as required by the ICRU(2) in defining the operation
al quantities in the 30 cm diameter soft tissue 
sphere. Thus the dose equivalent indicated by a m o n i 
tor calibrated in the prescribed manner could be in
termediate between the calibration quantity H'(10) 
and the individual dose equivalent H (d) as defined 
by the ICRU. Because of individual variability, there 
is no unambiguous relation between H'(d) and H (d).

The differences brought about under these circum- 
stanes are not considered to be serious within the 
framework of a radiation protection monitoring pro
gramme. However, in order to avoid useless discussion 
and to give a clear and legal significance to the 
monitoring results, the result obtained as the p r o 
duct of the m o n i t o r’s reading and its calibration 
factor derived as above should be taken as the indi
vidual dose equivalent as it is, without further 
modification or interpretation in the routine case. 
Individual Dose. Equivalent for Recording might be a 
suitable term for this product. As a matter of fact, 
the procedure suggested here has long been practised 
in the Federal Republic of Germany (see e.g. Ref. 
(13)), for example when monitors for photon radiation 
are calibrated in units of exposure.
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MONITORING OF WORKERS 
FOR INTERNAL CONTAMINATION: 
A PRACTICAL APPROACH

L. FRITTELLI, F. BREUER 
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e Protezione Sanitaria,
Comitato Nazionale

per la Ricerca e per lo Sviluppo 
dell’Energia Nucleare 
e delle Energie Alternative,

Rome, Italy

Abstract

MONITORING OF WORKERS FOR INTERNAL CONTAMINATION: A PRACTICAL 
APPROACH.

Monitoring of workers for internal contamination is carried out to ensure that the selected 
(optimized) level of protection is achieved and that the relevant dose limits are not exceeded. Reference 
levels are widely used in the practical monitoring of individual workers and the workplace, but 
evaluating the actual intakes and committed or received doses by this methodology is not always straight
forward. For example, difficulties arise with long lived alpha emitters owing to the retention or excre
tion of tails from previous intakes and the fact that the detection limit of the measuring techniques is 
comparable to the reference levels. In the paper the more frequently used radionuclides are classified 
according to their physical and metabolic properties, taking into account the values of the annual limits 
on intake (ALI) and the detection thresholds. For some long lived alpha emitters like plutonium-239, 
the methodology of reference levels cannot be used and the intake by individuals has to be evaluated 
by means of a more sophisticated approach, on the basis of the data from both individual and workplace 
monitoring. Early detection of intakes larger than a suitable fraction of the ALI is possible by using usual 
techniques, but actual intakes are evaluated by delayed measurements, taking into account the contribu
tion by the tails from previous intakes.

1. INTRODUCTION

The recommendations of the International Commission on 

Radiological Protection (ICRP) suggest the use of reference 

levels (RLs), for practical radiation protection. Among 

reference levels we can also consider those to be adopted for 

planning and interpreting the monitoring of internal 

contamination. The behaviour of the retention and excretion of

11



12 FRITTELLI and BREUER

an incorporated radionuclide depends strongly on the time that 

has elapsed from the intake, the duration of the intake and 

the route.

Direct measurements for X-ray and gamma emitting 

radionuclides (WBC monitoring) provide information on the 

activity in the body; Indirect measurements on excreta 

(urine, faeces and exhaled air) (bioassay) cannot be directly 

related to the activity in the body but they do provide 

information on the amount of activity recently taken up.

2. REFERENCE LEVELS

Reference levels may be established for any of the 

quantities determined in monitoring programmes to decide on the 

actions to be taken when the value of the quantity exceeds the 

given level. An 'investigation level1 (IL) is defined as a 

value of dose equivalent or intake above which a result becomes 

sufficiently important to justify further investigation. 

Derived investigation levels (DILs) could be defined for the 

derived retention and excretion values.

In general, an IL for individual monitoring for internal 

contamination could be based on the expected consistency of 

results during normal operating conditions, or the selected, 

optimized level of radiation protection. When an IL has been 

exceeded, it is usually more relevant that there has been a 

failure of control than that one or more individuals have 

slightly exceeded a certain expected dose or intake.

To be of use, an IL has to be set in relation to a single 
measurement, but for correct application, a well planned 

monitoring programme has to be clearly established and 
observed. Failing this, important information could be lost 

and the achievement of the selected protection level could not 

be guaranteed. Isolated values of direct measurements and 

excretion data do not provide reliable information on the 

intake and related doses; a suitable monitoring of the 

workplace is also required.
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For routine monitoring it is important to verify that the

average annual rate of intake does not exceed a

pre-established value, without actually having to evaluate the

doses. As we are concerned with routine controls on doses 

comparable to (but generally less than) the dose limits, it 

seemed convenient to us to employ the methodology and models 

utilized by the ICRP for computing ALIs. The metabolic models 

in ICRP 30 are based on the assumptions of simple linear 

first-order kinetics, instantaneous uniform mixing, direct 

excretion from organs or tissues of deposition and rapid organ 

deposition or excretion from the transfer compartment.

Use of these assumptions could give rise to some 

difficulties in evaluating RLs:

(a) Owing to the assumption of direct excretion from organs or 

tissues of deposition, the amount of an element in the 

transfer compartment at any time after inhalation or 

ingestion cannot be used to estimate the amount of the 

radionuclide present at the time in body fluids or to 

evaluate the systemic excretion rate;

(b) The assumption of a half clearance time of 6 h for the

transfer compartment would have an impact on the 

interpretation of bioassay data, mainly for highly 

transportable radionuclides with a radioactive half-life of 

less than or comparable to the half clearance time;

(c) The simplifying assumption of instantaneous uniform mixing 

into every organ could affect evaluation of the 

distribution of a radionuclide into the four segments of 

the gastrointestinal tract, where translocation of the 

material lies somewhere between slug flow and 
instantaneous uniform mixing. According to the ICPR 30 

model, shortly after instantaneous deposition into the 

stomach some of the material is expected to be present in 

faecal excretion. Howewer, caution is needed when 

interpreting faecal excretion data.

Despite these problems, only the metabolic models in ICRP 

30 can be used today for evaluating RLs for internal 

contamination. In the general model shown in Fig.l, the 

kinetics of a radionuclide can be computed by means of a system

3. ROUTINE MONITORING
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FIG. I. General models for evaluating derived investigation models.

of first-order differential equations which could easily be 

solved by numerical methods. A useful solution is possible if 

there is no recycling between the transfer compartment and the 

tissue or organ compartments, as assumed by ICRP 30 for most 

elements.

It can be assumed that a worker is continuously exposed to 

a more or less uniform intake corresponding to an appropriate 

fraction of the limit. Alternatively, it can be assumed that 

the intake takes place at the midpoint of the monitoring 

interval.

In our methodology, ILs for routine exposure are referred 

to a suitable fraction (q) of the ratio of the ALI to the 

number (n) of controls per year and the DILs for retention or 

excretion are computed, for various sampling intervals, T° 

(days), as

DIL (T°) = q.(ALI/n),F(T°/2) = q.ALI.СГ/360).F(T°/2)
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where F(T°) is the relevant function of (organ or total body) 

retention or of (urinary or faecal) excretion, assuming a 

single intake at the midpoint of T°.

The results for some selected radionuclides and sampling 

intervals T° are given in Tables I and II.

TABLE I. DERIVED INVESTIGATION LEVELS FOR INHALATION

Retention Urinary excretion

(kBq) (Bq/d)

Cr-51 ID)"1 3 400 280 000

Tc-99m (D) 280 88 000

1-125 (D) 2 (thyroid) 68

1-131 (D) 1.6 (thyroid) 53
Tl-201 (D) 1 100 25 000

(3/10 ALI, T° = 7 d)

(T° = 2 d for Tc-99m) 

a) Inhalation category.

TABLE II. DERIVED INVESTIGATION LEVELS FOR INHALATION

Retention Urinary excretion

(kBq) (Bq/d)

Co-58 (Y) 170 64

Co-60 (Y) 7.5 2.8

Sr-89 (D) 670

Sr-90 (D) 23

Cs-134 (D) 9.2 520

Cs-137 (D) 14 800

Pu-239 (W) 0.001 0.0002

Pu-239 (Y) 0.004 0.00002

(3/10 ALI, T° = 60 d) 

a) Inhalation category.



16 FRITTELLI and BREUER

The methodology can also be applied to radionuclides with 

recycling between the transfer compartment and the organ or 

tissue compartments, such as the three-compartment model for 

iodine, the Beach-Dolphin excretion functions for plutonium, 

and the Balanov model for tritium.

4. SPECIAL MONITORING - ACUTE CONTAMINATION

The above models are suitable for continuous contamination 

but could give rise to doubts if applied to acute 

contamination. Reasonable evaluation of the intake of a 

radioelement can be obtained only by following the retention 

and/or excretion over short time intervals. This should be 

done in any case of severe accidental contamination, even if 
only suspected.

Nevertheless, to gain an idea of the relevance of an acute 

contamination, and in the absence of more suitable models, we 

used these models with some variations in the respiratory

system model and by evaluating the endogenic faecal 

elimination, taking into account the delay during passage into 

the gastrointestinal tract.

For special monitoring (Table III) we refer to the unit of 

activity (ingested or inhaled) because of doubts about the use 

of ALIs as an index of the committed dose following acute

intake. The applicability of the model to a specific
contaminated person should also be examined. The results cannot 

be utilized for dose calculation; they are used for screening 

to establish if contamination is negligible or if further 

examination or specific health intervention is necessary. The 

values of excreted activity are expressed as cumulated 

activity, because the urinary excretion rate (Bq/d) varies 

strongly with the time that has elapsed from the intake (Fig. 

2), for most radionuclides.

5. DISCUSSION

The proposed RLs refer to a single radionuclide and they 

can be used if there has been no previous internal

contamination.
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TABLE III. FRACTIONAL RETENTION AND EXCRETION AFTER ACUTE 

INHALATION OF 1 Bq

Retention Cumulated excretion

uri nary faecal
at 1 d 0-1 d 0-3 d 0-3 d

Co-60 ( Y ) 0.40 0.002 0.005 0.14
Sr-90 (D) 0.08 0.17 0.12
Cs-7 37 (D) 0.62 0.01 0.04
Pu-239 (W) 0.26 (lung) 0.0005 0.0008 0.11
Pu-239 (Y) 0.27 (lung) 0.00003 0.00005 0.15

Cr-51 (D) 0.5 0.08 0.15

Cr-51 (W) 0.4 0.02 0.03
1-125 (D) 0.14 0.33 0.

1-131 (D) 0.13 0.31 0.33
Tl-201 (D) 0.49 0.008 0.017

a) Inhalation category.

Time after injection (h)

FIG. 2. Retention and urinary excretion after injection o f 1 Bq o f 1311.
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For mixtures of radionuclides, the results of measurements 

and DILs should be combined. The choice of the sampling 

interval T° could be based more on the possibilités in the 

organization rather than on the DILs and detection limits for 

the individual radionuclides.

If previous contamination has taken place, its 

contribution to the result of the measurement considered should 

be taken into account. In this case the DILs refer to the 

difference between the result of the measurement and the 

expected value of the previous contaminations.

As a first approach, all the results of individual 

monitoring are recorded, without adopting a formal recording 

level. For a selected individual, the result of the n-th 

control after the beginning of the exposure, should be 

corrected for the tails from previous intakes, evaluated by 

means of the usual models. This methodology is highly 

individual related and is practicable only if computer based, 

such as by using a personal computer on-line with the measuring 

instrumentation.

If a formal recording level is adopted, as a fraction (f) 

of the investigation level (a value of 1/3 is suggested by the 

ICRP), all the results of individual monitoring below the 

recording level should be disregarded. As the exposure time 

increases, the tails from unrecorded intakes could build up and 

lead, for some long lived slow clearance radionuclides, to 

excretion or retention values comparable to or larger than the 

DILs discussed above (Fig. 3). Only a suitable, very low value 

of (f) could in general solve this problem for some 

radionuclides (Table IV) by assuming the detection limit of 

the measurement technique as the recording level.

The uncertainty with which the internal contamination 

could be assessed and the meaning to be assigned to the RLs in 

this assessment is still an open question. Because of some 

assumptions in the metabolic models, they do not represent a 
tool for computing the dose resulting from internal 

contamination by a radionuclide. They are a useful tool for 

verifying the achievement of the optimized protection level by 

means of an appropriate and practicable choice of sampling
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Number of sampling intervals (T° = 90 d)

FIG. 3. Ratio o f tails to DILs for inhalation as a function o f the number o f sampling intervals.

TABLE IV. RATIO OF TAILS TO DILs FOR SELECTED RADIONUCLIDES 

(inhalation, t >  T°)

(TAILS/DILs )

< 0.2 0.2 - 2  >2

H-3 (НТО) H-3 (tritides) (Y)

C-14, P-32 

S-35, Cr-51 .

Co-58, Co-60 (W)a; Co-60 (Y)

Sr-89, Sr-90 (D) Sr-90 (Y)

1-125, 1-131 

Cs-134, Cs-137 

Tl-201, Po-210 

Pb-210, Ra-226

Th-nat (W) Th-nat (Y)

U-nat (D,W) U-nat (Y)

Pu-239 (W) Pu-239 (Y)

a) Inhalation category.
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intervals. The intakes and the resulting committed doses of 

individuals should be evaluated by means of a more 

sophisticated approach, on the basis of the data from both 

individual and workplace monitoring. Early detection of 

intakes larger than a suitable fraction of the ALI is obtained 

by the usual techniques, but actual intakes are evaluated by 

means of delayed measurements taking into account the 

contribution by the tails from previous intakes.

Also in these circumstances, however, the monitoring 

results could be off by a factor of up to three in relation to 

the model, owing to the assumption of a single intake at the 

midpoint of the sampling interval. Efforts could be dedicated 

to interpretation of the monitoring results in order to reduce 

uncertainties; perhaps it would be worth directing larger 

efforts to keeping internal contamination well down to levels 

where such uncertainties could be deemed insignificant. Under 

these circumstances frequent but relatively insensitive 

monitoring methods - such as workers in nuclear medicine 

measuring their own internal contamination by means of the 

instrumentation available - may be adopted instead of high 

sensitivity techniques at infrequent intervals.
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Abstract

STRENGTHENING OF RADIATION PROTECTION INFRASTRUCTURES: THE IAEA’s 
RESPONSE.

The role of the International Atomic Energy Agency (IAEÁ) in formulating radiation protection 
standards and its efforts to further their practical application are outlined. The technical co-operation 
activities being carried out in the field of radiation protection are described, in particular the IAEA’s 
scheme of Radiation Protection Advisory Team (RAPAT) missions to strengthen the radiation protection 
infrastructures in developing Member States.

1. BACKGROUND

When the International Atomic Energy Agency (IAEA) was 
established more than 30 years ago, it was given the mandate 
to accelerate and enlargé the contribution of atomic energy 
to peace, health and prosperity throughout the world. This 
mandate carries with it a concomitant responsibility for the 
protection of individual human beings, their progeny and 
mankind as a whole, as well as their environment, from any 
harmful effects of ionizing radiation arising from nuclear 
activities.

Article III/A/6 of the IAEA's Statute inter alia 
specifies that the IAEA is authorized to. establish or adopt 
standards for protection of health and minimization of danger 
to life and property and to provide for the application of 
these standards, at the request of a State, to any of that 
State's activities in the field of atomic energy. From the 
very beginning, therefore, radiation protection has been an 
integral part of the IAEA's programme.

One of the main functions of the IAEA is to establish, 
in collaboration with the specialized agencies concerned, 
standards of safety, including such standards for working

21
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conditions. The IAEA must also provide for the application 
of these standards, not only to the operations under its 
control, but also —  at the request of a State —  to any of 
that State's activities in the field of atomic energy.

From the beginning of its existence the IAEA has 
formulated basic safety standards for radiation protection. 
The International Commission on Radiological Protection 
(ICRP) has provided and will continue to provide 
recommendations which ensure the scientific basis for these 
standards.

Although the recommendations of the ICRP have formed 
and will continue to form the basis for the radiation 
protection criteria of the IAEA, they only describe the basic 
principles of radiation protection and are not formulated in 
regulatory terms. One step towards national implementation 
is through specialized international agencies such as the 
IAEA, the International Labour Organisation (ILO), the World 
Health Organization (WHO), the Nuclear Energy Agency (NEA) of 
the OECD, the Commission of the European Communities (CEC), 
and the Council for Mutual Economic Assistance (CMEA).

In 1982, a revised edition of the Basic Safety 
Standards for Radiation Protection (BSS) was issued jointly 
by the IAEA, ILO, WHO and NEA/OECD. These new standards 
represent the culmination of efforts made since 1977 to 
provide a worldwide basis for harmonized and up to date 
radiation protection standards. They reflect a considerable 
advancement over the previous BSS and should, in many 
circumstances, substantially improve radiation protection for 
workers and the general public. The standards can serve as 
an example to other industrial activities involving hazards 
to man.

The new BSS marked the introduction of a new radiation 
protection philosophy within the framework of a universal 
system of dose limitation which has been developed by the 
ICRP over the past decades. In addition to stipulating 
specified dose limits for limiting individual risks arising
from exposure to ionizing radiation, this system also
requires that all practices involving such exposure be
justified and that radiation protection be optimized in order 
to reduce doses to a level deemed to be as low as reasonably 
achievable, taking into account social and economic factors. 
Although these concepts are receiving worldwide acceptance, a 
significant amount of work is still required to develop 
methods for their implementation in practice.

In the practical application of these standards,
however, questions still remain. A clearer understanding is
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needed on procedures for reducing collective doses and 
individual doses, and for optimizing (where this is a 
strictly numerical technique) and integrating this input into 
decision making. As a consequence of these needs, the IAEA 
decided that the main long term goals of its radiation 
protection activities should be directed towards preparing 
guidelines on the practical implementation of the system of 
dose limitation set forth in the BSS. Thus, in September 
1984, a strengthened programme on radiation protection for 
the period of 1985/86 was adopted at the IAEA's General 
Conference. Subsequently, after the nuclear accident at 
Chernobyl in 1986, this programme was further expanded.

The IAEA continues to play an active role in setting 
safety standards, but it is placing increased emphasis on 
promoting their use. The knowledge that standards have been 
developed and accepted on a worldwide basis will increase the 
confidence of the public and heighten the likelihood of 
gaining public acceptance of the nuclear power option. The 
main aim of the programme is to implement the criteria on 
radiation protection given in the BSS and to promote their 
universal understanding. One very important area of activity 
in this respect is the IAEA's work on technical co-operation.

2. TECHNICAL CO-OPERATION

The Division of Nuclear Safety, like other technical 
divisions of the IAEA, is intimately involved in technical 
co-operation activities by providing technical advice and 
support for projects, including project identification and 
formulation, project implementation, output monitoring and 
evaluation of results. Up to now, more than 60 developing 
Member States have requested training and assistance in 
radiation protection.

The IAEA's programme on technical co-operation for 
nuclear safety is, to a great extent, responsive in character 
and is tailored to meet the needs identified by developing 
countries. However, assistance alone is not sufficient; 
technical co-operation can only be successful and of greatest 
effect when there is also a strong input from the counterpart 
of a particular project. National Government's commitment is 
fundamental to the success of a project. Technical 
co-operation is most fruitful if the IAEA's assistance 
capabilities and the recipient country's co-operation 
capabilities match.

Hodes of co-operation mainly comprise single projects 
hosted in individual institutions of a country, but they also
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include regional and interregional projects in which more 
than one country co-operate. Two major regional co-operation 
programmes have already been under way for a number of years, 
one in Latin America, known by the acronym ARCAL, and one in 
South-East Asia and the Pacific, known as the RCA project. 
Within the ARCAL plan of activities, in which 13 Member 
States are currently co-operating, highest priority was 
assigned to safety. Within the RCA project, in which 14 
Member States are currently co-operating, radiation 
protection activities form an expanding component. Similar 
projects are being implemented in the Middle East and in 
Africa. Individual country projects and regional projects 
are complemented by several interregional projects.

The objective of the technical co-operation programme 
on radiological safety is to enhance the level of safety in 
the various operations that involve the use of radioactive 
material and radiation sources in developing countries. 
Activities supported range from the establishment of national 
regulatory frameworks for radiation protection and the 
implementation of means to ensure compliance with such 
regulations, to the strengthening of technical capabilities 
such as radiation protection equipment resources. The input 
of the IAEA mainly comprises provision of expert services and 
equipment, but it also includes fellowships and, to a lesser 
extent, scientific visits. These are supplemented by a 
variety of training courses on safety. The outcome of 
projects that have been completed is being evaluated in a 
systematic manner.

The BSS issued jointly by the IAEA, ILO, WHO and 
NEA/OECD in 1982 were a major milestone in providing a set of 
internationally acceptable standards. However, these 
recommendations have not yet been incorporated into the 
national practices of many Member States. Particularly in 
developing Member States which do not as yet have nuclear 
power, but where uranium is being mined, or where work is 
being carried out with radioactive isotopes and other 
materials or with radiation producing devices, there is often 
a shortage of trained radiation protection personnel. 
Moreover, some Member States do not as yet have the 
infrastructure required to set national standards and fully 
regulate national practices.

The steady increase in the volume of technical 
co-operation in the various nuclear fields has brought with 
it an increase in work to strengthen safety in developing 
countries. Over the past years, the IAEA undertook increased 
efforts to assist interested developing Member States in 
implementing the BSS and thus strengthening radiation
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Year

FIG. 1. Technical co-operation projects —  Operational projects on safety.

L E G E N D

Trainees Man-months

FIG. 2. Technical co-operation projects — Training provided in 1987.
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safety. In 1987, the total number of operational technical 
co-operation projects of the IAEA in the various 
technological fields of the application of nuclear techniques 
and nuclear energy for peaceful purposes amounted to over 
950. The number of projects on safety has also steadily 
grown (Fig. 1) and, in 1987, almost one out of six projects 
was a project on radiation protection or on the safety of 
nuclear installations. In 1987, almost 300 trainees 
participated in IAEA training courses on safety. In 
addition, in the same year, fellowships in the safety area 
were awarded to more than 220 persons from developing Member 
States. In terms of man-months of training received in 1987, 
one out of every four months of training was on safety 
(Fig. 2).

3. RADIATION PROTECTION ADVISORY TEAM MISSIONS

In September 1984, the Director General of the IAEA 
announced the creation of Radiation Protection Advisory Team 
(RAPAT) services to assist Member States in assessing the 
prevailing state of their radiation protection activities and 
in determining their immediate and future needs. The first 
Member State of the IAEA that made use of this new service 
was China. To date, RAPATs have been sent to 29 countries: 
12 countries in Latin America, 6 in Africa, 7 in Europe and 
the Middle East and 4 in Asia (Table I). Future RAPAT 
missions are planned at a rate of 12 misssions per year.

TABLE I. RAPAT Missions (1984 - 1988)

Member State__________________________________________ Year

China, Iraq 1984

Chile, Nicaragua, Malaysia, Turkey 1985

Dominican Republic, Ecuador, Egypt, 1986
Iceland, Mexico, Panama, Portugal,
Kenya, Venezuela, Zaire, Zambia

Colombia, Jamaica, Jordan, Republic of Korea, 1987
Peru, Philippines, Sudan, Syrian Arab Republic,
Tanzania

Costa Rica, Greece, Guatemala 1988
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Such teams, composed of experts in various aspects of 
radiation protection, visit a Member State to discuss with 
the authorities the activities requiring radiation 
protection, to review existing practices and to propose 
further action. The aim is to ensure that adequate 
preventive and protective measures would govern the handling, 
use, storage, transportation and disposal of radioactive 
material, and that adequate measures are at hand to cope with 
radiation emergencies.

In their discussions of radiation protection issues 
with authorities in the Member State visited, RAPAT missions 
focus attention on radiation protection management related 
issues, such as (1) existing relevant laws and the 
availability of supplementary radiation protection 
regulations for specific purposes; (2) the structure of the 
national competent authority in charge of granting licences 
for work with ionizing radiation; (3) radiation control and 
inspection activities; (4) the capacity of other national 
institutes to assist the national authority in their 
radiation control work; (5) national programmes and plans to 
strengthen radiation protection infrastructures; and (6) 
development plans for highly qualified manpower. 
Considerations range from the establishment of personnel 
monitoring services and environmental radiation monitoring to 
emergency planning and preparedness. The primary objective 
of this endeavour is to channel assistance to areas where it 
is most urgently needed and to plan the future technical 
co-operation.

RAPAT missions generally consist of specially 
recruited, internationally recognized experts and of IAEA 
staff; past missions have also been supported by experts 
from the WHO and the ICRP. In no way does a RAPAT mission 
constitute an intrusion into the internal affairs of a Member 
State, nor does it attempt to investigate deficiencies in a 
national system. It operates only at the request of a Member 
State, and in response to the national authorities* need for 
assistance in applying standards to meet that State's 
particular needs. It is already clear that this scheme 
greatly enhances systematic long term technical co-operation 
planning in radiation protection.

4. CONCLUSIONS

The IAEA has given great importance to stimulating 
co-operation among its Member States in the field of nuclear 
safety and radiation protection practically from the
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beginning of its operation over 30 years ago. It has always 
been a good forum for the exchange of technical information 
in the international nuclear community. The role of the IAEA 
is growing because it offers a centre for contact and
exchange between East and West, and North and South. New 
initiatives are under way to intensify international
co-operative safety efforts.

The results of the IAEA's technical co-operation 
activities are already visible: a more uniform level of
technical awareness of radiation protection problems, a
general effort towards better safety levels, and an 
increasing number of trained personnel in the different areas 
related to safety. There are sure signs that developing
countries are absorbing the new technologies well and 
efficiently. An indicator of this fact is the increasing 
number of requests for advisory missions on very specialized 
problems and a corresponding lower need for missions and 
assignments for more general problems. Also, an increasing 
number of specialists from developing countries are being 
recruited for expert assignments in other developing 
countries.

The IAEA's efforts in promoting radiation protection 
through technical co-operation activities with developing 
Member States need to be seen as part of the IAEA's role in 
promoting nuclear safety - and nuclear safety is an 
international issue. Safety problems can more easily be 
identified and solved if international co-operation exists. 
The IAEA will continue to act as a catalyst to make this 
co-operation possible.
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Abstract

RADIATION CONTROL PROGRAMME AND EXPOSURE TO WORKERS AND THE 
PUBLIC IN THE DECOMMISSIONING OF THE JPDR.

The decom m issioning o f the Japan Power D em onstration R eactor is intended for 
com plete removal o f all the installations and buildings, using various newly developed dis
m antling techniques. The dose rates are highest at the reactor internals and at the connection 
of the prim ary coolant pipes and the upper part o f the  reactor vessel -  900 R /h  and 
1000 m R /h, respectively. Rem ote high dose rate measuring instrum ents in air and under 
water, a respirable dust m onitor, an ingress and egress contro l system , a contam ination 
inspection m onito r and a waste package contam ination  and dose rate m onitor have been 
developed and prepared for radiation surveillance. The collective doses to  workers over the 
whole period of decommissioning are estim ated to  be 1020 m an m S v  of external dose and 
1.5 man mSv of internal dose. The dose to  the public is estim ated to  be 2.3 X 10~10 mSv 
by inhalation, 7.1 X 10"11 mSv by radioactive cloud, 7.4 X 10~s mSv by ingestion, and 
2.8 X 10~5 mSv by skyshine and direct gamma radiation.

1. INTRODUCTION

The Japan Power Demonstration Reactor (JPDR, 90 MW(th) BWR) went 
into operation in 1963 and was finally shut down in 1976 [ 1 ]. For a period 
o f about 13 years it played an important role as a forerunner for follow-on 
commercial nuclear power reactors, and contributed to the collection o f a 
large number o f technical data and to the training o f operators.

This work was performed by the Japan Atomic Energy Research Institute under contract from
the Science and Technology Agency of Japan.
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Since 1981, the Japan Atomic Energy Research Institute (JAERI) has been 
developing new technologies for dismantling the JPDR. The technology develop
ment had been almost completed before the JPDR dismantlement. The actual 
decommissioning o f  the JPDR started on 4 December 1986 and is now going 
on as a project.

This paper describes the outlines and radiological features of the JPDR, 
the radiation control programme and its emphases, and the doses to workers 
and the public over the whole period o f  decommissioning.

2. OUTLINES AND RADIOLOGICAL FEATURES OF THE JPDR

Twelve years after the final shutdown o f the JPDR, the radioactivity is 
now concentrated in the reactor internals, the pressure vessel and the surrounding 
machinery, but has largely decayed in o ther parts.

For example, the dose rates at the reactor internals and at the connection 
o f  the primary coolant pipes and the upper part o f the reactor vessel are the 
highest — 900 R /h and 1000 m R /h1, respectively — while the dose rate around 
the lower part o f the reactor vessel is about 200 mR/h. The dose rates o f the 
primary pipe lines are 4.5 m R/h at the recirculation pump, 1.5 m R /h at the 
condensate and the cleanup demineralizers, and background level at almost 
all the steam lines.

The high radioactivity concentrations are distributed near the reactor core, 
for example 3.7 X 107 Bq/g at the shroud and 2.2 X 10s Bq/g at the pressure 
vessel. The radioactivity concentration o f the biological shield is 3.7 X 101 Bq/g 
at the upper part and less than 3.7 X 10-1 Bq/g at 1.5 m from the top.

3. DECOMMISSIONING PROGRAMME AND ITS EMPHASES ON
RADIATION CONTROL

3.1. Decommissioning programme

The decommissioning o f  the JPDR is intended for complete removal o f all 
the installations and buildings; the schedule is shown in Fig. 1.

The policy o f  dismantlement is that, generally, the buildings are dismantled 
after removal o f  the installations and the machinery and that highly activated 
machinery, which presents a source of exposure in radiation work, is dismantled 
at an early stage.

1 1 R = 2.58 X 104 C/kg.
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FIG. 1. JPDR decom m issioning schedule.

Table I shows the disassembly and dem olition techniques applied [2].
The reactor internals with high dose rates are disassembled by applying a plasma 
arc technique in water to  keep the dispersion o f radioactive particles as low as 
possible, and the operations are carried ou t using rem ote control cutters.

3.2. Radiation control programme and its emphases

Radiation surveillance and exposure control in the working environment 
during the decommissioning are conducted essentially in the same way as 
during reactor operation. Radiation monitoring, such as air and surface 
contam ination monitoring, is carried ou t if  necessary, and the working procedure 
and the protection are reviewed and improved from the viewpoint o f  reducing 
the exposure to  workers. Reactor decommissioning, however, has a different 
aspect from the work o f improvement, repair or maintenance during reactor 
operation in quantity  and quality, and so emphasis o f radiation control is 
placed on it.
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TABLE I. DISASSEMBLY AND DEMOLITION TECHNIQUES 
APPLIED TO JPDR

Object Technique Example of perform ance

Pressure Arc saw Cut carbon steel
vessel 250 mm (in water)

R eactor Plasma arc Cut stainless steel
internals 130 mm (in water)

R otary disc knife Cut stainless steel
Piping connected 
to  pressure vessel

12 in, Sch 160

Shaped explosive Cut carbon steel 
26 in, Sch 80

Diamond sawing Cutting efficiency
and coring 2.5 m 2/h

Biological Abrasive water je t D epth of cut
shield 450-600  mm

Controlled blasting Blasting efficiency 
0.1 m 3/h

The main features o f reactor decommissioning from  the point o f  view o f 
radiation control are as follows [3, 4]: (a) There are many tasks under high 
dose rate or highly contam inated air concentration, (b) there are many tasks 
with new dismantling techniques which require different types o f protection for 
workers, (c) many pieces o f mechanical equipm ent, hand tools, materials, and 
radioactive wastes are taken ou t to  the uncontrolled area, (d) many workers 
o f various types o f occupation may possibly be engaged in unfamiliar jobs, and 
(e) restricted working areas are enlarged or reduced in a short period o f time 
with the progress o f  disassembly or removal o f  objects to  be dismantled.

Considering the above features and the application o f the conventional 
radiation control system to  the decommissioning, the following points are 
stressed on the radiation control, and related techniques are developed [5 ,6 ] 
and prepared for radiation surveillance: (a) Radiation m onitoring o f high dose 
rate working areas, (b) air m onitoring o f working environments with dust o f 
potentially high concentration, (c) radiation control o f  ingress and egress of 
workers, (d) contam ination control o f articles removed, and (e) exposure 
control o f  workers measuring solid waste packages.
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(a) Remote high dose rate measuring instrum ents in air and under water:
These instrum ents can measure dose rates up to  103 R /h in air and 10s R /h in 
water, watching ITV at a place 20 m from  the measuring point; the detector can 
easily be moved up and down and from side to  side.

(b) Respirable dust m onitor: This m onitor can aerodynamically separate 
and collect the finer particles o f less than 2 /um and the coarser particles o f  less 
than 10 ixm from  the contam inated air, and can measure their concentration 
and also the concentration o f the dust as a whole. The sampling filter is 
autom atically exchanged at regular intervals o r when the flow rate drops to  a 
lower limit, to  prevent an excessive drop o f the sampling flow rate. The 
concentration is calculated and ou tpu t by a microcomputer.

(c) Ingress and egress control system: This is a new system to simplify the 
procedure for entering and leaving the area and for contam ination checking, 
and also to  increase efficiency.

The system operates so effectively that a worker need only insert his 
identification card and alarm pocket dosimeter for the system to register and 
process all his data and ou tpu t his daily dose. Further inform ation, such as his 
name, workplace, type o f  work, working time and dose, can be obtained for 
every day, every m onth and the entire working period, if  necessary. A whole 
body surface contam ination checking m onitor, which can measure simultaneously 
hands, feet, head and body, is also set up.

(d) Contam ination inspection m onitor: This m onitor can measure 
simultaneously the contam ination on the surface and inside o f articles, in a net 
time o f about 30 seconds o r in a to tal time o f about 1 minute from  putting 
the articles on the tray to  receiving them . During measurement, the m onitor 
records the actual time for measurement and the numbering o f articles into 
ITV, and outputs the measured result and related information.

(e) Waste package contam ination and dose rate m onitor: This instrum ent 
autom atically performs the picking up and the measurement o f  smear samples 
from  the surface o f a container, the measurement o f  dose rate on the surface 
and at 1 m from  the surface, the identification o f  radionuclide and radioactivity, 
the labelling o f measured results on the container, etc., and classifies the 
measured packages according to  the transport criteria o f  the JAERI.

4. ESTIMATION OF DOSE TO WORKERS AND THE PUBLIC IN THE
DECOMMISSIONING OF THE JPDR

The expected doses to  workers and the public are estimated for the whole 
period o f decommissioning [7].

4.1. Dose to  workers

As the doses to  the individual workers largely vary depending on the type 
o f  work and the working periods, the collective dose to  workers for each job
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Building Dismantled 
com ponent or 
structure

Manpower Collective dose (m an • mSv)

External Internal T otal

R eactor
internals

9 200 1.7 X 102 2.3 X 10~‘ 1.7 X 102

RPV 4 100 2.6 X 102 2.5 X 10"1 2.6 X 102

R eactor
enclosure

Radiation
shielding
concrete

4 500 7.9 X 101 1.3 X 10“1 7.9 X 101

Others 17 700 1.5 X 102 3.7 X 1 0 '1 1.5 X 102

Total 35 500 6.6 X 102 9.8 X 1 0 '1 6.6 X 102

Others Whole
installations

37 500 3.6 X 102 5.4 X 1 0 '1 3.6 X 102

Total 73 000 1.0 X 103 1.5 X 10° 1.0 X 103

rather than the dose to  the individual worker is estim ated to  get a wide view of 
the relation between the type o f  work and the dose.

External dose: The estimation o f  dose is made as follows. First, the type 
o f  work is clarified for the objects to be dismantled, such as buildings, installa
tions and machinery. The different techniques are assigned to  each type of 
work. Each type o f  work is divided into subtypes, such as preparation, dismant
ling, removal and clearing away, transport, and decontam ination. The manpower 
required for each type o f work is estimated. Then, assuming six hours as the 
net working time per day in a restricted area, the collective dose is estimated 
using the average dose rate (measured or calculated) and the to tal estimated 
manpower for eàch type o f  work.

Thus the to ta l collective external dose to  workers in all radiation work 
is estimated to  be 1020 man ■ mSv.

Internal dose: The collective internal dose is estimated for the radiation 
work which potentially generates radioactive dust. The collective dose is 
obtained by the summation o f individual doses for each type o f work, where 
the internal dose to  a worker wearing a respirator is estimated for the inhalation 
o f dust in one hour.

The total internal collective dose to  workers is estimated to  be 1.5 man • mSv.
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The external and internal collective dose to  workers for each type o f  work 
are shown and compared with each other in Table II. As can be seen in the 
table, the internal dose for almost all types o f  work is smaller by an order o f 
10“3 than the external dose.

4.2. Estim ation o f dose to  the public

The following whole body doses to  the public are estimated: The internal 
dose by inhalation of the air and the external dose by radioactive cloud released 
from  the JPDR, the internal dose by ingestion o f  seafood from  the ocean where 
the liquid effluents from  the JPDR are released, and the external dose by 
skyshine and direct radiation o f  gamma rays from  the tem porary solid waste 
storage o f the JPDR.

4.2.1. Internal and external dose fro m  gaseous effluents

The am ount o f  radioactivity o f gaseous effluents released over the whole 
period o f decommissioning is shown in Table III.

The whole body dose to  the public from  the gaseous effluents is estimated, 
using a guide on dose estimation related to  nuclear power reactors in Japan [8], 
by assuming that the total radioactivity to  be released over the whole period o f 
decommissioning is released at a uniform  rate in the course o f a year. The results 
are as follows:

Internal dose by inhalation: The maximum annual average air concentra
tion o f radioactivity in the residential district, assuming tha t the total radioactivity 
is released continuously and uniformly in the course o f  a year, is estimated to  be 
8.9 X 10-9 Bq/m 3 originating from  the reactor building and 8.1 X 1СГ9 Bq/m 3 
from the fuel storage building. The internal dose by inhalation is estimated to 
be 1.3 X 1СГ10 mSv from  the reactor building and 9.6 X 1 0 "11 mSv from the 
fuel storage building.

External dose by radioactive cloud: The dose to  the public by radioactive 
cloud is estimated to  be 6.1 X 10 “11 mSv originating from  the reactor building 
and 1.0 X 10”11 mSv from the fuel storage building.

4.2.2. Internal dose b y  liqu id  effluents

The dose to  the public by liquid effluents from  the JPDR is estimated by 
assuming that the internal dose is received through the ingestion o f seaweed, 
fish and invertebrate animals living within about 1 km  o f  the exit o f  the 
drainage.
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Building Nuclide
Radioactivity

(Bq) (M eV B q)

60Co 1.2 X 106 3.0 X 106

R eactor S5Fe 9.6 X 104 1.6 X 102
enclosure
and o th er buildings

63 Ni 5.9 X 104 -----

1S2Eu 2.2 X 104 2.6 X 104

Total 1.4 X 106 3.0 X 106

Fuel storage
building Co 1.1 X 105 2.7 X 10s

TABLE IV. AMOUNT OF RADIOACTIVITY OF LIQUID EFFLUENTS

Nuclide Radioactivity Volum e o f liquid waste
(Bq) (m 3)

60Co 1.0 X 109

55Fe 7.4 X 107

63 Ni 3.7 X 107 3.2 X 1 0 3

152 Eu 7.4 X 107

Total 1.2 X 109

The radioactivity o f  the liquid effluents to  be released over the whole 
period o f decommissioning is shown in Table IV. The total am ount is 
estimated to  be 1.2 X 109 Bq.

The internal dose is calculated, using a guide on the dose estimation 
related to  nuclear power reactors in Japan [8, 9], by assuming that the total 
radioactivity o f nuclides in Table IV, expected to  be released over the whole 
period o f decommissioning, is released at a uniform  rate in the course o f a year. 
The result shows the internal dose by the liquid effluents to  be 7.4 X 10_s mSv.

4.2.3. External dose b y  sk y  shine and direct radiation

The low level solid wastes arising from the decommissioning are temporarily 
stored in the dump condenser building o f  the JPDR until they are transported
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to  the waste storage facility o f  the JAERI in the near future. The external 
whole body doses to  the public by skyshine and direct radiation o f  gamma rays 
during storage are estimated.

The dose by skyshine of gamma rays is estimated to  be 1.1 X 10“6 mSv/a, 
using the com puter codes ANISN [10] and DOT-3.5 [11], and the dose by direct 
gamma radiation is estimated to  be 2.7 X 10-5 mSv/a, using the com puter 
code QAD [12].
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Abstract

IMPLICATIONS OF OCCUPATIONAL EXPOSURE DISTRIBUTIONS IN THE CANADIAN 
NUCLEAR INDUSTRY.

The Atomic Energy Control Board (AECB) is the nuclear regulatory agency in Canada. Its 
mandate includes controlling the development, application and use of atomic energy. A major considera
tion in meeting this mandate is radiological safety. Careful recording and analysis of dose data are 
important in the regulatory process. AECB objectives in analysing this data include: studying the 
degree of compliance with regulations and provisions outlined in the licences; identifying the most 
exposed occupational groups, comparing exposures and studying exposure trends and informing the 
public as well as provincial, federal and international organizations. The National Dose Registry is 
operated by the Bureau of Radiation and Medical Devices of the Department of National Health and 
Welfare (DNHW). It is a centralized dose record keeping system which maintains dose information on 
all monitored radiation workers in Canada, that is, those in both the AECB regulated nuclear industry 
as well as the provincially regulated X-ray facilities. The nuclear industry workers constitute about 20% 
of the total. The Department maintains the Registry to: undertake epidemiological studies and health 
surveillance; assist the AECB and provincial authorities in controlling occupational radiation exposure; 
undertake dose trend analysis; and provide information for compensatory and legal purposes. The 
AECB and DNHW have established an interdepartmental working group to determine how DNHW can 
best meet AECB requirements for dose data analysis. Typical analyses include: dose distributions and 
average doses by job category and by area in a facility; trends in dose distributions or averages for each 
job category; trends in collective dose and determination of factors causing these trends. Additional 
analyses include intercomparison of data for similar jobs but at different facilities and different sectors 
of the nuclear industry, and the determination of radiation dose per unit of production. The progress 
of the working group is discussed as well as problem areas it has identified.
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1. INTRODUCTION

Occupational radiation exposure (dose) records are a 
useful tool for Regulatory Authorities. Analysis of dose 
distributions can provide information on dose accumulation 
patterns of individual radiation workers, groups of workers 
and licenced organizations over varying periods of time. The 
results of these analyses may have implications on the 
effectiveness of the regulatory process.

The Atomic Energy Control Board (AECB) is the nuclear 
regulatory agency in Canada [1]. Its mandate includes 
controlling the development, application and use of atomic 
energy. The AECB achieves control through a comprehensive 
licensing system as required by the Atomic Energy Control 
Regulations. This system covers all aspects of nuclear 
facilities, prescribed substances, and equipment, to assure 
that they are utilized with proper consideration of health, 
safety and security. Consequently, occupational radiation 
exposures are monitored in order to demonstrate compliance 
with the Atomic Energy Control Regulations.

The Department of National Health and Welfare (DNHW) is a 
federal department of the Canadian Public Service which 
operates the National Dosimetry Service and the National Dose 
Registry [2] (NDR). The Registry is a centralized dose record 
keeping system containing the dose records of all monitored 
radiation workers in Canada. It includes records from the 
Department's National Dosimetry Service, quarterly records 
from nuclear power generating stations and Radon Daughter 
Exposure estimates from uranium mines. In the Registry there 
are over 300 000 individuals with radiation dose records, some 
of which date back thirty-seven years to 1951, when the 
National Dosimetry Service’s monitoring program started. The 
Registry records are intended for (1) epidemiology studies 
and health surveillance, (2) assisting federal and provincial 
authorities in the control of occupational radiation 
exposures, (3) dose trend analysis and statistics, and (4) 
legal and compensation purposes.

This paper discusses attempts to determine how the NDR x 
can best meet the AECB's dose analysis needs.

2. BACKGROUND

In 1985 a brief study was conducted at the AECB in order 
to determine the type and format of Atomic Radiation Worker 
(ARW) dose data submitted to the AECB by its licensees. The 
results showed great variety, from a single number
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representing the highest dose absorbed, to complete lists of 
doses and/or histograms. In general, analysis of this dose 
information by AECB staff involved everything from scanning 
the data to ensure that exposures were within compliance 
limits to looking for trends by comparing current data with 
past results and also performing statistical analyses.
However, a regular and systematic analysis such as making 
intercomparisons or searching for trends in dose data from 
different facilities or sectors of the fuel cycle was not 
evident.

The detailed individual dose information which is 
generated by the National Dosimetry Service or which is sent 
to the National Dose Registry by AECB licensees includes 
internal tritium and external doses from the nuclear 
generating stations, radon daughter exposures and external 
doses from uranium mining companies, as well as external dose 
data from accelerator, radioisotope and prescribed substance 
licensees of the AECB. The Department of National Health and 
Welfare publishes annual reports on occupational radiation 
exposures in Canada based on the data in the NDR [3]. These 
reports present statistical data summarized in graphical and 
tabular form, and a narrative describing the dose record 
characteristics which are necessary for the interpretation of 
the statistics. Dose data for AECB licensees is not 
separately identified from that of other jurisdictions, such 
as the provinces.

The AECB felt that since exposure/dose information in the 
NDR is in the form of individual records and since the 
Registry already performs statistical analyses, the two 
departments might be able to collaborate on the analysis of 
AECB licensee data.

In an effort to define AECB's information and data 
analysis needs, a task group was formed in April 1986 to 
examine the question of data submitted to the AECB by its 
licensees in both the occupational dose category as well as 
the effluent and environmental monitoring category. As a 
result of a recommendation of this task group, an AECB working 
group was set up to specifically examine occupational exposure 
data and analysis requirements and to report to the task group 
chairman. The terms of reference for this AECB working group 
were to determine:

(a) what data the AECB receives from its licensees;
(b) what data the AECB should receive from its licensees;
(c) what data analysis is presently being done;
(d) what data analysis should be done; and
(e) the detailed objectives for the analysis of occupational

exposure data.
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The outcome of this working group's deliberations were as 
follows :

- regarding items (a) and (c), the findings of the 1985 study 
mentioned above were confirmed;

- for item (e), the agreed objectives included: to study the
degree of compliance with the Atomic Energy Control 
Regulations and the provisions in the licences, to check on 
administrative and legal limits, to look for trends and 
problem areas, to compare occupational groupings and to 
compare facilities;

- for item (b), the licensee data which were judged necessary 
were :

(a) External Data:
(i) whole body (deep) dose
(ii) skin (shallow) dose
(iii) extremity dose

(b) Internal Data:
(i) Tritium doses
(ii) Radon daughter exposures
(iii) Thoron daughter exposures
(iv) Thorax burdens
(v) Thyroid burdens
(vi) Carbon-14 burdens
(vii) Whole body counts
(viii) Uranium urinalysis results
(ix) Other - special problems

(c) Additional Data:
(i) air monitoring data for transuranic elements
(ii) long lived dust data
(iii) miscellaneous information characterizing the 

circumstances of the doses received (e.g. hours 
worked in certain areas, etc.)

Discussions were then held between AECB and DNHW officials 
regarding how the two agencies could cooperate in order to 
meet AECB's goals and requirements. It was decided to set up 
an interdepartmental working group consisting of two members 
from each government agency. Terms of reference for this 
working group were agreed upon by both departments and are as 
follows:

(a) Determine how AECB requirements can be met by the 
analysis of NDR records;



IAEA-CN-51/73 4 5

(b) Agree upon the routine and non-routine reports to be 
provided to the AECB by the NDR;

(c) Recommend to DNHW reports that should be provided to the 
AECB; and

(d) Recommend to the AECB and DNHW line management, 
procedures for requesting new reports, changes to 
existing reports, and ad hoc reports.

Concurrent with these discussions, the NDR was undergoing 
a major upgrading in its computer capability. This provided a 
focus for defining the AECB requirements.

3. TYPE OF REQUIREMENTS

The different AECB licensing divisions were canvassed as 
to what their immediate and future requirements were so that 
these could be discussed by the working group. The AECB 
prepared a list of a diverse variety of information which it 
would require from the analysis of the needed data outlined 
above. This list of information is as follows:

(a) the characteristics of the various exposure/dose 
distributions;

(b) the annual dose distributions by job category;
(c) the annual dose for each worker in each facility or 

premises where prescribed substances are used;
(d) the dose breakdown by area in a plant;
(e) trends in the data for each job category;
(f) trends and intercomparison of data for similar jobs but 

at different facilities and different sectors of the fuel 
cycle;

(g) variation of trends with the age of installation, changes 
in technological aspects of installation or of 
production, or management of workers;

(h) ranges, averages and trends in collective dose from all 
sectors of the fuel cycle;

(i) other calculations and comparisons as required by various 
studies (e.g. limits based on effective dose equivalent 
concept); and

(j) radiation dose per unit of production.

In assessing the resulting requirements, a number of 
important factors arose which needed consideration by the 
working group. These are discussed in the following section.

4. IMPLEMENTATION CONSIDERATIONS

From the discussions with AECB officials from different 
divisions, there were identified a number of factors which 
need to be considered in the assessment of the requirements.



46 POIRIER and ASHMORE

These factors are not necessarily specific to the NDR and may 
be relevant to data analysis of any dose record keeping 
system. The factors are:

4.1. Usefulness of the Analysis

What conclusions may be drawn from the various possible 
outcomes of the analysis?

4.2. Sensitivity

Do the data and analysis have enough sensitivity to 
provide the information required? They may also be too 
sensitive and fluctuations may mask the trends one is 
searching for.

4.3. Data Requirements

Will data capture and maintenance place an undue burden 
on the licensee? Most data (e.g. job classification) must 
have input from the organization and its employees. This 
could result in an increased cost to the organization or in 
poor quality data. In addition, one must also look at the 
administrative costs to the Registry itself.

4.4. Data Definitions

Is the definition of the data sufficiently clear for a 
variety of independently run organizations to code correctly? 
For example, job classifications must be clear enough so that 
there is consistency in coding among the different 
organizations.

4.5. Technical Feasibility

Is the acquisition of the data technically feasible? For 
example, while the measurement of personal gamma doses is 
feasible, is the measurement of personal exposures to diesel 
exhaust or toxic chemicals in the workplace technically 
feasible?

The above factors were used to assess the data 
requirements from the AECB. The specific items are:

(a) Individual identification data
(b) Demographic data
(c) Job classification (including the designation of 

contractors)
(d) ARW status
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(e) Work location in plant
(f) Exposure measurements
(g) Monitoring frequency and duration.

Individual identification and demographic data capture 
and maintenance are usually straightforward. Some individual 
data, such as age or country of birth, may be considered 
confidential by some individuals or not be available or 
reliable in all cases. The availability of the information in 
the NDR is high and from a statistical standpoint, people who 
provide incorrect information would have an insignificant 
effect.

Job classification coding can be difficult and requires 
considerable thought. It is possible to use too fine a 
breakdown which can result in high maintenance costs and in 
classifications which are not compatible with a variety of 
different employing organizations in the same industry. In 
the NDR there are currently approximately 100 job categories 
as varied as dentist, radiologist and nuclear power station 
mechanical maintainer.

ARW status of an individual is designated by the licensee 
based on the definition provided in the AEC Regulations. This 
has resulted in some licensees taking a cautious approach and 
designating as ARWs virtually all staff who are in the general 
vicinity of radiation. In other cases, a licensee may decide 
to designate only workers who are approaching the 5 mSv per 
year limit for the general public. These different approaches 
will complicate the analysis of the dose information. This 
difficulty could be overcome by virtue of a new definition 
being considered in the up-coming General Amendments to the 
AEC Regulations. Further difficulties in data maintenance can 
be experienced in cases where workers move in and out of ARW 
status in short periods of time (say less than one year). For 
example, this can happen in the case of nursing staff in 
hospitals who may be assigned radium implant nursing duties on 
an infrequent basis. The NDR currently does not identify 
individuals as AECB ARWs. To do so is technically feasible 
but the problems mentioned above must be resolved.

Additional problems can be encountered when workers are 
moving within different regulatory jurisdictions. For 
example, in Canada, a worker using radioisotopes works under 
federal AECB jurisdiction but he would fall under provincial 
jurisdiction if he were to work only with X-rays. Maintenance 
of jurisdiction data must originate at the organization and 
may be costly to both the employer and the Registry. Yet the 
data is important in follow-up of overexposures and in
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providing dose data analyses for use by specific regulatory 
agencies.

Work location data requires careful definition especially 
when a company has a number of different work locations.
These may be geographically different sites or they may be 
different work stations within the one site. If dose trend 
analysis by work stations is required, then, additional data 
capture will be required. Maintenance can be particularly 
high if there is personnel movement between the different 
work stations; for example, in distinguishing between above 
and below ground workers in uranium mines.

5. CURRENT STATUS

The AECB/DNHW working group has confirmed that the dose 
data in the NDR can be adapted to provide the AECB with dose 
distribution analyses for use in the regulatory process.

The working group is currently preparing a report which 
will summarize existing and new analysis requirements and 
recommend future courses of action.

The working group has also identified areas needing 
further work. These are:

(a) to specify the details of the required dose distributions 
(e.g., use of parameters, data presentation, etc.);

(b) to review the classification of jobs and organizations 
relevant to the AECB;

(c) to develop procedures to identify and flag Atomic 
Radiation Workers in the National Dose Registry;

(d) to propose a more permanent follow-up mechanism for 
continuing the activities of the working group.
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Abstract

MONITORING AND ASSESSMENT OF OCCUPATIONAL EXPOSURE TO LONG RETAINED 
TRANSURANIC RADIONUCLIDES -  A CONTEMPORARY VIEW.

Since the inception of the nuclear power industry in the United Kingdom, British Nuclear Fuels 
pic (BNFL) (and its predecessors) have provided a full range of nuclear fuel services to utilities in the 
UK and internationally. Spent fuel reprocessing has been carried out at Sellafield for more than three 
decades. During this period the company has amassed a considerable amount of experience in the assess
ment of exposure to a wide variety of radionuclides. Of particular importance is the determination of 
radiation dose arising from occupational exposure to transuranic radionuclides, especially plutonium. 
Historically, this has been necessary for the purpose of demonstrating compliance with the relevant dose 
limits. This continues to be the case. Additionally, dosimetry assessments are required in conjunction 
with the consideration of compensation claims and, increasingly, epidemiology studies. The paper 
reviews the present situation within BNFL regarding these three important aspects and indicates the 
current and future development areas being considered by the company with the objective of improving 
the overall understanding of the behaviour and effect following intake of long retained radionuclides.

1. INTRODUCTION

For more than three decades. British Nuclear 
Fuels pic (BNFL) has provided a nuclear fuel 
service to utilities both within the United 
Kingdom and internationally. The services 
include enrichment, fuel production and spent 
fuel reprocessing for a wide range of reactor 
types. Of particular interest at the present 
point in time is the provision of a full 
range of such services to the current UK PWR 
programme linked to the new Sizewell В PWR 
reactor currently under construction.

49
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Spent fuel reprocessing is undertaken at the 
company's plant at Sellafield situated on the 
Cumbrian coast in northwest England. New 
fuel handling facilities have recently been 
commissioned at that site which have resulted 
in significant reductions in workforce 
exposure arising from both internal and 
external radiation. Additionally, discharges 
of radioactive materials to the environment 
have also been reduced significantly, 
particularly following the commissioning of 
new effluent treatment plant. Construction 
work on the new thermal oxide reprocessing 
plant (THORP), which was the subject of a 
public inquiry in 1977, is proceeding with 
commissioning expected in the early 1990s.
A total of over 30 000 tonnes of Magnox and 
oxide fuel have been reprocessed at 
Sellafield since the 1950s.

During this period, the company has, in 
consequence, amassed a considerable amount of 
experience and expertise in the assessment of 
potential exposure to the wide range of 
radionuclides encountered at this end of the 
nuclear fuel cycle. This paper reviews the 
contemporary occupational monitoring and 
exposure assessment methodologies employed by 
the company against the background of over 30 
years of environmental and individual 
monitoring of transuranic radionuclides with 
particular reference to plutonium.

Currently, plutonium exposure assessment is 
required for three principal reasons:

(i) Compliance with statutory obligations 
(in addition to reassurance of the 
workforce and identification of 
locations of potentially high exposure)

(ii) In support of the company’s 
Compensation Scheme for 
Radiation-Linked Disease; and
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(iii) Extension of conventional epidemiology 
studies to include detailed dosimetry 
from internally deposited radionuclides.

These are discussed below.

2. COMPLIANCE WITH STATUTORY OBLIGATIONS

The statutory obligations relating to 
dosimetry, monitoring and assessment in the 
UK are defined in the Ionising Radiations 
Regulations 1985 [1]. These reflect, via the 
1980 EEC Directive [2] the recommendations of 
ICRP Publication 26 [3]. A fully detailed 
review of the operation of the regulations, 
by comparison with the earlier UK statutory 
requirements, including the practical 
consequences is given by the author elsewhere 
[4 ] •

In essence, the changes in the statutory 
requirements stemming from effective dose and 
committed dose concepts, have resulted in the 
need to reconsider the methods for monitoring 
of personnel to demonstrate statutory 
compliance.

During the consultative period preceding the 
publication of the UK Ionising Radiations 
Regulations 1985, considerable debate was 
undertaken on the best course for 
demonstrating compliance. Under previous UK 
statutory provisions, air sampling, both 
static (environmental) and personal, had been 
used extensively to demonstrate the adequacy 
of work place conditions and to indicate the 
potential for intake of airborne 
radioactivity.

Monitoring of personnel to demonstrate 
compliance with the then UK statutory 
requirements, linked to dose actually 
received by specified organs in any calendar 
year or quarter, was based principally on
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urine sampling [5] (in respect of systemic 
uptake) and in vivo monitoring (in the case 
of lung). However, neither form of 
monitoring is currently sufficiently 
sensitive to detect the incremental changes 
in either systemic uptake or lung deposition 
of plutonium associated with exposure at or 
below the current annual limit on intake 
(ALI).

Accordingly the current UK legislation 
permits the demonstration of compliance by 
the use of personal or static air sampler 
data. In the case of potential exposure to 
plutonium at Sellafield. extensive use of 
personal air samplers is made. These are 
used to determine the possible intake of 
plutonium which may then be compared with the 
relevant ALI as determined from ICRP 
Publication 30 [6]. taking account of such 
chemical and physical characteristics as are 
relevant to the plant in which exposure 
occurs. To take account of the potential for 
exposure to both internal and external 
radiation, the UK system of statutory 
compliance permits the use of a quantity 
known as the Compliance Index.

Quite simply.

External dose and 
assessed internal 

Compliance - committed dose ♦ (Assessed intalte *)
index Annual dose limit Annual limit on intake

(* i.e. intake not included in the assessed 
internal committed dose components).

Compliance is demonstrated where the value of 
the index is less than or equal to unity.
The dimensionless nature of the index is 
intended to reflect the greater uncertainty 
of assessing actual individual exposure from 
air sampling data.
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Currently some two and a half thousand 
employees routinely wear personal air 
samplers (PASs) at Sellafield, amounting to 
about 600 000 issues per year. The PAS 
programme is supported by a continuing 
programme of personal biological and in vivo 
monitoring to assist in determining uptake in 
the event of single acute exposure following 
an incident and to provide longer term 
reassurance on cumulative exposure. Such 
monitoring provides, in addition to the means 
of demonstrating compliance with the 
statutory requirements, the means of 
identifying areas and forms of work 
associated with a potential for high levels 
of exposure.

Operational control parameters can then be 
applied to eliminate or reduce such exposure 
taking account of standard ALARA techniques. 
Additionally, the overall monitoring 
programme provides reassurance on the safety 
of the workplace conditions to the 
workforce.

Detailed dosimetry results are available for 
1986 [7] and demonstrate that at Sellafield 
the average whole body exposure, including 
the effective contribution from internal 
dose, was some 13% of the statutory limit 
(-15% of the collective dose being due to the 
committed effective dose equivalent from long 
retained transuranic radionuclides). The 
corresponding average exposure for the 
company overall Was 9.2% of the limit. Table 
I illustrates the overall dosimetry data for 
1986.

3. COMPENSATION SCHEME REQUIREMENTS

Whilst compliance with the current UK 
statutory requirements requires that intake 
is within certain predefined limits or that 
the committed dose to specified organs is
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within predefined limits, the very nature of 
a compensation scheme demands that year by 
year doses are determined for the organ (or 
organs) in question. Accordingly it is 
necessary to determine a model for the 
assessment of such dose from the available 
monitoring data. The principal data are 
those obtained from personal biological and 
in vivo monitoring and, in the case of 
mortality rather than morbidity, autopsy 
data.

The company has for the past six years 
operated a formal Compensation Scheme in 
joint agreement with the Staff and Trades 
Unions. Full details of this scheme are to 
be published elsewhere. In essence, the 
methodologies employed within the scheme are 
designed to identify (i.e. screen) those 
cases which are, jointly, considered to 
qualify for further assessment.

The means of determining such qualification 
are based on upper limit dosimetry 
assumptions intended to favour the 
individual. For those cases meeting the 
qualification criteria, further detailed 
assessment of the case histories is then made 
by an independent group of experts (except in 
the instance of leukaemia and bone cancer and 
where the dosimetry associated with the 
particular case is of a straightforward 
nature, when progression to payment may be 
made without recourse to the expert group). 
Such detailed assessment would include a 
review of the individual's work history, 
dosimetry data and any special factors such 
as smoking.

Recently the scheme has been extended to 
include morbidity, as well as mortality, and 
the UK Atomic Energy Authority and its 
Staff and Trades Unions are also now party to 
the agreement.
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The general models employed for the 
assessment of relevant organ dose from the 
above mentioned monitoring data are derived 
from those used for the purpose of 
demonstrating statutory compliance except 
that for the Compensation Scheme the required 
outcome is the year by year received dose 
rather than committed dose or compliance 
index. Thus the essential elements are 
currently the Jones urinalysis model [5] and 
ICRP Publication 30 [6]. The potential 
impact of ICRP Publication 48 [8] will be 
taken into account at a forthcoming review of 
the scheme. Additionally, in the case of 
mortality, autopsy data are employed, when 
available, to determine the actual level of 
activity in the relevant organ(s).

Essentially, then, the use of the standard 
models permits the assessment of the temporal 
variation of activity within the various body 
organs, including the transient passage of 
activity through specific organs such as the 
lung or gastrointestinal tract. From such 
assessments, the year by year dose to the 
relevant organs may be determined for both 
the initial screening (using upper limit 
simplifying assumptions) and the detailed 
evaluations needed for cases passing this 
initial qualifying stage.

4. EPIDEMIOLOGY REQUIREMENTS

In part, the requirements of an epidemiology 
study are. as a minimum, similar to those of 
the regulatory requirements - i.e. 
stratification of the population under review 
in terms of the ranges of potential intake or 
uptake. A more detailed study would 
subsequently extend the requirement to assess 
specific organ doses in individual cases - 
i.e. as for the compensation scheme 
requirement.
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However, in either case, the study requires 
that all data relevant to the population be 
re-evaluated using the best available 
methodology. Thus the temporal variation in 
intake/uptake must be determined using the 
currently available and approved methods and 
the subsequent dosimetry calculations 
performed for specific organs. The latter 
are subject to the need to determine detailed 
spatial distribution data as for the 
compensation scheme. Additionally, the 
former aspect, i.e. stratification, will 
require ultimately the re-evaluation of 
exposure for some 7000 current and former 
Sellafield employees using the latest 
available modelling techniques such as that 
described by Jones [5]. This re-evaluation 
involves some 250000 individual urine sample 
results. In order to accomplish thie task on 
a sensible time-scale. the company ie 
currently seeking to develop an automatic 
data assessment methodology designed to 
provide the rapid assessment of year by year 
uptake with an acceptable degree of 
confidence.

Full details of the automatic methodology 
will, on completion of the project, be 
published elsewhere. To date, work has been 
concentrated on developing analytical 
techniques capable of identifying, with a 
reasonable degree of accuracy, periods of 
chronic exposure and occurrences of single 
acute exposures using actual data histories. 
The effectiveness of the techniques are to be 
reviewed in full against the currently 
applied methodologies which are based on a 
highly interactive and iterative application 
of modelling techniques by skilled expert 
assessors (such assessments typically take 
two or more man-days of work per case).

Information available to date has confirmed 
that for many cases a fully automatic 
methodology could provide an acceptable 
assessment of year by year exposure.
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However, for certain cases, particularly 
those with limited data, especially where 
this is associated only with sampling in the 
early years of the industry and thus not 
determined with present day precision, 
further work is required to determine the 
optimum way forward. For such cases, a 
degree of operator interaction could be 
required in the assessment of possible 
exposure periods.

5. OVERVIEW OF ASSESSMENT METHODOLOGIES

From the preceding review it will be noted 
that the ability to demonstrate compliance

TABLE II. REVIEW OF PRINCIPAL ORGAN DATA AVAILABILITY 

FROM AUTOPSY SAMPLES 

(OTHER THAN LIVER AND LUNG)

Organ % of cases having data for 
the given organ

Femur 33

Sternum 64

Vertebrae 75

Mediastinum 44

Miscellaneous

glands

67

Spleen 55

Kidney 36

Testes 20

Thyroid 5

Red bone marrow 5
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Activity concentration in , 
liver (Bq/kg)

FIG. I. Histogram o f  activity concentration in liver — autopsy data.

with regulatory requirements, and acceptable 
assessment of dose for both compensation and 
epidemiological purposes is highly dependent 
upon the appropriateness of the urinalysis 
and metabolic models used. In the case of 
the former, much is dependent on the 
interpretation of the Langham data [9] 
supported by subsequent assessments on cases 
where the level of actual exposure may be 
known from other sources. In the case of 
plutonium exposure at Sellafield this has led 
to the formulation of the Jones model. In 
the case of metabolic models, much reliance 
has been placed on ICRP Publication 30. 
However, the value of human autopsy data in 
determining better the distribution of 
plutonium in the various organs has long been 
established. The company's Chief Medical 
Officer currently has access to over 50 cases 
of partial body autopsy, many of which are 
associated with previous urine monitoring as 
a consequence of occupational exposure.
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Table II and Fig.1 provide an illustration of 
the degree of data availability. A programme 
of work is shortly to be commissioned with 
the objective of reassessing the implications 
of the available data in respect of the 
temporal and spatial distribution of 
plutonium in the human body.

In conclusion, this paper has reviewed the 
principal objectives of the monitoring and 
assessment of occupational exposure to long 
retained transuranic radionuclides against 
the background of present day requirements.
Of particular importance at this time is the 
need for better information on the spatial 
distribution of plutonium in the body, other 
than the bone and liver, for compensation and 
epidemiological purposes. It is anticipated 
that the review of the UK autopsy data noted 
above will provide a valuable insight into 
this matter.
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Abstract

OCCUPATIONAL EXPOSURE TO RADIATION IN MARGINAL SPHERES OF THE NUCLEAR 
FUEL CYCLE.

In several countries sources of uranium include the phosphate industry and in some cases coal 
fired power plants where uranium is recovered from fly ash. Owing to the presence in some coal of 
25-50 ppm uranium, the handling of fly ash during uranium recovery is comparable to surface low grade 
uranium mining. The same level of radioactive contamination is encountered in the phosphate industry, 
with similar consequences for the occupationally exposed workers. On the basis of experimental data 
in these two industries — off- and on-site monitoring, working level and 222Rn measurements — all the 
workers were subjected to medical examinations. Urine bioassay and mutagenic analysis were carried 
out. Bioassay results confirmed that exposure in the stochastic range can produce some internal contami
nation and mutagenic analyses showed changes in the gene pool. In both industries the workers were 
continuously exposed to dust containing uranium and thorium and progeny. It was difficult to evaluate 
the total individual risk because of the synergistic effects with chemical contaminants, as confirmed by 
sister chromatid exchange analysis. Occupationally exposed workers are daily exposed to many small 
additional insults. They should be treated as ‘occupationally exposed workers’ in both industries, 
because many of them are exposed to a total dose of more than 5 mSv/a.

1. INTRODUCTION

The shock that people living in the Northern Hemisphere have suffered from 
the Chernobyl accident and the problem of exposure to radiation of large population 
groups has passed. The publicity awarded to Chernobyl has left aside all other 
problems linked to radiation exposure such as the presence of radioactivity in the 
chemical industry and in energy production due to technologically enhanced natural 
radiation (TENR). The exposure to radiation of people not involved in any part of 
the nuclear fuel cycle must be considered. The population is involuntarily exposed 
to radiation sources other than 222Rn in dwellings [1], in places where industry does 
not wish to acknowledge their presence. The stochastic levels of radioactivity to 
which the population or some endangered or critical groups are exposed include 
possible carcenogenic and genetic effects which are difficult to trace.

63
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The difference between TENR and regions of higher natural radioactivity, 
where the whole population is secularly exposed, lies not only in the intensity of the 
exposure but also in its duration. In regions of high natural radiation the elimination 
of the least fit may occur through cancer or genetic selection induced by natural radia
tion and can be extended through centuries and several generations. Current short 
term contemporary studies cannot prove or disprove this fact. They can only register 
the health and survival of those who are best adapted to the effect of natural radiation 
through generations. No conclusions can be drawn as to the benefit or harm of such 
exposure.

TENR has a different impact [2] on people. The total duration of exposure 
caused by the contaminating industry may amount to not more than several decades 
over the entire operation period. For the population this may be two generations, but 
many people may migrate within the same generation. A typical example is the phos
phate industry, where for over a century fertilizers have been disseminated into the 
soil together with uranium and thorium and their progeny. The recovery of uranium 
from phosphates is not considered here, because during the different stages of yellow 
cake production protective measures valid in the nuclear industry are applied. The 
phosphate industry is one of the most significant sources of TENR in the working 
and living environment.

The second industry which produces wastes with a higher concentration of 
radionuclides than the raw material is the mining of coal for electricity generation [3]. 
The use of coal with a high uranium content for combustion is a necessity in countries 
poor in natural fossil fuel resources. TENR must be included in risk calculations for 
these industries.

The continuous exposure of people to TENR during electricity generation or 
fertilizer production must result in an increased exposure to radiation above the level 
normally present in the environment [4]. Therefore, limits had to be set for such 
exposure (see para. 401 of IAEA Safety Series No. 9 [5]).

Radiation protection authorities generally recognize that the existing leyels of 
exposure are so low as to be of no concern to members of the general public [6]. In 
the case of TENR this normal level is by far exceeded, so that the population that 
can be included in this category finds itself always above the de minimis level. If 
occupationally exposed workers from these industries are included, they will, in 
some cases, probably be exposed to levels higher than 5 mSv/a. Limits must be estab
lished for routine radioactivity releases from such facilities. Radiological control of 
airborne releases must be imposed by the legislation of individual countries.

Phosphogypsum containing 226Ra is at present being tested for soil stabilization 
and is a further pathway for spreading contamination. To introduce exemption levels 
for radioactivity in the phosphate industry which would treat phosphogypsum as 
slightly contaminated material would lead to the contamination of large tracts of 
arable soil and the introduction of additional natural radioactivity into the food chain. 
A similar situation exists in coal fired power plants (CFPPs), where the ash and slag 
from the waste pile are often used not only for road stabilization but also for building
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construction. The ash and slag from a CFPP investigated in this study are treated by 
Yugoslav legislation as radioactive waste since they fall into the category of waste 
with between 100 and 200 ppm uranium [7].

2. DESIGN OF THE STUDIES

The authors investigated a CFPP using anthracite coal for combustion with a 
very high sulphur content (approximately 10%). During the 1970s coal with an aver
age of 50 ppm uranium and progeny in secular equilibrium was mined [8]. Since 
1980 the amount of uranium has decreased to 25 ppm, but with wide fluctuations 
depending on the coal bed in exploitation inside the mine. The CFPP does not use 
any system for desulphurization, not even scrubbers, but only electrofilters with an 
efficiency of 99.5%. The impact on the environment from the emission from the 
CFPP has been extensively monitored up to a distance o f 15 km continuously (air) 
and intermittently (working level) for over a decade. The pathways for the chemical 
and radiological contamination have been defined. Heavy metals and pyrenes, with 
special emphasis on benzo(a)pyrene (BaP), have also been determined [9].

Owing to the concentration of radionuclides present in the investigated coal the 
level of radioactive contamination is equal to that encountered in surface low grade 
uranium mining, with the difference that the secular equilibrium of uranium progeny 
is here disrupted during coal combustion. Fly ash from the investigated anthracite 
coal has concentration factors for 210Pb and 210Po o f 5 and 20, respectively, and 
lower for 226Ra (1.6) and other radionuclides [10]. This results in the contamination 
of occupationally exposed workers in the CFPP and the population living in an area 
where the impact is felt owing to meteorological fluctuations.

A similar situation prevails in the fertilizer industry using phosphates from 
North Africa for the production of phosphate containing agricultural chemicals. 
Depending on the origin of the phosphate minerals a level o f radiation exposure simi
lar to that in the CFPP is found. The sources of additional chemical contamination 
are different. In the CFPP heavy metals, sulphur dioxide, pyrene, ash and slag tailing 
are prevalent. In the fertilizer industry the dust from rock phosphates, sulphur diox
ide, phosphoric acid, fluoride, sulphuric acid and the stored final products and waste 
material such as phosphogypsum are the main sources of chemical contamination.

In both industries investigations have been conducted for several years. Neces
sary changes in environmental monitoring and plant control appropriate to differ
ences in chemical technology have been introduced in the fertilizer plant on- and 
off-site.

Since the start of these investigations decisive changes in Yugoslav legislation 
have been made. The ALARA principle [11] has been adopted and limits until then 
in effect for the total alpha concentration in air [12] have been abandoned.
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The impact on the environment from the fertilizer industry and the CFPP is 
significantly different. The emission from the CFPP does not exceed present regula
tory limits for air for 226Ra for more than several days in the course of a year at a 
distance of 4 km in the prevalent wind direction. Radioactive contamination in air 
from the fertilizer plant is by a factor of 100-250 higher than the average background 
level for alpha activity and single radionuclides of uranium and progeny. Exposure 
rates were measured by a network of thermoluminescent dosimeters (TLDs), 
(CaF2:Mn), which were placed on and off the sites o f the CFPP and the fertilizer 
plant in concentric circles to a distance of 8 and 4 km, respectively. A network for 
intermittent or continuous sample collection has been established in both industries. 
The control of radioactive contamination produced by the CFPP includes air, fallout, 
soil, meat, milk and vegetation. At the fertilizer plant [13] the control is limited to 
air, soil, drinking water and final products. Industrial water and waste deposits are 
included in the control of both plants.

3. EXPERIMENTAL

On the basis of the monitoring results off- and on-site, TLD, working level 
(WL) and 222Rn measurements around work places, a different type of health 
control in addition to the usual medical control was performed in the two industries 
investigated. Urine bioassay and mutagenic analysis were applied in the control of 
occupationally exposed workers, giving additional information on their health status. 
The results were compared with those of a control group.

In the CFPP urine bioassay [14] was limited to 210Pb after uranium and 210Po 
levels were found to be low. In the fertilizer plant urine bioassay was limited to 
210Pb for practical reasons.

The mutagenic tests originally consisted of chromosome [15] aberrations only, 
while, later, sister chromatid exchange (SCE) was introduced [14].

The first bioassay results showed that within the range of stochastic effects some 
internal contamination in occupationally exposed workers had occurred, and muta
genic analysis indicated that some changes of the gene pool had taken place.

These results led to an extended search for other contaminated workers. The 
CFPP presented no problem since the total number of workers has never exceeded 
200. In the fertilizer plant a representative group had to be chosen from a total of 
4000 workers. Representative groups were chosen in both plants on the basis of data 
obtained through systematic measurements of gamma exposure rates around work 
places and WL measurements, as mentioned above. All group members answered a 
questionnaire in which data on demography, health, family and work histories were 
included. Additional screening was aimed at selecting workers who had not been 
exposed to X-rays or irradiation for diagnostic or therapeutic purposes one year 
before the start of the investigation and women who had had interrupted pregnancies 
or stillborn babies. Smoking and drinking habits were also checked. All the members
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of the test groups had spent part or all of their work history in the investigated indus
tries. In both industries some workers had worked previously in coal mines.

The control group was chosen on the basis o f a questionnaire. No one in the 
control group was exposed to an excess of natural radiation or of chemical 
contaminants before or during the experiment.

Measurements of natural radioactivity in both plants showed that the workers 
were continuously exposed to radioactive dust. In the CFPP the concentration of 
210Pb in air was higher than that of uranium. In the fertilizer plant uranium was in 
radioactive equilibrium with progeny most of the time. This has proved that internal 
contamination of occupationally exposed workers resulted from inhalation, in the 
CFPP mainly from 210Pb, as confirmed by bioassay. In the fertilizer plant, where 
210Pb was checked by bioassay as the only natural radionuclide, the possibility exists 
that part of the internal contamination may be due to uranium, 226Ra and 210Po. The 
biological consequences of an extended exposure to chemical and radiochemical 
contamination were evaluated by analysis of structural chromosome aberrations and 
SCE in samples of peripheral blood taken from the test group.

In the CFPP 74 people were studied. The group comprised smokers and non- 
smokers. Forty per cent o f the workers showed an increased 210Pb level in urine. 
The workers had typical chromosome aberrations and SCE. A better correlation was 
found between SCE and 210Pb than between chromosome aberrations and 210Pb. 
Future effects are unpredictable.

The normal level o f 210Pb of 38.5 mBq/24 h in urine obtained from the control 
group was deducted from all results. The range of 210Pb found in urine from 
workers from the CFPP lies between 120 and 790 mBq/24 h. It seems that synergis
tic effects with chemical contaminants have a significant influence on 210Pb 
retention.

In the fertilizer industry 100 workers were examined during the first period of 
the project. Internal contamination with 210Pb was lower than in the CFPP, being 
70 mBq/24 h, with the highest value of 334 mBq/24 h. This is less than half of the 
excretion in the CFPP. Fewer SCEs and fewer chromosome aberrations were 
detected. No correlation was found between internal contamination and heavy drink
ing, a habit which was also examined.

During the last four years a modem plant at the site of the fertilizer complex 
started NPK production. At the request o f the plant management, a group of 
20 workers who were employed at the time of the NPK plant startup have been 
investigated. The same occurrences as in previous studies have been registered. Even 
after one year 210Pb values of 84.5 mBq/24 h in urine were detected, followed 
by chromosome aberrations and SCE. The highest 210Pb value detected was 
179.5 mBq/24 h. A high percentage of chromosome aberrations and a significant 
number of SCEs were also present. Of those examined 55% were within the normal 
210Pb level of 38 mBq/24 h but had SCEs between 5.8 and 9.5.

A higher incidence of cancer and higher morbidity were registered in the popu
lation around the CFPP. Systematic investigations outside this group, for instance the
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analysis of fertility and teratogenic changes in the regional population, to name a few, 
have just begun as a new epidemiological project.

4. DISCUSSION

The studies in the electricity generating industry and in the fertilizer industry 
have confirmed radioactivity contamination of the environment and occupationally 
exposed workers. In addition, they are typical models of the effects of TENR as 
stated for the first time in paragraph 706 of IAEA Safety Series No. 9 [5].

ICRP Publication 39 [6] , on the basis o f new information on unexpectedly high 
doses to some individuals from natural radiation sources mainly from indoor concen
trations of radon and its decay products, recommends that increased emphasis be 
placed on the extent to which it would be possible to control and limit exposures to 
natural sources.

Should bioassay and mutagenic control be introduced and principles for such 
control be worked out in detail and recommended? They introduce a dividing line 
between levels of natural radiation which can be regarded as ‘normal’ and those that 
are more elevated owing to human activities and not only to choice of the environ
ment. The industries producing TENR are one of the factors for which judgement 
will have to be exercised as to whether the component of increased natural radiation 
should or should not be subject to the ICRP’s recommended system of dose limita
tion. The authors are not able to solve this problem but can only add one more piece 
to the puzzle called TENR.

The problem of environmental contamination from TENR cannot be neglected. 
The exposure of workers who in this paper are called ‘occupationally exposed 
workers’ has to be regulated. Should all these workers fall into the category of 
‘occupationally exposed people’ with all the financial consequences, or should they 
be treated as a critical group, allowing the annual dose limit of 5.0 mSv? The 
problem of this category of workers is too susceptible for public discussion, when 
the consequences which might result according to the collected data are still an 
unknown quantity. If the workers in the fertilizer plant and the CFPP remain under 
the term ‘population’, they will all fall into the category above 0.5 mSv/a, the limit 
for the population, as regulated by the new Yugoslav Code of Federal Regulation
[11]. At present, no authorized limits are defined for TENR. The dose limit for the 
critical population of 5.0 mSv automatically places part of the examined workers 
above this category.

5. CONCLUSION

The exposure to technologically enhanced radiation including external 
exposure, inhalation and ingestion in some cases is three times higher than the back
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ground radiation level. This provides the means for a clear basis for selecting cut-off 
values.

The risk to occupationally exposed workers cannot be defined but must be 
presumed to be small compared with other risks that are encountered in daily life, 
but is permanent and additive.

One of the most difficult circumstances for the evaluation of total risk is the 
presumable synergistic interaction between radioactivity and chemical contamination 
which is part of the source of genetic effects.

Occupationally exposed workers are subject daily to many small and constant 
insults. The total risk is at present by omission below regulatory concern. The 
workers should be treated at least as the ‘critical population’, some of them should 
even be included in the group of ‘occupationally exposed workers’.

Long term effects according to the results from bioassay and mutagenic analysis 
are still unknown at the present stage and probably will remain so in the immediate 
future.

REFERENCES

[1] INTERNATIONAL COMMISSION ON RADIOLOGICAL PROTECTION, ICRP Publica
tion 50, Pergamon Press, Oxford and New York (1987).

[2] BAUMAN, A., HORVAT, D., The impact of natural radioactivity from a coal-fired power plant, 
Sei. Total Environ. 17 (1981) 75.

[3] BAUMAN, A., HORVAT, D., KOVAC, J., LOKOBAUER, N.. “ Technologically enhanced 
natural radioactivity in a coal fired power plant” , Natural Radiation Environment, Wiley Eastern, 
Bombay (1982) 401.

[4] BAUMAN, A., HORVAT, D., KOVAC, J., MARO VIC, G., “ Risk from exposure to radiation 
and chemical agents at a coal fired power plant” , Proc. SFRP Ann. Congr., 10th Regional 
Congress of IRPA, Avignon (1982) 173.

[5] INTERNATIONAL ATOMIC ENERGY AGENCY, Basic Safety Standards for Radiation 
Protection — 1982 Edition, Safety Series No. 9, IAEA, Vienna (1982).

[6] INTERNATIONAL COMMISSION ON RADIOLOGICAL PROTECTION, ICRP Publication 
39, Pergamon Press, Oxford and New York (1984).

[7] Sluibeni List SFRJ 39/85.
[8] BAUMAN, A., Exposure to Radiation and Chemical Mutagenic Agents at a Coal Fired Power 

Station, IAEA Research Contract No. 2346, Final Report (1983).
[9] BAUMAN, A., HORVAT, D., “ Exposure to radiation and chemical mutagenic agents at a coal 

fired power station” , Proc. SRP 3rd Int. Symp. Inverness, Vol. 1 (1982) 281.
[10] BAUMAN, A., HORVAT, D., SALER, V., KOVAC, J., “ Risk from exposure to radiation and 

chemical mutagenic agents at a coal fired power station” , Biological Effects of Low-Level Radia
tion with Special Regard to Stochastic and Non-Stochastic Effects (Proc. Int. Symp. Venice, 
1983), IAEA, Vienna (1984) 275.

[11] Sluibeni List SFRJ 40/86.
[12] Sluzbeni List SFRJ 27/77.
[13] BAUMAN, A., HORVAT, D., How Real is the Risk from Technologically Enhanced Natural 

Radiation, Ann. Mtg of the Society for Risk Analysis, Washington, 1985.



7 0 BAUMAN et al.

[14] BAUMAN, A., HORVAT, D., KOVAC, J., “ Assessment of radioactive contamination in man 
from technologically enhanced natural radioactivity” , Assessment of Radioactive Contamination 
in Man (Proc. Int. Symp. Paris, 1984), IAEA, Vienna (1985) 555.

[15] HORVAT, D., BAUMAN, A., RACIÓ, J., Genetic effect of low doses of radiation in occupa
tionally exposed workers in coal mines and in coal fired plants, Radiat. Environ. Biophys. 18 
(1980) 91.



IAEA-CN-51/66

OCCUPATIONAL RADIATION EXPOSURE 
IN ITALIAN NUCLEAR POWER PLANTS

A. PERINI
Commissione Técnica Sicurezza Nucleare 

e Protezione Sanitaria,
Comitato Nazionale per la Ricerca

e per lo Sviluppo dell’Energia Nucleare 
e delle Energie Alternative,

Rome, Italy

A bstract

OCCUPATIONAL RADIATION EXPOSURE IN ITALIAN NUCLEAR POWER PLANTS.
The development o f techniques for radiation protection at nuclear power plants, 

directed at minimizing radiological risk through the choice, during the design stage, o f  ana
lysis methodologies and optimization procedures to reduce the occupational radiation 
exposure, according to the ALARA principle, has been particularly remarkable in the last 
decade. On the basis o f evaluations made by the ENEA/Nuclear Safety and Radiation 
Protection Committee during previous examinations o f preliminary and detailed designs 
of NPPs, the features o f the relevant requirements concerning the radiological protection 
of workers are pointed out. The paper discusses the radiological protection aims set out in 
the design; the planning requirements which are relevant to the optimization o f the occupa
tional exposure; and the judgemental criteria for verifying the adequacy o f the suggested 
design selections for the Italian LWRs. The following design features are considered in 
connection with reducing worker exposures to achieve the radiation protection design 
targets: (a) Selection of common primary circuit materials — cobalt, high cobalt alloys 
and nickel — which can be activated ; (b) Coolant purification and filtration systems;
(c) Plant and components layout; (d) Shielding; (e) Reliability and operating life of 
components in connection with maintenance and control during the operational stage;
(f) Single remotely operated devices, automated devices and robotic systems, if these are 
feasible, for operations and interventions in areas o f high radiological risk. Dosimetric data 
of collective and individual doses o f occupationally exposed workers, both the NPP staff 
and contractors’ personnel, are presented and analysed in connection with operational 
experience, together with the improvements adopted to ensure optimization and the appli
cation o f the ALARA principles during NPP operation. The examination o f data from 
Italian LWRs indicates that the long term mean annual individual dose is below the 5 mSv 
limit recommended in ICRP Publication 26. The maximum individual annual dose is below 
the 50 mSv limit which represents the maximum permissible dose. The annual occupa
tional collective doses assume particular importance during refuelling and maintenance; 
however, an increased effort to apply the ALARA principle in operation, through better 
management o f plant outages and improved personnel training, can lead to a reduction in 
occupational exposure.

71



72 PERINI

The importance assumed by design criteria in establishing plant radiation 
protection standards is to  be emphasized, as during the design stage all options 
are open and the best opportunity  is offered to  achieve optim ization o f occupa
tional radiation exposure. In Italy the plant licensing procedure requires 
adequacy judgem ents by the regulatory authority, ENEA/DISP, and by the 
ENEA/NSRPC1 for the design features to  be adopted for reducing radiolo
gical risk and optimizing the plant radiation protection standard by means of 
the particular regulation, following the official guides and the most up to date 
international nuclear technology. These regulations and guides are all inspired 
by the radiological protection recommendations included in ICPR Publication 26 
[ 1 ] which established the dose limitation system based on the principles o f j ustifi- 
cation, optim ization and observance of individual dose limits.

The ICRP requirem ent that all exposures be kept within the prescribed 
limits and as low as reasonably achievable, economic and social factors being 
taken into account (ALARA principle), implies that the radiation exposure 
resulting from a practice should be reduced by radiation protection measures 
to such values that further expenditure on design, construction and operation 
would not be justified by the corresponding reduction in radiation exposure.
This involves a differential cost-benefit analysis as recommended by both the 
International Commission on Radiological Protection (ICRP) and the 
International Atomic Energy Agency (IAEA).

The im plem entation o f this principle raises many difficulties resulting 
from the complex evaluations involved, above all the economic cost estimate 
for the man-sievert and the social perplexities on the m onetary cost evaluation 
of human life.

Furtherm ore, there are o ther implications:

(1) The cost estimate o f the suitable technical solution according to the 
technological development;

(2) Evaluation and comparison of benefits in terms o f radiation hazard 
reduction as a consequence of the various possible solutions;

(3) A cost-benefit balance: the optim um  level would be tha t which mini
mizes the total cost and specifically the sum o f the protection cost and 
the cost o f the radiation detrim ent, usually assumed to be proportional 
to  the collective effective dose equivalent com m itm ent during the plant 
operating life.

Several m ethods have been proposed [2] for the quantitative optimiza
tion o f radiation protection. Among the techniques available is the m ulti
criteria m ethod adopted in France, which compares options by pairs to 
arrive at the optimum solution by means of the elimination m ethod. Among

1 ENEA/DISP: ENEA/Directorate for Nuclear Safety and Health Protection. 
ENEA/NSRPC: ENEA/Nuclear Safety and Radiation Protection Committee.
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the aggregative procedures the most widely used has been a cost-benefit 
analysis where all the parameters can be quantified and ranked in monetary 
terms; the best option is the one that maximizes the total utility.

In Italy the adoption of an analytic quantitative cost-benefit m etho
dology is not practicable because socially it is unacceptable to  express in 
economic terms the radiation detrim ent and the m onetary value o f the unit 
o f collective dose, the man-sievert.

Consequently, instead of an explicit cost-benefit analysis procedure, the 
option to  minimize the radiological risk at the plant has been adopted, consi
dering the results obtained on NPPs that use the most up to  date technology, 
the best operational experience and the radiation protection design targets 
proven at national and international levels. Therefore, quantitative radiation 
protection design targets, as an overall requirem ent for limiting occupational 
exposure, have been fixed by the ENEA/DISP related to  the plant design in 
addition to  qualitative criteria of radiological protection based on opera
tional experience and the latest design features. Similar approaches can be 
found in Sweden, Switzerland and the United Kingdom.

Specifically, in the Unified Nuclear Project (UNP; a PWR standardized 
design using series production methods, at present postponed under the 
country’s new energy policy consequent to  the Chernobyl accident) the quan
titative design targets set down by the ENEA/DISP [3] for the plant design 
and the following operational stage have been defined as follows:

(1 ) The mean value for the annual occupational collective dose for both the 
staff and the contractors’ personnel for ordinary and planned operation 
must not exceed 4 man-Sv/a for a 1000 MW(e) PWR;

(2) The mean annual individual dose of occupationally exposed workers 
must not exceed 5 mSv/a, considering all exposures, from both internal 
and external irradiation.

The first design target practically represents the requirem ent for confor
mity with the standard of the occupational collective dose specific to  the 
most recently built PWRs.

The second aim is connected w ith the requirem ent to  keep the mean 
individual risk o f the exposed workers within a range characteristic o f the 
safest industrial activities, which the ICRP specifies as an annual death proba
bility of the order o f 10-4.

The assessment of the quantitative design targets mentioned forms the 
basis on which to  apply a general qualitative m ethod to  optimize radiological 
protection; this involves design features that reduce the occupational exposure 
even further — if this is reasonably practicable — taking into account the 
latest design criteria, the highest international standards and the best operat
ing experience.
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The optim ization process for radiological protection at a plant must take 
into account the following concurrent requirements that support the deter
mining evaluations:

(1 ) The requirem ent to  reduce the individual annual doses through a balance 
between them  and the annual collective dose according to  ICRP Publica
tion 37 [4]. In fact, investigations on an international level have revealed 
that the collective dose increases as the num ber of workers and shifts 
increases for the same operation. It follows that the systematic use of a 
greater number o f workers, even if they are well qualified and trained, is 
not appropriate. On the o ther hand, the present trend is to  incur higher 
costs for the sake of reducing the upper values o f the statistical distribu
tion o f the individual annual doses.

(2) The requirem ent o f the balance between the qualification conditions 
imposed by nuclear safety considerations and those imposed by occupa
tional radiation protection considerations, particularly in relation to  the 
num ber o f redundant com ponents [5], preventive m aintenance and 
in-service inspection (ISI). In fact, every additional com ponent is a source 
o f an additional dose to  the personnel according to  its operational and 
m aintenance requirements, even if  it increases the reliability and flexibi
lity of the plant. On the other hand, as regards preventive maintenance 
and ISI, it should be pointed out that these operations entail actual 
doses to  the workers for the sake of reducing the probability of an acci
dent and preventing potential doses to the population and to the workers.

(3) The requirem ent o f the balance between the occupational dose and the 
population dose. In fact, the reduction o f external releases, both  liquid 
and gaseous, requires the adoption of particular storage and treatm ent 
systems, which increases the occupational doses. It is difficult to  apply 
this balancing m ethod because the philosophy of the acceptable risk is 
different for the two groups (population and workers), as are the related 
dose limits.

(4) The requirem ent to  dem onstrate that the design selected in terms of 
radiological protection is the most favourable among those proposable, 
allowing not only the reduction of occupational doses but also the op ti
mization of the radiation protection standard o f the plant.

Comprehensive procedures have been adopted to verify the compliance 
o f the UNP design with the radiation protection aims. This has particularly 
concerned the preliminary analysis o f the main radiation source, the collec
tion o f dosimetric data from similar most recently built plants and the compa
rison between the UNP design and the design o f similar plants.

Experience shows [6] that the major contribution to  occupational radia
tion exposure is from activated products (cobalt-60-cobalt-58) from the
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structural materials o f the primary loop and that refuelling and maintenance 
are the principal sources of occupational exposure.

Clearly, a significant reduction of the collective and individual doses can 
be achieved by acting on the determining parameters:

(1 ) Reduction of the operational times for reactor maintenance, ISI and 
com ponents inspection;

(2) R eduction of the frequency of ordinary m aintenance and especially of 
unplanned maintenance;

(3) R eduction of the radiation levels to  which the staff is exposed during 
normal operation and m aintenance periods;

(4) Extended provision for reduction of internal contam ination risk and of 
external exposures in connection w ith decommissioning.

In order to  reach these targets through appropriate actions taken during 
the design stage the main areas for intervention are:

(1) Reduction of the activity of the radiation sources, through appropriate 
materials selection [7].

(2) Layout optim ization of the plant and components.
(3) Improvements in the design of elements and com ponents to  facilitate 

disassembly, m aintenance and reassembly.
(4) Installation or provision o f rem otely operated devices, such as autom ated 

refuelling and inspection equipm ent. Further progress in this area is 
expected from the present rapid development o f robotic systems, parti
cularly for rem ote control and video surveillance.

(5) Com ponents designed and selected to increase the reliability and opera
tional life.

(6) Adequate shielding provisions.
(7) High efficiency o f ventilation systems to  control and contain the 

contam ination.

With regard to reducing the strength o f the radiation sources, the main 
problem is cobalt-60, because it contributes about 60% of the annual collective 
dose to  the reactor maintenance staff, whose operational collective dose repre
sents about 80-90%  of the to tal plant collective dose. The UNP preliminary 
design foresees many actions to  reduce — as compared w ith the Westinghouse 
specifications -  the cobalt in the base material in contact w ith the primary 
loop. This is connected w ith an expected reduction o f the plant annual collec
tive dose o f about 20%.

The measures adopted to  minimize activation phenomena through suitable 
coolant chemistry act together to  prevent cobalt release or deposition. A 
process o f  purifying the primary coolant at low tem perature and high flow rate 
has been adopted which reduces the p lant’s annual collective dose estimate 
between 5 and 10%.
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Advanced design features o f systems and com ponents have been adopted 
to minimize working times and to reduce interventions in radiation areas.
These measures include: autom atic equipment for ISI o f the reactor vessel, 
steam generator, primary pumps and pressurizer. The layout makes provision 
for the radial clearance o f  the equipment and for adequate space for perform 
ing ISI operations.

The use o f  external platforms around the primary com ponents is consi
dered to reduce operating time on the components; for the same purpose 
designs are selected which allow inspection and plugging o f the steam generator 
tubes to be done using robotic equipment.

Decisions on plant and components layout are mostly taken on the basis 
of qualitative engineering judgem ent rather than quantitative optim ization 
since the quantification o f dose reduction is problematic. Nevertheless, it has 
been noted tha t the design features assure the optim ization of the  occupational 
exposure through the separation o f the systems and com ponents according to 
their dose rate and maintenance frequency and through correct zoning accord
ing to  radiological risk.

In comparison w ith the criterion o f complete segregation o f  the active 
components the criterion o f improved accessibility has been given priority, 
w hether to improve the operational conditions or in a further step to  allow 
the use of rem ote technology, now under development.

Shielding provisions are also optimized: the high activity components 
are singly segregated and shielded while for the medium and low level acti
vity com ponents partial and movable shielding has been adopted, making 
more space available and thereby reducing the presence o f workers in radia
tion areas.

The ALARA design review has also considered the access control to 
radiation areas, the location o f the hot workshop and the traffic patterns 
o f personnel and active components. All these points have been considered 
in the ALARA design review and some satisfactory selections have been 
planned to improve the occupational radiological protection.

Finally, with regard to  the optimization process of the dosimetric control 
of workers, the proposed trend by the ENEA/DISP implies the use of indivi
dual electronic dosimeters w ith direct self-reading, centralized in a unique 
computing and memory unit; this offers the advantage of a computerized 
dosimetry to  manage the access to restricted areas automatically.

The system achieves the following aims which form  im portant elements 
for optimizing collective doses:

(1) Workers can easily and prom ptly check the absorbed dose and can avoid 
remaining in areas w ith high dose rates;

(2) The health physicist can check every day the individual dose to  each 
worker in real time; thus it is possible to  optimize the split o f plant staff 
during reactor maintenance;
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(3) The health physicist can check the absorbed doses during the various 
operations and, after several analyses, is able to  determine those opera
tions for which actions to  reduce the occupational doses have to  be 
undertaken.

In concluding this review about the application o f the ALARA principle 
to the preliminary UNP design, approved in the first instance by the ENEA/ 
DISP and, consequently, by the ENEA/NSRPC, it should be pointed out that 
in the following stage o f the detailed design under the supervision of the 
ENEA/DISP, a more detailed ALARA methodology will be implemented 
based on the updated technology concerning ALARA aspects w ith which 
positive experience has been gained at the latest PWRs.

As regards the Alto Lazio NPP, a 2894 MW(th) BWR MARK III (whose 
construction, under the new energy policy consequent to  the Chernobyl 
accident, has been stopped while the possibility of converting it to  a gas fired 
unit is examined), the ENEA/NSRPC has followed carefully the provisions 
made by the designer to  optimize radiological protection and to  reduce the 
plant annual collective dose. Its first estimate was about 6 man-Sv/a; then, as 
a result o f following ALARA design reviews, the dose estimate was reduced to 
about 4 man-Sv/a.

The main modifications to  which we can ascribe the collective dose 
reduction are: the use o f  canned pumps instead o f mechanical seal pumps in 
the purification system; the use o f rem ote control devices for ISI; flow 
increase from 1 to 2% o f feedwater flow; elimination o f cobalt in rollers and 
pins of the control rod mechanism; and improvements, from the radiological 
point of view, in plant and system layout design.

The plant design optim ization process forms the basis for occupational 
radiation exposure control and is essential for an efficient implementation 
o f the ALARA principle in operating reactors.

The optim ization process in reactor operation takes into account 
mainly the following parameters: plant organization; procedures and work 
planning; radiation protection measures w ith particular regard to monitoring 
instrum ents and dosimetric control; coolant chemistry; and qualification 
and training o f plant personnel [8], especially of maintenance and radiation 
protection technicians.

In this regard, it is widely acknowledged that, although facilities and 
equipm ent are im portant in term s of controlling occupational exposures, 
the ultim ate success o f any radiation protection programme is dependent 
on the quality and training of the personnel involved.

In Italy the optim ization process in reactor operation, to a great extent 
determ ined by ALARA design selection, is the responsibility o f the plant 
management, and its im plem entation forms the main task of the plant health 
physics departm ent, operating under the responsibility o f  a qualified expert, 
to  ensure the effectiveness and control o f protective measures on the site.
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ENEA/DISP carries out the prom otion and supervision o f the enforce
m ent o f the ALARA principle in operation o f the plants and the results 
obtained are presented to ENEA/NSRPC during the procedural examinations 
connected with the approval o f plant modifications, or during the revision 
procedure for renewal o f the licence, which normally takes place every ten 
years.

The Italian NPPs at present in operation which were designed before 
1977, of course, were not considered using the ALARA methodology in the 
design stage. Therefore, not all the parameters necessary to reduce occupa
tional doses were adequately considered during the design phase. However, 
the construction of these plants was carried out according to  the criteria of 
the best technology prevailing at tha t time, so that the radiological protec
tion standard is comparable to  the updated standard o f reactors o f the same 
generation and of the same power.

Through the control and the organizational activities carried on by 
ENEA/DISP, improvements have been effected on the plants to  increase 
the radiological protection standard by implementing operational ALARA 
procedures, backfitting work, personnel training and maintenance planning. 
Through these activities satisfactory results have been achieved. In parti
cular, to  optim ize the plant standard of radiological protection for the 
workers, improvements were made as to  the control o f access to the 
radiation areas, traffic patterns, accessibility conditions, decontam ination 
devices, double radiom etric control for the staff leaving the restricted areas, 
layout of the hot workshop, personnel training, and maintenance planning.

To provide some indicators of radiological protection  performance at 
Italian LWRs and to  express some considerations about the radiological 
protection standard obtained from the ALARA in operation, data are given 
in Ref. [9] concerning the following: the staff employed, the values o f the 
mean and the maximum individual annual dose and the values of collective 
annual dose. Moreover, comparative considerations are expressed as 
regards the radiological protection standard between the values of collective 
dose at Italian LWRs and the correlative values o f US LWRs, according to 
the data given in Ref. [10].

As regards the Trino ENEL NPP, equipped with an 870 MW (th) PWR, 
Table I shows that the number of staff employed peaks during refuelling and 
m aintenance activities. The mean individual annual dose, after an initial 
increase, shows an irregular behaviour w ith peaks corresponding to  refuelling 
and m aintenance outages, but w ith a decreasing trend. Nevertheless, with the 
exception o f  1969, the mean individual annual dose has always been below 
the value o f 5 mSv as recommended in ICRP Publication 26.

The trend o f the annual collective doses is also irregular, w ith maximum 
values related to  refuelling and planned m aintenance work.
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According to the data from NUREG-0713 [10] it can be seen that the 
plant operation at Trino ENEL NPP has required mean occupational annual 
collective doses clearly lower than the mean values of PWRs in the USA.

The same can be said about the Garigliano ENEL NPP, a 506 MW(th) BWR 
(Table II) at present under decommissioning. According to  the data from 
NUREG-0713 [10] it can be seen that the operation of the plant has given a 
lower dose absorption as compared with that o f similar plants in the USA.

As regards the Caorso ENEL NPP, equipped with a 2651 MW (th) BWR, 
it can be seen (Table III) that this plant employed a great number o f contrac
tors’ personnel, about 1366 units in 1984, while the number of plant staff 
has remainded homogeneous during the entire operating time. The peak of 
1984 is to be attributed to the contractors’ personnel and was connected with 
the second outage for refuelling, during which many maintenance activities 
were performed.

Concerning the mean annual individual doses, after their constant 
increase, resulting from the activities during the outage for refuelling and for 
programmed maintenance, in 1983 and 1984, there is a clear decrease in 1985 
and 1986, even though in this period some outages were effected by refuelling 
and maintenance. In any case, the dose values remained lower than the mean 
annual dose recommended by ICRP Publication 26.

The annual collective doses remained low during the startup period.
They have increased during the operating period.

It is im portant to  notice the increment in 1983-1984 as a result o f main
tenance and refuelling work during the first and second outages, followed by a 
clear decrease in 1985 and 1986, in spite o f the third and the fourth outages 
for refuelling, maintenance and backfitting work.

The highest annual collective dose o f 9 man - Sv was recorded at the 
Caorso NPP in 1984. During this period, extensive programmed and extra
ordinary m aintenance activities were carried out. A total o f 1460 workers 
were employed, o f whom 350 were staff members of the plant, 1000 were 
contractors’ personnel and 110 were from other ENEL plants. The highest 
dose contribution (2.7 man-Sv to  235 workers) has to  be ascribed to the 
operations for the IHSI systems’ treatm ent. This dosimetric cost can be con
sidered to be justified by the necessity o f verifying and assuring a higher 
safety standard for the plant. The clear decrease in the occupational collec
tive dose recorded in 1986 is largely attributable to a reduction in radiation- 
dose-oriented operations and to  the increased effort in applying the ALARA 
principle in these operations as a result of increased operating experience.

Observation and analysis of the data dem onstrate that, w ith respect to 
committed radiation occupational doses, the values at the Caorso NPP are in 
line w ith dose values experienced in the operation o f 400 MW (e) BWR power 
plants.
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A comparison between the mean annual absorbed collective doses in 
BWRs in the USA and those in the Caorso NPP is not feasible, because the 
data having been assembled in only five years of operation are not yet suffi
cient to  determ ine a significant trend; in fact, the values for 1985-1986 
indicate that the value recorded for 1984 of 9 man-Sv/a was exceptional.

Finally, from the data referring to  the maximum individual annual 
doses at the NPPs studied (Tables I—III), it can be seen that, except at the 
Garigliano ENEL NPP in 1975, the maximum individual annual dose was in 
every case lower than the 50 mSv/a limit which represents the maximum 
permissible dose.

In conclusion, the examination of the dosimetric data concerning the 
Italian LWRs indicates that the occupational annual collective doses assume 
particular importance during refuelling and m aintenance outages; however, an 
increased effort to  apply optim ization principles in reactor operation, through 
the management o f plant outages and improved personnel training, can reduce 
the occupational exposure and achieve a good standard of radiological protec
tion for the plants.
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A bstract-R esum en

OCCUPATIONAL DOSE TRENDS IN THE ARGENTINE NUCLEAR PROGRAMME.
An evaluation is given of individual and collective doses during each stage of the Argentine 

nuclear programme for the period 1981-1986. Ninety per cent of the collective dose is due to nuclear 
power generation, and 50% is attributable to maintenance personnel from this sector. Concentration and 
purification of uranium, fuel element fabrication and research and development give rise to only insig
nificant collective doses, and show a downward trend over the last six years. In the area o f power gener
ation, the collective dose per practical unit fell after 1985 owing to the entry into service of the Embalse 
nuclear power station. The average annual collective dose for the period under consideration was 58% 
lower than that observed for the period 1977-1980.

TENDENCIAS DE LAS DOSIS OCUPACIONALES EN EL PROGRAMA NUCLEAR 
ARGENTINO.

Se presenta una evaluación de las dosis individuales y colectivas en cada una de las etapas del 
programa nuclear argentino en el período 1981-1986. El 90% de la dosis colectiva se debe a la genera
ción de energía eléctrica, y el personal de mantenimiento de ese sector contribuye con el 50%. Las 
etapas de concentración y purificación de uranio, fabricación de elementos combustibles e investigación 
y desarrollo dan origen a dosis colectivas poco significativas y muestran una tendencia decreciente en 
los últimos seis años. En la generación de energía eléctrica, la dosis colectiva por unidad de práctica 
disminuyó a partir de 1985 como consecuencia de la puesta en funcionamiento de la central Embalse. 
La dosis colectiva anual promedio en el período considerado filé un 58% inferior al valor observado 
en el período 1977-1980.

1. INTRODUCCION

Uno de los objetivos primarios del programa nuclear argentino es la producción 
de energía eléctrica mediante un ciclo de combustible autosuficiente e independiente. 
Se basa en la utilización de reactores de uranio natural y agua pesada y se contempla 
la utilización en dichos reactores de uranio de bajo enriquecimiento y el reciclado del 
plutonio generado en ese ciclo.

Las etapas que se realizan en Argentina en la actualidad son: extracción y 
purificación de uranio, fabricación de elementos combustibles, generación de energía 
eléctrica e investigación y desarrollo.
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En este trabajo se presenta una evaluación de las dosis ocupacionales en las 
etapas del ciclo antes citadas y se analizan las tendencias observadas en el período 
1981-1986.

2. DOSIS OCUPACIONALES

Los criterios de protección radiológica utilizados en Argentina para controlar 
la dosis recibida por los trabajadores son consistentes con las recomendaciones de la 
Comision Internacional de Protección Radiológica (CIPR) y fueron presentados en 
trabajos previos [1, 2].

Los resultados dosimétricos que se presentan se basan en datos del monitoraje 
individual y de áreas, provenientes de las distintas etapas del ciclo de combustible. 
Los valores de dosis, en términos de dosis equivalente efectiva comprometida, han 
sido calculados integrando la tasa de dosis durante 50 años.

2.1. Extracción y purificación de uranio

En el período considerado toda la explotación de uranio se realizó en minas a 
cielo abierto. La dosis media recibida por los trabajadores se mantuvo, durante todo 
el período, alrededor de 3 mSv/a.

La dosis colectiva por unidad de práctica fue disminuyendo en los últimos años, 
pasando de 4,2 Sv-hombre/GW (e)-a en 1981 a 2,1 Sv-hombre/GW (e)-a en 1986. 
En el Cuadro I se presentan las dosis resultantes en función del tiempo.

CUADRO I. DOSIS RESULTANTES DE LA EXTRACCION, 
CONCENTRACION Y PURIFICACION DE URANIO

Año
Producción 

de U30 8 
(toneladas)

Dosis media 
(mSv)

Dosis colectiva 

(Sv • hombre/t U) (Sv • hombre/GW (e) ■ a)

1981 137 2 ,4 ' 0,017 4,2

1982 182 2,7 0,018 4,5

1983 203 2,4 0,011 2,8

1984 152 3,3 0,011 2,8

1985 161 3,2 0,012 2,8

1986 204 3,3 0,008 2,1
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CUADRO II. DOSIS RESULTANTE DE LA FABRICACION DE 
ELEMENTOS COMBUSTIBLES

Año
Producción 

de U30 8 
(toneladas)

Dosis media 
(mSv)

Dosis colectiva 

(Sv-hombre/t U) (Sv • hombre/Gw(e) • a)

1981 19 0,27 l , 6 x l 0 -3 0,35
1982 42 0,22 5,7x1o-4 0,12

1983 35 0,17 5,1x1o-4 0,10

1984 37 0,26 6 ,8 x 1 o -4 0,15
1985 38 0,16 4,7 x1o-4 0,11

1986 53 0,29 6 ,0 x  10-4 0,15

2.2. Fabricación de elementos combustibles

La dosis media recibida por los trabajadores en esta etapa del ciclo osciló 
alrededor de 0,23 mSv/a.

La producción de elementos combustibles se incrementó de 19 t en 1981 a 53 t 
en 1986, mientras que la dosis colectiva en el mismo período disminuyó de 
0,35 Sv-hombre/GW (e)-a a 0,15 Sv-hombre/GW (e)-a (véase el Cuadro II).

2.3. Operación de centrales nucleares

La central Atucha I se encuentra operando desde 1974, y en el período analizado 
tuvo una parada programada en 1982 y una reparación importante en el generador 
de vapor en 1986. La dosis media anual en el período fue de 15 mSv y la dosis colec
tiva por unidad de práctica, promedio, fue de 18 Sv-hombre/GW (e)-a. Dichos 
valores para el período 1977-1980 fueron de 17 mSv y de 42 Sv-hombre/GW (e)-a 
respectivamente.

La central Embalse inició su operación en 1983, observándose en los años 
siguientes un paulatino aumento de las dosis ocupacionales, aunque éstas son 
significativamente inferiores a la de la central Atucha I. En 1986, la dosis media 
anual alcanzó 4,9 mSv y la dosis colectiva por unidad de práctica 
5,6 Sv • hombre/GW(e) • a.

En el Cuadro III se presentan las dosis ocupacionales observadas en ambas 
centrales en función del tiempo. La contribución a la dosis colectiva de las principales 
tareas que se realizan en las centrales se presenta en el Cuadro IV. Las tareas de 
mantenimiento contribuyeron con el 50% de la dosis colectiva ocupacional en el 
período 1981-86.
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CUADRO III. DOSIS RESULTANTE DE LA GENERACION 
DE ENERGIA ELECTRICA

Atucha I Embalse Ambas centrales

Año Dosis Dosis Dosis
media colectiva media colectiva media colectiva
(mSv) (Sv ■ hombre/GW(e) • a) (mSv) (Sv • hombre/GW(e) • a) (mSv) (Sv • hombre/GW(e) • a)

1981 14 23 — — 14 23

1982 18 40 18 40

1983 13 16 0,2 1,4 5 13

1984 10 9 1,0 1,8 4 6

1985 18 20 1,4 1,6 8 9

1986 24 40 4,9 5,6 13 18

CUADRO IV. DISTRIBUCION PORCENTUAL DE DOSIS COLECTIVAS 
SEGUN EL TIPO DE TAREAS EN CENTRALES NUCLEARES

Año Operación
(%)

Mantenimiento
(%)

Otros
(%)

1981 35 48 17

1982 24 64 12

1983 18 45 37

1984 21 52 27

1985 18 52 31

1986 22 54 24

La dosis colectiva debida a la incorporación de tritio se mantuvo por debajo del 
7% de la dosis total, en la central Atucha I; en la central Embalse, esta fracción es 
significativamente mayor, alcanzando el 50% en 1985 (véase el Cuadro V).

2.4. Investigación y desarrollo

Las principales actividades involucradas en esta etapa, desde el punto de vista 
de las dosis recibidas por los trabajadores, son las de la operación de reactores y
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CUADRO V. PORCENTAJE DEL TOTAL DE 
DOSIS COLECTIVA DEBIDA A TRITIO EN 
CENTRALES NUCLEARES

Año Atucha I
(%)

Embalse
(%)

Ambas centrales 
(%)

1981 5,0 — 5,0

1982 4,2 - 4,2

1983 6,4 18,1 6,7

1984 4,5 19,9 7,4

1985 7,0 50,2 11,9

1986 5,1 39,1 12,0

aceleradores de investigación. Más del 90% de los trabajadores involucrados recibie
ron dosis anuales inferiores a 5 mSv y la dosis media anual no superó 2 mSv en todo 
el período. La dosis colectiva es poco significativa y se mantuvo por debajo de
0,1 Sv-hombre/a.

3. CONCLUSIONES

La operación de centrales nucleares contribuye con el 90% del total de la dosis 
colectiva ocupacional del programa nuclear argentino. De ese valor, alrededor del 
80% se debe al funcionamiento de la Central Atucha I, la cual presentó en el período 
considerado una dosis colectiva por unidad de práctica inferior en un 58% a la obser
vada en el período 1977-1980 [1].

Los niveles altos de exposición a lo largo del circuito primario, en Atucha I, 
son la causa principal de la elevada dosis colectiva por unidad de práctica originada 
por dicha central. Se deben fundamentalmente al depósito de productos de corrosión 
activados, entre los que el cobalto 60 contribuye con el 90% en los niveles de exposi
ción resultantes [3]. El personal de mantenimiento recibe más del 50% de la dosis 
colectiva originada por ambas centrales.
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A bstract

RADIATION PROTECTION ISSUES AND TECHNIQUES CONCERNING EXTENDED 
MANNED SPACE MISSIONS.

The natural radiation environment in outer space, as well as manmade radiation sources in support 
of future space missions (such as fission reactors for space power and propulsion applications) could 
severely limit the duration and types of manned space missions now being considered for the next 
century. These extended human space missions include: permanent space stations in low Earth orbit 
(LEO) and at geostationary Earth orbit (GEO), lunar bases, and human expeditions to and settlement 
of the planet Mars. One very important issue influencing a permanent human presence in space is that 
of space radiation protection. Astronauts and cosmonauts are, in effect, “ special radiation workers” 
who require an extensive radiation protection program. An examination of the space radiation environ
ment, natural and manmade, in association with ambitious 21st Century space activities clearly identifies 
the need for an advanced, innovative space radiation protection program that includes: effective radia
tion monitoring devices suitable for a variety of extraterrestrial work locations (e.g. LEO, lunar surface, 
interplanetary space, etc.), an improved ability to model and predict crew doses for sophisticated and 
long-duration missions, and the development of in-situ space radiation protection laboratories as an 
integral part of future space station complexes, lunar surface bases, and Mars expedition spacecraft and 
surface settlements.

1. INTRODUCTION
As we enter the next millennium, we will witnèss 

the start of humanity's e x t r a t e r r e s t r i a l  
civilization. Permanent space stations in low Earth 
orbit (LEO), construction platforms at geostationary

91
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N ATURAL

-  G alactic Cosmic Rays (GCRs)
-  Solar Particle Events (SPEs)
-  T ra p p e d  Radiation Belts (Van Allen Belts)

M A N M A D E

-  S p a ce  Nuclear Power Systems
-  -  Reactors
—  R ad io iso to pe  Systems

-  Space/H igh Altitude Nuclear Detonations
-  Particle Accelerators
-  O n B oard  Radioisotopes

FIG. I, Sources o f space radiation.

orbit (GEO), permanently inhabited bases on the 
lunar surface, and human expeditions to the planet 
Mars are all part of this envisioned development [1- 
5]. One of the major concerns associated with the 
development of a permanent human presence in outer 
space is the space radiation environment, natural 
and manmade. As shown in Fig. 1, the natural portion 
of the space radiation environment consists of three 
major components: the Earth's trapped radiation
belts (also called the Van Allen Belts), solar 
particle events (SPEs), and galactic cosmic rays 
(GCRs). Radiation sources associated with human 
activities can include: space nuclear power systems 
(both fission reactor and radioisotope), the 
detonation of nuclear explosives in the upper 
portion of the Earth's atmosphere or in outer space 
(note - such activities are currently prohibited by 
i n t e r n a t i o n a l  treaty), s p a c e b a s e d  particle 
accelerators, and radioisotopes used for calibration 
and scientific activities.

Shown schematically in Fig.2, the Earth's trapped 
radiation environment is most intense at altitudes 
r a n ging from 1000 km to 30 000 km. Peak 
intensities occur at 3 000 km and 22 000 km. Below 
about 10 000 km most of the trapped particles are 
relatively low energy electrons (typically, few MeV) 
and protons. In fact, below about 500 km only the 
trapped protons and their secondary nuclear 
interaction products represent a chronic radiation
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FIG. 2. Earth 's trapped radiation belts (schematic representation).

hazard [7,8]. However, the trapped radiation 
environment is an important factor in the overall 
selection of a permanent space station's operational 
altitudes and shielding requirements. Table I 
provides some representative orbital parameters for 
the current U.S. Space Station program [9, 10]. At 
these parameters (i.e. , 500 km altitude and 28.5° 
inclination), the predominant part of an astronaut's 
overall radiation exposure will be due to trapped 
protons from the South Atlantic Anomaly (SAA). The 
South Atlantic Anomaly is a region of the Earth's 
inner radiation belts that dips close to the planet 
over the southern Atlantic Ocean southeast of the 
Brazilian coast. Passage through the SAA represents 
the most significant source of chronic natural space 
radiation for space travelers in low Earth orbit [3, 
7, 9].

A solar flare is a bright eruption from the Sun's 
chromosphere that may appear within minutes and fade 
within an hour. Solar flares cover a wide range of 
intensity and size. They eject high energy protons 
that represent a serious hazard to astronauts 
traveling beyond low Earth orbit. The solar 
particle events (SPEs) associated with solar flares
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TABLE I. SPACE STATION ORBITAL PARAMETERS

Nominal Design altitude range
Element Altitude Inclination High Low

(degrees)

Space station 500 km 28.5 555 km 463 km
270 (n. miles) 300 (n. miles) 250 (n. miles)

Co-orbiting 500 km 28.5 1000 km 463 km
platform(s) 270 (n. miles) 540 (n. miles) 250 (n. miles)

Polar platform(s)a 750 km 98.25 900 km 400 km
381 (n. miles) 486 (n. miles) 215 (n. miles)

a Polar servicing altitude 276 km (149 n. miles).

can last one or two days. Anomalously large solar 
particle events (ALSPEs), the most intense variety 
of solar particle event, can deliver potentially 
lethal doses of energetic particles-even under 
modest spacecraft shielding (e.g. 1 to 2 g/cm of 
aluminum). The majority of SPE particles are 
energetic protons, but heavier nuclei are also 
present [7, 8, 10]. Of greatest radiation
protection concern to astronauts in cislunar space 
(beyond the Earth's magnetosphere), on the lunar 
surface, and even on the surface of Mars are the 
anomalously large solar particle events that seem 
to occur about once a decade. In fact, for each 
w e e k  spent in space (beyond the Earth's 
magnetosphere) there is a realistically finite 
chance (typically 1 in 500) that unshielded or 
"under-shielded" astronauts will receive a lethal 
dose of radiation [8, 11, 12]. For example, the 
radiation dose equivalent to an "unshielded" 
astronaut in free space from the August, 197 2 ALSPE 
has recently been estimated to be 9.6 sievert (960 
rem). But if some 9 cm of aluminum (or equivalent) 
shielding were provided, the astronaut's dose 
equivalent would have been about 0.4 Sv (40 rem)
[11]. Consequently, an effective space radiation 
protection program for astronauts on extended 
missions in free space or on planetary surfaces 
(e.g. the Moon and Mars) must include adequate 
active dosimetry, ALSPE monitoring and warning, and 
"storm shelters" on the manned spacecraft or on the
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planetary surface that provide a minimum of 10 cm Al 
(or equivalent) shielding during these solar storms. 
A "worst case" ALSPE definitely has the potential of 
severely disrupting future long-duration space 
missions beyond LEO. A "worst case" ALSPE will 
typically deliver about 0.94 Sv/h (94 rem/h) to an 
exposed (unshielded) astronaut and some 0.22 Sv/h 
(22 rem/h) behind 30 cm aluminum shielding [11]. 
It should be noted that a typical spacesuit suitable 
for extravehicular activity (EVA) in space or on the 
lunar or Martian surface provides only some 0.5 to
0.8 g/cm2 aluminum (equivalent) shielding; while a 
typical contemporary space vehicle (e.g. the Space 
Shuttle/Spacelab) provides between 1.2 and 2.0 
g/cm2 aluminum (equivalent) shielding [6, 8, 11, 
12].

Galactic cosmic rays (GCRs) are the most 
energetic of the three general types of natural 
space radiation. Galactic cosmic radiation consists 
of protons (82-85%), alpha particles (12-14%), and 
highly ionizing heavy nuclei (1-2%) like carbon, 
oxygen, neon, magnesium, silicon, and iron [8, 10, 
11, 12]. The ions that are heavier than helium have 
been given the name "HZE particles", meaning high 
atomic number (Z) and high energy (E). These HZE 
particles make up about one to two percent of the 
galactic cosmic radiation and are considered to be 
isotropically present in space. Iron (Fe) ions 
appear to contribute substantially to the overall 
GCR dose. Of particular interest in space radiation 
protection is the fact that very few studies have 
been performed to date on the relative carcinogenic 
effectiveness of HZE particles. Such data are 
vitally important, if we are to develop more refined 
capabilities in producing risk estimates associated 
with long-duration manned space flight.

These energetic galactic cosmic rays can 
penetrate a manned spacecraft or space habitat and 
deliver a radiation dose to the human occupants 
within. As the near-optic velocity GCRs penetrate a 
space system, they collide with structural material 
and shielding material nuclei, producing an 
assortment of nuclear fragments, mesons, and deeply 
penetrating neutrons that also contribute to the 
crew's radiation dose. The GCRs and their secondary 
charged particles deliver an ionizing radiation dose 
all along their path through an astronaut's body.
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FIG. 3. Spent core inventory fo r  a 300 kWe-class space reactor. 
1 Ci = 3.70 X 10w  Bq.

FIG. 4. Dose rate from an unshielded 300 kWe-class spent space reactor after 7 years ' operation. 
I  rem = 1.00 x  10 '2 Sv.

The secondary neutrons collide with nuclei in human 
tissue and deliver a somewhat "localized" dose. 
Sophisticated radiation transport calculations and 
advanced dosimetry systems are needed to more 
carefully evaluate the radiobiological consequences 
of these chronic GCR doses, especially on manned 
missions through interplanetary space of several 
years duration [4, 10, 11].
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TABLE II. CORE DESCRIPTION FOR HYPOTHETICAL 300 kWe SPACE 
REACTOR

Region 1 2 3 Total

Enrichment 51% 75% 97% —

Uranium content

U-235 (kg) 113.5 163.8 210.2 487.5

U-238 (kg) 110.4 55.3 6.6 172.3

Total U (kg) 223.9 219.1 216.8 659.8

Power level (MWt) 2.28 2.86 2.36 7.50

Up until now we have discussed the natural space 
radiation environment. Future manned space 
missions, especially those involving bases on the 
Moon and human expeditions to Mars will most likely 
be enabled by the p r e s e n c e  of 1 0 0 - k W e  and 
multimegawatt-class space nuclear reactors [1-5]. 
These space nuclear power systems, with shielding 
optimized to minimize mass-in-orbit, can also 
contribute to the overall radiation environment 
experienced by astronauts. The precise contribution 
of such manmade radiation sources to an astronaut's 
overall radiation dose is, of course, a rigorous 
function of space vehicle/habitat design, mission 
duration, shielding design, reactor operational 
history, and other m i s sion-specifiс factors. 
However, it is useful to describe here the spent 
core inventory (Fig.3) and dose rate (Fig. 4) from an 
advanced-design 300 kWe-class space nuclear reactor
[13]. The hypothetical advanced space reactor has a 
three-region core as described in Table II [13, 14]. 
Future space radiation protection programs should 
include consideration of the existence, operation 
and eventual post-operational disposal of such space 
nuclear power systems.

2. SPACE RADIATION PROTECTION CONSIDERATIONS

Space flight unavoidably increases the exposure 
of astronauts to ionizing radiation. Up until now, 
only a few individuals have ventured into space, and 
fewer still have traveled beyond low Earth orbit.
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TABLE Ш. TYPICAL ASTRONAUT DOSE 
MEASUREMENTS (APOLLO MISSIONS 
TO MOON)

Mission Mean dosea
(mGy) (mrad)

Apollo 7 1.6 160

Apollo 8 1.6 160

Apollo 9 2.0 200

Apollo 10 4.8 480

Apollo 11 1.8 180

Apollo 12 5.8 580

Apollo 13 2.4 240

Apollo 14 11.4 1140

Apollo 15 3.0 300

Apollo 16 5.1 510

Apollo 17 5.5 550

a Thermoluminescent dosimeters (TLDs).

Table III describes the representative mean doses 
experienced by the Apollo astronauts during their 
expeditions into cislunar space [1, 3, 12, 15]. As 
we enter the 21st Century, more people will travel 
in space and some of these astronauts will travel 
beyond the Earth's protective magnetosphere for 
extended periods of time. Figures 5 through 7 
provide some contemporary estimates concerning the 
radiation risks associated with lunar surface, 
interplanetary space and Martian surface operations 
[4, 10, 11, 12]. While these are fundamentally
preliminary estimates subject to considerable 
refinement, they nevertheless clearly identify the 
need for innovative space radiation protection 
programs by the spacefaring nations of the world. 
From these preliminary estimates it is very obvious 
that astronauts on long duration space missions will 
receive very large "occupational" radiation doses - 
far greater doses, in fact, than those considered 
acceptable as maximum occupational exposures for
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о ACUTE EXPOSURE -  ANOMALOUSLY LARGE SOLAR 
PARTICLE EVENT (ALSPE) (e.g. Aug 1972 Event)

Behind 2 g/cm2 AI 5.0 Sv (500 rem)

Behind 20 g/cm2 AI 0.11 Sv (11 rem)

о CHRONIC EXPOSURE -  GALACTIC COSMIC RAYS (GCRs) 

Behind 2 g/cm2 AI 

Solar Minimum 0.45 Sv/a (45 rem/a)

Solar Maximum 0.18 Sv/a (18 rem/a)

FIG. 5. Radiation health risk (free space — 1 AU).

GALACTIC CO SM IC  RAYS (GCRs) (Chronic Exposure)

о Free Space (behind 2 g/cm2 AI)

Solar Minimum 0.45 Sv/a (45 rem/a)

Solar Maximum 0.18 Sv/a (18 rem/a)

о On Mars (behind 10 g/cm2 C02)

Solar Minimum 0.12 Sv/a (12 rem/a)

Solar Maximum 0.05 Sv/a (5 rem/a)

FIG. 6. Radiation health risk: Manned Mars expedition (GCRs).

ANOMALOUSLY LARGE SOLAR PARTICLE EVENT (ALSPE) 
(e.g. Aug 1972 Event) (Acute Exposure)

о Free Space (1 AU)

Behind 2 g/cm2 AI 5.0 Sv (500 rem)

Behind 20 g/cm2 AI 0.11 Sv (11 rem)

о On Mars

Behind 10 g/cm2 C02 1.7 Sv (170 rem)

Behind 10 g/cm2 C02 + ~0 Sv (~0  rem)
50 g/cm2 Martian Soil

FIG. 7. Radiation health risk: Manned Mars expedition (ALSPE).
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Depth Eye Skin
(5 cm) (0.3 cm) (0.01 cm)

30 Days 0.25 Sv (25 rem) 1 Sv (100 rem) 1.5 Sv (150 rem)

Annual 0.50 Sv (50 rem) 2 Sv (200 rem) 3.0 Sv (300 rem)

Career 1 - 4  Sv (100- 4 Sv (400 rem) 6.0 Sv (600 rem)
400 rem)

FIG. 8. Recommended exposure limits (astronauts/space workers — 1988).

terrestrial radiation workers (i.e. 0.05 Sv/a [5 
rem/a:]). Figure 8 presents the astronaut exposure 
limits that have recently been recommended to the 
U.S. National Aeronautics & Space Administration 
(NASA) by the U.S. National Council on Radiation 
Protection and Measurement (NCRP) [12]. The career 
dose equivalent shown in Fig. 8 is based upon a 3% 
lifetime risk of cancer mortality. The total dose- 
equivalent yielding this risk depends on the 
astronaut's sex and age at the start of the 
exposure. The career dose-equivalent limit is 
approximately equal to: [12]
for males

200 + 7.5 {age - 30] rem* (la)
2.00 + 0.075 {age - 30} sievert* (lb)

and
for females

200 + 7.5 {age - 38} rem* (2a)
2.00 + 0.075 {age - 38} sievert* (2b)

Any increase in radiation exposure increases the 
risk or probability of contracting cancer, inducing 
genetic mutations or causing lens opacities. In 
general, risk avoidance is essentially dose 
avoidance. But in space, complete radiation dose 
avoidance is not possible. Therefore, "tolerable 
levels" of radiation exposure risk must evolve with 
an expanding human presence in outer space. It may 
be appropriate to treat future astronauts and space 
inhabitants as "special category" radiation workers,

* up to 4.00 Sv (400 rem) maximum.
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not only permitting them higher annual exposure 
limits than terrestrial radiation workers but also 
more carefully observing their overall physiological 
response to space radiation environment through 
carefully designed pre-flight, immediate post-flight 
and long-term post-flight biomedical examinations.

Since we can judge astronauts to be radiation 
workers, an effective space radiation program must 
provide them with a radiation risk limitation 
system. Wherever possible, mission profiles and 
plans should adhere to the ALARA Principle. This 
would mean, for example, limiting extravehicular 
activities for a Space Station crew during passes 
through the South Atlantic Anomaly or sending all 
lunar surface workers into storm shelters at the 
first indication of a solar particle event. During 
the early planning for long-duration space missions, 
we must carefully evaluate the potential radiation 
risks and compare these with mission benefits and 
gains. To the greatest extent possible the 
astronauts and space workers should be informed 
about these potential risks and (where practical) be 
involved in the overall risk evaluation/reduction 
program [12].

An effective space radiation protection program 
should also support research (including in-situ 
laboratories on the Space Station, at the lunar 
base, and on the Mars expedition vehicles) that 
helps reduce the overall radiation risk estimate 
uncertainties. High quality (active) dosimetry will 
be essential to help actually verify crew doses for 
each mission. Of course, real time radiation 
monitoring (both spacebased and groundbased via 
telemetry) is an essential part of any future space 
radiation protection program. This radiation 
monitoring system should include an effective solar 
storm prediction and warning system. (See Fig. 9.)

One very important area for future space 
radiation protection activities is the development 
of improved active, real-time dosimetry devices 
responsive to all types of space radiation (natural 
and manmade), including neutrons. In a recent 
innovative space radiation dosimetry program, 
instrumentation that was not initially designed for 
in-cabin use on the U.S. Space Shuttle, was modified 
and qualified for manned space flight and then
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O ADVANCED DOSIMETRY
-  active dosimeters

---- individual
---- EVA (individual & vehicle)
---- robot vehicles with sensitive electronics

-  habitat and work areas
-  space nuclear power industry

О SPACE RADIATION PROTECTION LABORATORIES (IN-SITU)
-  locations:

----Space Stations (LEO & GEO)
—  Lunar Surface
—  Martian Surface & Moons

O SOLAR PARTICLE EVENT (SPE) LABORATORY
-  solar storm prediction & monitoring
-  cislunar space alarm system
-  lunar surface shelter program

FIG. 9. Space radiation protection program (recommended activities).

successfully flown on a number of Shuttle missions, 
including STS-6, 8, 11, 41-C, 4Í-D, 41-G and 51-A. 
The crew interaction with these instruments: (a) a 
solid state (mercuric iodide) gamma ray detector and 
(b) a tissue equivalent neutron/proton dosimeter, 
has led to the design and development of a new real
time dosimeter called the Advanced Radiation 
Measuring Equipment (ARME) [16]. The ARME detector 
is a tissue equivalent proportional counter (TEPC) 
that generates (in real-time) dosimetry-oriented 
data in rad-tissue or rem. Based on previous space 
flight experience with the earlier real-time 
radiation instruments, several features have been 
added which improve the overall usefulness of the 
ARME. These features include: (1) three channels of 
dosimetry data are provided-one channel for low LET 
events up to 3 keV per micron and two channels for 
higher LET events; (2) a battery-powered removable 
memory module that can hold 32 000 data sets with 
time stamps; (3) real-time display of total dose and 
dose rate; (4) alarms on total dose and dose rate; 
and (5) a set of instrument controls that can be 
preset on the ground prior to space flight to 
minimize astronaut time demands on-orbit [16]. 
Figure 10 illustrates the ARME which consists of two 
parts: the Main Module and the Memory Module. The 
Main Module contains the detector, most of the 
electronics, and the display panel. The Memory 
Module contains the data memory and the batteries.
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FIG. 10. Advanced radiation measuring equipment (ARME).

While in space flight, an astronaut can easily 
replace one Memory Module with another, not only 
providing new memory capacity but also a fresh power 
supply in the same operation. The complete ARME is 
27.94 cm (11 in) x 10.16 cm (4 in) x 5.08 cm (2 in) 
and has a mass of 1.5 kg (3.3 lb) including 
batteries.

The ARME provides tissue equivalent response for 
gammas, protons, and neutrons. It displays in real 
time: total exposure dose in rad-tissue and rem, 
and exposure dose rate in rem/h. The Memory Module 
stores 32 000 sets of raw data with time stamp. 
Alarms can be set for dose rate (rem/h) and total 
dose equivalent (rem). This versatile instrument 
will be tested on future Space Shuttle flights and 
can then be incorporated into future Space Station 
radiation protection programs. Follow-on versions of 
the ARME would represent suitable active dosimetry 
devices for lunar base and Mars expedition radiation 
protection activities.
3. SUMMARY

The space radiation environment, especially 
beyond low Earth orbit, has the potential of 
limiting or even preventing a permanent human 
presence in outer space. The successful development 
and operation of lunar bases and triumphant
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expeditions to the planet Mars will depend, in part, 
on the development of successful space radiation 
protection programs by the world's spacefaring 
nations. Key elements in this radiation protection 
program include: advanced (active) dosimetry
devices, in-situ space radiation protection 
laboratories, the ability to predict and monitor 
solar particle events and then issue rapid storm 
warnings throughout cislunar space, and innovative 
shielding designs incorporating the use of space 
vehicle components as well as extraterrestrial 
materials (e.g. lunar soils).
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DISCUSSION

(Discussion held on the papers presented in Session 5)

Paper IAEA-CN-51/19

R. PRIGENT: From what date will the Federal Republic of Germany officially 
bring the calibration of its radiation protection instruments into line with the new 
quantities defined in International Commission on Radiation Units and Measurements 
Publication 39? I refer here to instruments to be used for area and individual monitor
ing of external exposure to photon irradiation. In the case of individual monitoring, 
my question relates both to electronic prevention dosimeters and to the passive 
dosimeters that are required in your country.

S.R. WAGNER: It will certainly be several years before the new quantities are 
brought into practical use. I should point out that a second ICRU report giving further 
details on the new quantities is now in print, and that a further ICRU Report Commit
tee is also working on calibration procedures. In the Federal Republic of Germany 
area monitors, as well as active and passive monitors for photon radiation, are at 
present calibrated in units of so called photon dose equivalent, which is the product 
of exposure (in röntgen) and the factor 0.01 Sv/R.

Paper IAEA-CN-51/41

G. LOPEZ ORTIZ: What are the detection limits for uranium and plutonium 
in urine?

F. BREUER: The detection limits for plutonium and some chemical forms of 
uranium are not sufficient to reveal our derived investigation levels. In the case of 
plutonium, better results can be obtained by the track method but the results take 
2 to 3 months to come through after the collection of samples.

G. LOPEZ ORTIZ: What criterion did you use in deciding on the time interval 
between two consecutive determinations?

F. BREUER: For a sampling interval of 2 to 6 months, we consider a derived 
investigation level corresponding to detection limits of 10 mBq/L for plutonium and 
2 mg/L for uranium to be adequate.

Paper IAEA-CN-51/80

D.E. BECKER: Given your unique experience on the radiation protection side 
of technical assistance, could you supplement your general outline with some specific 
comments about, for example, the practice of supplying developing countries with:
(a) radiation sources before an adequate radiation protection programme exists, or
(b) radiation protection instrumentation which is too sophisticated for the local condi
tions (trained manpower availability, maintenance facilities, climate, etc.). After all,
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two inexpensive, rugged and simple instruments which actually work are much better 
than one very expensive, complicated one which does not.

F.N. FLAKUS: There is not enough time to go into detail on this matter, but 
I believe that the essential pre-condition for the success of a technical co-operation 
project is that the inputs from the Agency and from the country receiving assistance 
should match. If the counterpart institution includes highly educated experts, then one 
can, and should, provide very sophisticated instrumentation and very high level 
experts. By the same token, however, one should not provide instrumentation that 
is beyond the country’s operating capacity, nor should one provide a highly 
specialized expert in cases where that expert would have no partner with whom to 
communicate adequately.

We know that there are relatively few instruments available that can withstand 
severe environmental conditions (such as high humidity and high temperature), and
I think that the industry still has a long way to go in developing instruments that will 
work reliably in tropical countries.

Concerning radiation sources, the Agency is currently expanding its programme 
in this area. A detailed study is being undertaken on radiation sources that have been 
supplied to Member States, and I think that in this connection it is essential to help 
developing Member States to dispose of certain sources that are no longer required. 
The Agency is increasing its emphasis on moves in this direction.

Paper IAEA-CN-51/73

R.M. FRY: Is it possible to relate individual medical records to the doses 
entered in the Canadian National Dose Registry? I am particularly interested in the 
dose/medical records of uranium miners and millers.

G.S. POIRIER: The medical records of an individual are not made available to 
anyone without the individual’s permission. However, information in death 
certificates is available for epidemiological studies and can, provided there is no 
ambiguity as to the individual’s identity, be linked to the corresponding occupational 
dose as recorded in the National Dose Registry. Information on cancer deaths is also 
available from provincial cancer societies. The only situation in which medical 
records and dose information are brought together is when a Workers’ Compensation 
Board is requested to consider a claim that a worker’s disability or death was caused 
by radiation. Epidemiological studies have been conducted in Canada in an attempt 
to determine the relationship between lung cancer deaths among uranium miners and 
their occupational exposures, in which connection I would refer you to J. Müller’s 
study of Ontario uranium miners.

Paper IAEA-CN-51/74

P. FERRUZ: Both you and G.S. Poirier have, in your respective presentations, 
described a very comprehensive dosimetric system. I noticed that you both referred 
to ‘legal compensations’, and would appreciate some further information on that.
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D.J. COULSTON: A full review of the compensation scheme is to be published 
shortly in the Journal of Radiological Protection.

G. LOPEZ ORTIZ: I would like to ask you the same question I put to F. Breuer 
a few minutes ago, that is, what, in your view, are the detection limits for uranium 
and plutonium in urine?

D.J. COULSTON: In the case of plutonium, the detection limit with plastic film 
is approximately 0.01 pCi/sample. This is still too high to allow detection of chronic 
exposure to class Y (and, in practice, class W) plutonium, where such exposure is 
typically < 1 0 %  ALI. As for uranium, I do not have the number to hand — but 
generally the same comment can be made with regard to class Y and, potentially, 
W. Class D can be detected adequately.

R. PRIGENT: One of your slides showed a worker holding an individual 
aerosol sampling instrument. Could you indicate whether you have noted any correla
tions between the activities deposited on the filter of the instrument and the activities 
inhaled by the worker using it? And have you performed comparisons between the 
values found? If so, what are your conclusions on the representativity of such 
sampling?

D.J. COULSTON: The answer to your first two questions is yes. The details 
of our work will be presented by R. Strong at Versailles in June 1988. Generally, 
personal air samplers overestimate the potential exposure by a considerable margin.

Paper IAEA-CN-51/40

R. NEIDER: Did you make any estimates of the doses which workers in coal 
fired power plants or in the fertilizer industry might have received?

A. BAUMAN: Yes, we did. We arrived at a dose of between 1 and 10 mSv/a.
G. LOPEZ ORTIZ: Have comparative studies of chromosome aberrations been 

carried out in other population groups of similar age and with similar living condi
tions? I ask this because I personally believe the value of the aberrations encountered 
to be very high.

A. BAUMAN: Yes, we had a comparative group of the same age and sex. 
Factory workers were selected who had had no X-rays or medication (i.e. drugs or 
pharmaceutical products) in the previous 12 months.

Paper IAEA-CN-51/56

R. HOCK: What was the basis for the exposure limits proposed for astronauts, 
which are certainly rather high compared with those for radiation workers on earth? 
Was the reasoning possibly that radiation should not exceed a certain fraction of their 
total professional risk?
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J.A. ANGELO: The basis for the risk that the National Council on Radiation 
Protection and Measurements recommended to the National Aeronautics and Space 
Administration was an approximate 3% lifetime chance of cancer for career 
astronauts. That was considered to be an acceptable number relative to the size of 
the group and to the exposures in relation to the natural environment, which were 
unavoidable. The limits were recommended in late 1987, and are now being reviewed 
by NASA administrators. They are slightly lower than the limits in use during the 
early part of the space programme, and it must be remembered that they related to 
a very small group of people, for whom this was considered to be an acceptable 
occupational risk, taking into account all the other risks involved in space travel. My 
present contention is that these are still valid limits for use within our small space 
community. However, as the number of people undertaking space flight increases, 
the present limits will have to be re-evaluated to determine whether steps should be 
taken to reduce them. Perhaps there is not really such a severe problem as we think; 
if that were so, even the terrestrial radiation protection community might then seize 
the opportunity to extend some of the curves and remove some of the uncertainty.
I believe that NASA documentation is available which indicates, on the basis of a 
statistical inference, that crews would have a slightly higher percentage risk than, 
say, normal radiation workers on earth. This was considered acceptable within the 
overall risk involved in the occupation.

D.J. BENINSON: I would like to add two points. First, the lifetime risk taken 
as a basis for the proposed dose limits for space activities is not substantially different 
from that corresponding to the limits in the dose limitation system. The higher limits 
are due to the shorter total exposure time. Second, we are hardly likely to obtain 
epidemiological information from space personnel owing to the small numbers 
involved.
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Abstract

REVIEW AND ANALYSIS OF DISCHARGE LIMITATION PRACTICE IN THE EUROPEAN 
COMMUNITY.

An important area of application of radiation protection philosophy is that concerning the setting 
of discharge limits for radioactive effluents from nuclear installations. In the European Community, as 
elsewhere, the scientific basis for discharge authorization and limitation has undergone an evolution 
reflecting developments in radiation protection; in particular, the principle of optimization had to be 
assimilated in the regulatory process, a requirement imposed on Member States of the European 
Community by virtue of the Euratom Directive on Basic Safety Standards. An outline of past and present 
authorization procedures and discharge limits is presented, based on written and verbal submissions 
made to two ad-hoc meetings of experts convened by the Commission of the European Communities 
for the purposes of comparison and mutual exchange of information and techniques. Additionally, the 
Commission, responding to recent calls by the European Parliament and environmental groups, pledged 
to re-examine the value of setting regulatory emission standards for nuclear installations. This 
re-examination involved the consultation, on basic policy for limiting releases, of the Group of Experts 
which advises the Commission on radiation protection, in the light of recent advances in this field. 
Moreover, an investigation was undertaken of the application of national regulatory provisions concern
ing activity discharges of certain nuclear installations. A critical review is presented here of the methods 
and their application for fixing discharge limits for radioactive effluents from nuclear installations in 
Member States of the European Community. The implications of using as the basis for discharge 
limitation a dose criterion or an emission standard are discussed and conclusions drawn concerning the 
advisability of adopting uniform emission standards for plants of the same design regardless of 
differences in environmental characteristics.

1. INTRODUCTION

In the European Community a unique situation exists with 
regard to the use of nuclear energy: the basis for the protection 
of the health of the general public and workers against the
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dangers arising from ionizing radiation is one and the same for 
all Member States. This common framework is set down in Chapter 
III of the Treaty establishing the European Atomic Energy 
Community (Euratom). In particular, Article 30 prescribes that 
the basic safety standards for protection must be laid down in 
order to enable each Member State to adopt the appropriate 
provisions, by legislation, regulation or administrative action¿ 
to ensure compliance with the basic standards. Since 1957, when 
the Treaty came into force and was applied in the original six 
Member States, the standards have been laid down in successive 
Directives, issued by the Council of Ministers of the Community, 
following the submission of relevant proposals by the Commission 
and in the light of the opinion of the European Parliament and 
that of the Economic and Social Committee (which represents the 
voice of the employers and trades unions in the Member States ). 
Each country acceding to the Community is under the obligation to 
assimilate the standards in its body of laws.

These standards, called the Euratom Basic Safety Standards 
(EBSS) have, from the outset, been based on the recommendations 
of the International Commission for Radiological Protection 
(ICRP); being legally binding, however, they set specific 
requirements and define in greater detail the measures necessary 
for the application of radiological protection principles. The 
Basic Standards established by these Directives constitute a 
harmonized system of dose limitation within which national 
authorities may, if they wish, set more stringent requirements.

Title VII of the currently applicable EBSS Directive [1] 
lays down the fundamental principles governing the operational 
protection of the population. Title III sets out the 
requirements for limitation of doses for controllable exposures. 
Together, the two titles provide the basis for the limitation of 
discharges of radioactive effluents to the environment by nuclear 
fuel cycle installations. Similar provisions for such limitation 
existed in the previous Euratom Directive. It is interesting to 
examine how past and current provisions in the field of discharge 
authorization were assimilated in national legislation by the 
various Member States of the Community, and the changes that took 
place as a result of developments in radiation protection 
philosophy. It is also interesting to assess the impact of other 
factors, such as the standardization of design of installations 
of a given type, and the application in other industries of the 
concept of emission standards. In addressing these issues, this 
paper draws heavily from information supplied by the Member 
States, in particular, submissions to two ad-hoc meetings 
organized by the Commission in 1977 and 1987 and involving 
representatives of the competent authorities and members of the 
Group of Experts appointed for the purposes of Article 37 of the 
Euratom Treaty [2,3].
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In the Community the methods used for limiting discharges in 
air and water from nuclear installations have, from the outset, 
been based on the principle that the exposure of individuals and 
the number of persons exposed to ionizing radiation must be kept 
as low as is reasonably achievable and that the doses received 
must not, in any event, exceed the appropriate dose limits. No 
attempt is made, however, in the EBSS Directives to allocate any 
fraction of the above limits to a particular source or practice. 
Since the Directives themselves, according to the Euratom Treaty, 
are mandatory as to the objectives to be achieved but leave the 
choice of practical means to the individual Member States, 
different approaches to the problem of discharge authorization 
were developed. It was generally recognized, however, that as 
the dose limits are related to individuals, irrespective of the 
source of the exposure, and apply to the total dose from all 
sources and activities involving hazard from ionizing radiation, 
source specific limits, which are fractions of the dose limits, 
should apply to the dose contribution to individuals from any 
given source or practice. For discharges from a particular 
installation, therefore, authorized limits have been and are 
being applied, such that doses exceeding the chosen fractions 
(now called source upper bounds (SUB)) would not occur, and that 
any doses that do occur are at levels as low as reasonably
achievable.

Although the guiding principles for discharge limitation are 
identical, in practice the procedures and methodologies developed 
vary significantly from country to country. The basic
differences between countries lies, for the most part, in their
approach to radiological control:

(1) Whether radiological control is exercised on a case by case
basis, and with what end-point in mind; or

(2) Whether generally applicable numerical limits are applied
and what these limits represent.

The limits have been arrived at on the basis of various 
radiological and technological considerations. For example, the 
Netherlands referred, in the case of exposure of any one 
individual, to the insignificance of doses lying within the
variations in natural background radiation levels, • and it would 
appear to have been this 'radiological criterion’ together with a 
knowledge of currently achievable levels of operational control 
that determined the limits used in that country.

In those cases where effluent limits have been expressed in 
the form of dose limitation to the local population, it is 
interesting to note that the limits applied in 1977 to doses 
arising fron combined atmospheric and liquid releases in no case
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exceeded 10% of the overall dose limits for members of the 
general public laid down in the Council Directive of 1976.

Since the 1977 meeting of the Article 37 Group with members 
of the Competent Authorities, considerable developments have 
taken place as regards both the production of nuclear energy and 
radiation protection philosophy and standards. Specifically, the 
substantial changes recommended by the IRCP in 1977 were taken up 
in the current Community Directive of 1980 as amended in 1984. 
All Member States effectively respect the current Directive, 
although some have not, as yet, incorporated it into national 
legislation. As regards the dose limit requirement, most Member 
States possessing nuclear power installations have set dose 
limits specific to radioactive effluent discharges, that are 
significantly more restrictive than the overall limits laid down 
in these Basic Standards.

All Member States have embraced the ALARA Principle, though 
there exists a fundamental difference in the manner in which it 
is applied in the various states. In those states where the 
United States Nuclear Regulatory Commission Guides for design 
objectives and limiting conditions for operation of LWRs have 
been adopted, the dose limits are implicity considered to 
correspond to effluent releases which are as low as reasonably 
achievable. In all other cases the limits represent upper bounds 
within which all reasonable efforts are expected to be made to 
minimize exposures in conformity with the Basic Standards.

Little weight is given to the concept of collective doses in 
the Member States when fixing discharge limits for nuclear 
installations and consequently collective dose limits are not 
formally embodied in the legislation of any of the Member States. 
Occasionally the concept has been found to be helpful when a 
choice has to be made between different policy options.

If one compares the situation in 1977 with that of 1987, 
several developments, in addition to decisions in certain 
countries (Denmark, Ireland, Luxembourg and, effectively, Greece 
and Portugal) not to proceed with nuclear energy, are noteworthy:
(a) In the case of Belgium, although the initial methodology 

used to derive the discharge limits for Doel and Tihange was 
based on NRC guidelines (which only fix dose limits), 
current ' authorizations lay down specific limits on the 
activity that can be discharged over set periods.

(b In the United Kingdom considerable changes with regard to 
atmospheric releases have taken place since 1977 when 
authorizations to disoharge radioactive gases and aerosols 
from nuclear power stations placed ño specific limits on the 
quantities that could be discharged, though they did require 
that the best practicable means be employed to minimize such
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discharges. At the present time all the UK’s second 
generation nuclear stations, namely, the AGRs, include site 
specific numerical limits in their authorizations. In the 
case of the older Magnox type stations, the process of 
imposing limits is now under way.

(c) With the exception of France, all Member States either 
provide by law or by binding recommendations, or Government 
commitment, for specific limits to exposures from nuclear 
fuel cycle installations. In France, a different approach 
to dose limitation has been adopted, in that individual dose 
limits for members of the public are deemed to have been 
respected if the volumetric average concentrations in air 
and water at defined distances are lower than the 
corresponding derived limits laid down by the competent 
authorities.

In practice there is no case within the European Community 
where explicit limits applied to doses resulting from effluent 
releases exceed 10% of the 5 mSv limit.

Where in force, individual dose limits are applicable to a 
typical or average member of the critical group open to a number 
of pathways for maximum exposure and having what is termed 
realistic (rather than extraordinary) living habits. In a few 
cases the limits are applicable to the most exposed member of a 
critical group ór, more generally, to the most exposed 
individual. In one case, namely the Netherlands, only the most 
critical pathway is considered on the assumption that the 
probability of significant exposure from other pathways relative 
to that from this pathway is so small as to be negligible.

Other differences in application relate to the fuel cycle 
step(s) involved and the extent of the installations considered. 
For example, in some cases dose limits apply to a single unit on 
a site, in others to all units on a single site and in yet others 
to all installations contributing to exposure at à given 
location. In France, where both activity limits and activity 
concentration limits are employed, the former are applicable to 
individual units on a particular site whilst the latter are 
applicable to all units on the same site.

Considerable similarities exist between the various Member 
States as regards the methodologies used to derive operational 
discharge limits and in the manner in which these are applied. 
In most states, the plant operator proposes discharge limits 
based on experience with similar facilities elsewhere and is 
obliged to demonstrate that the predicted discharges from the 
proposed installations would respect the relevant dose limits. 
The licensing authority then carries out a radioecological 
assessment of the proposed discharge limits taking into account 
the design of the plant in question, the ‘radiological’ capacity
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of the receiving environment and releases from other existing or 
planned installations into the same environment. In other words, 
in fixing discharge limits for individual nuclear installations, 
a case by case analysis is nearly always carried out. The 
licensing authority then fixes the limits in the discharge 
authorization on the understanding that the 'best available 
technology’ will in fact be employed by the operator in such a 
way ад to conform to the 'as low as reasonably achievable’ 
principle.

With regard to nuclear power stations, specific annual 
limits are usually set:

In the case of gaseous effluent for - noble gases
- iodine-131 (sometimes 
halogens in general)

- aerosols (in several 
countries for nuclides 
with Tj >/ 8 d)

In the case of liquid effluent for - gross activity
(excluding 3H)

- tritium
- specific radionuclides 
of potential 'radio
logical’ significance.

In the case of large reprocessing plants, such as those at
Sellafield and Cap de la Hague, specific limits are also imposed 
on the amounts of alpha emitting radioactivity that may be
discharged to the environment. Furthermore, most states impose 
limitations on so-called short term releases. However, the time- 
scales defining short term releases vary greatly, ranging as they 
do from periods eus short as one hour to monthly or indeed six 
monthly.

In most Member States no flexibility is permitted in
relation to discharge limits as these usually incorporate a
margin sufficient to allow for some minor maloperation or
malfunction in the plant. A few countries do permit certain 
limits to be exceeded, though only in exceptional circumstances 
and only after the responsible authorities have been notified and 
given their approval.

In all Member States compliance with the discharge limits 
laid down in the authorization is demonstrated by means of
rigorous and wide ranging sets of controls operating at various 
levels. These are usually based on the monitoring of liquid and 
gaseous effluents prior to and in the course of discharge,
together with extensive environmental surveillance programmes 
both on-site and throughout the zone surrounding the site. In
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almost all cases at least two separate monitoring programmes are 
conducted, namely: a programme carried out by the plant operator
and a programme carried out by the Regulatory Authority or his 
appointee.

Details of the methods and procedures that must be followed 
by the operator are laid down under the terms of the discharge 
authorization and in certain cases are embodied in statutory 
health regulations. It is noteworthy that in a number of Member 
States the supervision of compliance with discharge limits and 
the authorization for operation of nuclear installations are 
performed by the same authorities. All states place particular 
emphasis on the principal exposure pathway(s) in the vicinity of 
the installation when conducting their environmental monitoring 
programmes. In every case inspectors from the authorizing 
authority have right of entry to nuclear installations at any 
time for the purpose of checking compliance with the authorized 
discharge limits and with other conditions in the discharge 
licence. In most Member States discharge data are published 
annually (or sometimes with greater frequency) by the controlling 
authority or the responsible ministry of state. It is customary 
for the major site operators to issue annual reports giving 
details of discharge data, environmental monitoring results and 
dose assessments carried out by themselves.

In all Member States, whenever a breach of the discharge 
limits has occurred, or is likely to occur, the operator is 
obliged to notify the responsible authorities immediately. A 
formal investigation is then carried out by the competent 
authorities and, depending on the severity of the breach, 
sanctions may be imposed on the operator. In some countries 
sanctions may only be imposed by the relevant ministry of state 
acting on advice from the regulatory authority.

3. DISCHARGE LIMITS VERSUS EMISSION STANDARDS

For some time now, there has been a public debate on whether 
the best approach to discharge authorizations is that using 
activity limits based on dose upper bounds and ALARA 
considerations, or emission standards that are set on the basis 
of the best available technology. The debate has been blurred by 
some confusion surrounding the meaning of the terms ’best 
available technology’ (BAT) and 'as low as reasonably achievable’ 
(ALARA).

In the Community, the generally agreed policy for protection 
standards in different human activity sectors draws a distinction 
between two concepts, that of effect oriented standards, such as 
environmental quality standards, and source oriented standards 
such as emission and product standards.
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The BAT principle takes account of costs and feasibility in 
that for similar installations (kind, age, rating) releasing 
hazardous substances to the environment, the installation which 
controls discharges to a relatively greater extent at no severe 
additional cost sets the BAT derived emission standards. The 
latter should then be applied to the other installations 
irrespective of the capacity of the environment to disperse the 
contaminant.

Recent Community Directives applicable to certain types of 
industrial activity and specific pollutants are based on the BAT 
concept with the proviso that excessive costs are not incurred. 
The Commission, responding to calls by the European Parliament 
and environmental groups, pledged, in its outline communication 
to the Council on the consequences of the Chernobyl accident [4], 
to investigate whether the emission standards concept should be 
applied to nuclear installations. Advice was sought from 
national representatives and members of the 'Article 37’ Group 
who, meeting together in February 1987, examined the issue, 
drawing from studies on regulatory practices and from published 
reports on the matter [5-7]. In particular, arguments
previously advanced by Dunster [7] found strong support amongst 
the participants. They shared the view that, using ALARA, 
additional expenditure could be employed in a more cost effective 
way to reduce preferentially the emissions from those 
installations giving rise to the higher doses. By contrast, 
using emissions standards set by the most stringently controlled 
plant to reduce discharges from other similar installations, the 
highest costs will be incurred at installations where current 
limits are highest and which have been so laid down because they 
correspond to low doses per unit discharge; in other words, the 
reduction in doses will be least at those installations.

There are other penalties to pay also: the setting of
uniform emission standards would inhibit the development of new 
methods to reduce discharges, even if they result in higher doses 
than implied by ALARA, and could encourage operators to discharge 
at levels close to the standards. Finally, this concept would 
replace ALARA in an important area of radiation protection. It 
is important to stress here the lessons learnt from the incident 
at Sellafield, in November 1983 [8]: British Nuclear Fuels was 
found guilty of failing to comply with the condition of 
authorization to discharge, by discharging highly radioactive 
particulate matter and liquids to sea to such amount and at such 
a rate that radiation exposure from such discharge was not as low 
as was reasonably achievable. However, the discharge in question 
was within authorized limits and there was no evidence of either 
measured or assessed consequences; it was sufficient to show that 
persons off-site were exposed to 'the risk of coming into contact 
with a level of radiation above the (achievable) minimum’. Such 
considerations, and the subsequent verdict, would not have been 
possible under the emission standard concept.



IAEA-CN-51/38 121

The principal conclusions of the Group can be summarized as 
follows:

(1) With one exception, all were against the adoption of 
emission standards for nuclear installations, the main 
reason being that the receiving environment is not taken 
into account, which is in direct conflict with the ALARA 
principle enunciated by the ICRP and adopted in the Euratom 
Basic Safety Standards; discharge limits should continue to 
be based on a dose level (source upper bound) which is a 
fraction of the dose limit for members of the public laid 
down in the Euratom Basic Safety Standards.

(2) Many favoured a harmonization of such dose upper bounds in 
effluent control within the European Community. At present 
the relevant values vary by a factor of six between the 
various Member States.

(3) Several were of the opinion that harmonization of dose
levels should also lead to the harmonization of 
methodologies for deriving operational discharge limits. If 
the latter is not achieved, the results could be
substantially divergent for identical installations.

(4) Several stressed that emission standards are not an answer 
to the problem of trans-frontier contamination caused by 
radioactive effluents, and that, consequently, this problem 
can only be solved by bilateral agreements.

In conclusion, there now exists within the framework of the 
Euratom Basic Safety Standards, a unified basis for the 
limitation of discharges of radioactive effluents to the
environment from nuclear installations. There is also a 
widespread and strongly held view within the Community that the 
application of uniform emission standards to nuclear
installations would be a retrograde step. Consequently, there 
is, presently, a clear need for the harmonization of dose upper 
bounds in effluent control and an equally important need to 
harmonize the methodologies used in the derivation of operational 
discharge limits.
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Abstract-Resumen

ESTIMATION OF COMMITTED COLLECTIVE DOSE EQUIVALENTS RESULTING FROM DIS
CHARGES FROM THE RP-10 RESEARCH REACTOR.

An environmental investigation was performed on the site of a 10 MW research reactor in Lima, 
Peru, and on the surrounding area. A simplified environmental model for estimating the effective dose 
equivalent for critical groups, and the collective dose for the surrounding area (radius 10 km) was postu
lated. The Gaussian atmospheric dispersion model was adopted. Estimated doses were calculated using 
gaseous discharges with local transfer parameters as input data. It was demonstrated that, under normal 
operating conditions, the doses to the critical groups and to the population as a whole are insignificant.

ESTIMACION DE LAS DOSIS EQUIVALENTES COLECTIVAS COMPROMETIDAS DEBIDAS 
A LAS DESCARGAS DEL REACTOR DE INVESTIGACION RP-10.

Se realizó una evaluación ambiental del emplazamiento y del área de influencia de un reactor de 
investigación de 10 MW, ubicado en Lima, Perú. Se postuló un modelo ambiental simplificado para 
el estimado del equivalente de dosis efectiva a los grupos críticos y de las dosis colectivas en el áera 
local (10 km de radio). El modelo gaussiano de dispersión atmosférica fué adoptado. Las dosis estimadas 
fueron calculadas tomando como datos de entrada las descargas gaseosas y los parámetros de transferen
cia locales. Se demuestra que en operación normal las dosis a los grupos críticos y a la población son 
insignificantes.

1. EL REACTOR DE INVESTIGACION RP-10 — DESCRIPCION Y 
UBICACION

El RP-10 es un reactor nuclear de investigación de 10 MW(t) refrigerado y 
moderado con agua liviana. Su núcleo está compuesto por elementos combustibles 
del tipo MTR, enriquecido al 20% en uranio 235, reflectores laterales de grafito y 
materiales estructurales de aluminio y acero inoxidable.
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El reactor es del tipo de tanque abierto. El tanque tiene forma cilindrica, está 
dispuesto verticalmente y tiene 11,2 m de altura y 4 m de diámetro. Es de acero inoxi
dable, de 6 mm de espesor.

Los elementos combustibles, que forman el núcleo, pueden estar dispuestos en 
cien posiciones sobre la grilla. Cada elemento se compone de 15 placas de aluminio 
y uranio enriquecido al 20%, recubierto con una lámina de 0,45 mm de espesor. Cada 
placa tiene 13 g de uranio 235. Cinco de estos elementos son de control y constan 
de 11 placas combustibles y dos de cadmio envainado. Un sexto elemento efectúa el 
control fino (barra de regulación) [1].

El reactor está ubicado a 28 km al norte de la ciudad de Lima, a 400 msnm y 
tiene las siguientes coordenadas geográficas: 77° 00' 45" W de longitud y 11° 47' 
42” S de latitud. (Véanse las Figs 1 y 2.)
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Huarangal

FIG. 2. Ubicación del RP-10 {Huarangal).

2. EMPLAZAMIENTO

Las viviendas ubicadas en las inmediaciones del emplazamiento (hasta 5 km) 
son en general de madera rústica y cañas y constituyen grupos aislados de pocas 
casas. Entre 5 a 10 km, rumbo SO, se encuentran grupos más grandes, especialmente 
el pueblo de Carabayllo [2].

Aproximadamente a 4 km del emplazamiento del RP-10 corre de este a oeste 
el río Chillón, cuyo caudal medio es de 0,51 m3/s y 70,57 m3/s, en las épocas de 
estiaje y avenidas respectivamente. Se ha efectuado un inventario preliminar de los 
recursos de flora y fauna asociados al cauce del río en un tramo de 18 km que abarca 
el área de influencia del reactor [3]. Se han identificado especies vegetales de árboles, 
arbustos, hierbas y algas. En fauna se inventariaron algunas especies de aves, peces, 
reptiles e invertebrados.

Se han estudiado las condiciones micro-meteorológicas en el emplazamiento y 
su área de influencia (radio de 10 km a partir del reactor).

En el estación meteorológica, ubicada en el lugar, se han medido temperatura 
y humedad relativa, presión atmosférica, precipitación, velocidad y dirección de 
viento, nubosidad y visibilidad [4]. Los valores registrados y observados han per
mitido calcular las clases de estabilidad y los factores de dilución (Cuadro I). Se 
adoptó el modelo gaussiano.

Asimismo, se efectuó un censo de población, cuyos resultados se presentan en 
el Cuadro II [5].
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CUADRO II. NUMERO DE HABITANTES ESTABLES POR SECTORES

IAEA-CN-51/43 127

Dirección
Distancia (km)

1 2 3 4 5 6 7 8 9 10

Oeste 0 0 0 0 0 0 127 - - -

Suroeste 0 0 0 0 0 631 451 408 1337 3218

Sur 0 0 0 167 0 122 227 1897 5987 10189

Sureste 0 0 0 0 0 0 0 0 0 0

Este 0 0 0 202 23 0 0 0 0 0

Noreste 0 126 0 0 0 570 0 0 48 363

Norte 0 0 0 0 0 0 0 0 0 0

Noroeste 0 0 0 0 0 0 0 0 0 0

Además se ha obtenido información acerca de los hábitos dietéticos de los po
bladores de la zona. Se determinó un consumo promedio de 0,24 L/d de leche fresca 
de vaca, 0,070 kg/d de pescado y 0,053 kg/d de pollo, 151 g/d de arroz, 127 g/d 
de patatas, 44 g/d de fideos.

3. DESCARGAS GASEOSAS PREVISTAS AL AMBIENTE

Tomando como referencia el reactor de investigación RA-3 de Argentina, se ha 
estimado que las descargas gaseosas del ZRP-10 serán las que se muestran en el 
Cuadro III [6].

4. EQUIVALENTE DE DOSIS AL GRUPO CRITICO

Para evaluar los equivalentes de dosis al grupo crítico se ha seguido el modelo 
ambiental de compartimentos (Fig. 3), por lo que la dosis anual ha sido evaluada en 
condiciones de equilibrio.
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CUADRO III. DESCARGAS ANUALES DEL 
RP-10 A LA ATMOSFERA

Nucleido Descarga anual 
(Bq)

85Krm 2,9 x 109
88Kr 1,1 X 10“
l33Xe 7,4 x 1010
l35Xe 2,6 x 10“
138Xe 2,9 X 1010
13,I 1,1 x 106
l33I 1,1 x 105
135I 3,7 x 104
l44Ce 3,7 x 103
14,Ce 2,9 x 103
5lCr 1,1 x 103
l03Ru 1,1 x 103
,22Sb 1,8 x 103
124Sb 1,5 x 102
l37Cs 2,9 x 107
95Zr 1,5 x 103
95Nb 1,8 x 103
88Rb 1,1 x 108

Como vías de irradiación se han considerado la inmersión en gases nobles, la 
inhalación de radioyodos y aerosoles, la ingestión de leche y la irradiación externa 
por depósito.

Los criterios adoptados y los valores de parámetros ambientales en general se 
han tomado de la bibliografía internacional [7-9].

Asimismo se han utilizado los valores del factor de dilución (Cuadro I), los 
datos sobre población (Cuadro II), de descarga (Cuadro III), consumos promedios de 
leche y alimentos y demás parámetros locales resultantes del estudio del 
emplazamiento.

Se han empleado las siguientes relaciones para los cálculos del equivalente de 
dosis efectiva comprometida para el grupo crítico, que en el caso de las descargas 
gaseosas está ubicado entre 1 a 2 km en dirección noreste del reactor [6].
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FIG. 3. Modelo ambiental para el cálculo del equivalente de dosis.

Para gases nobles:

H e =  £  Q k f,j F d ek 
к

donde

H£ es el equivalente de dosis efectiva comprometida debida a gases nobles 
(Sv);

Qk es la descarga anual del radionucleido к (Bq);
f¡j es el factor de dispersión atmosférica en el punto de interés (s m '3);
Fd es el factor dosimétrico para la inmersión en la nube conteniendo gases

nobles (Sv Bq"1 m3 s '1 MeV"1); 
ek es la energía gamma emitida por el nucleido к (MeV).

Para inhalación de aerosoles y yodos radiactivos se ha usado:

H e =  £  Q k fij T r F dk 
к
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donde
H ' es el equivalente de dosis efectiva comprometida debida a inhalación de 

aerosoles y yodos radiactivos (Sv);
Qk es la descarga anual del radionucleido к (Bq)
fij es el factor de dispersión atmosférica en el punto de interés (s rrr3)
Fdk es el factor dosimétrico (Sv B q '1).

Para ingestión por consumo de leche, el nucleido crítico es el 131I. Para el cál
culo se ha empleado la siguiente relación:

Hcc =  Q, Fij Vg FT Fd Tc

donde
He es el equivalente de dosis efectiva comprometida debida al consumo de 

131I (Sv);
Qr es la descarga anual de 131I (Bq);
F¡j es el factor de dilución en el punto de ubicación del ganado lechero 

(s m 3);
Vg es la velocidad de depósito de las partículas (m s '1);
FT es el factor de transferencia de yodo desde el depósito a 'la leche

(m2 d L"1)
Fd es el factor dosimétrico para ingestión de l31I por infantes (Sv B q '1)
Tc es la tasa de consumo de leche por los integrantes del grupo crítico.

Para el caso de la irradiación externa por depósito de radionucleidos, el 
equivalente de dosis puede evaluarse así:

He =  £  Qk Fij Vg F^ Fp
к

donde
He es el equivalente de dosis efectiva comprometida debida a la radiación 

del material depositado sobre el suelo (Sv);
Qk es la descarga anual del radionucleido к (Bq);
fy es el factor de dispersión atmosférico donde se ubica el grupo crítico 

(s rrr3);
Vg es la velocidad de depósito de las partículas (m s '1);
Fdk es el factor dosimétrico del radionucleido к (Sv B q '1 m2);
Fp es el factor de permanencia a la intemperie de los individuos del grupo 

crítico.

Los resultados por todas las vías de irradiación se muestran en el Cuadro IV, 
recibiendo el grupo crítico un equivalente de dosis efectiva comprometida de
2 X 10'8 Sv.
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CUADRO IV. EQUIVALENTE DE DOSIS EFECTIVA COMPROMETIDA AL 
GRUPO CRITICO DEBIDA A LAS DESCARGAS GASEOSAS DEL RP-10

Radio-
Equivalente de dosis (Sv)

nucleido
Inmersión Inhalación

Ingestión 
de leche

Irrad iación

externa
Total

85Kr 3,1 x  1(TU — — — 3,1 X lO'"

88Kr 1,4 x  10~8 — — — 1,4 x  10'8

l33Xe 1,5 x  10'10 — — — 1,5 x  lO'10

l35Xe 4,4 x  10“9 - - - 4,4 x  10'9

l38Xe 1,5 x  10‘9 — — — 1,5 x  КГ9

l31I — 2 ,2 x lO'11 4,7 X lO'11 3,6 x  lO“13 6,9 x  10‘n

,33I — 3,4 x 1 0 13 — — 3,4 x  10‘13

,35I — 2 ,8 x lO'14 — — 2,8 x  КГ14

l44Ce — 4,6 x  lO“13 - 3,8 x  lO-15 4,6 x  КГ13

14,Ce - 1,3 x  1 0 ' 4 - 9,5 X lO'16 1,4 x  НГ14

5lCr — 7,4 x  lO'17 — — 7,4 X 10‘17

l03Ru — 5,2 x  1 0 15 — 2,3 X lO'15 7,5 X КГ15

l37Cs — 7,6 x  lO-16 — 2,4 x  1 0 14 2,5 x  10’14

l38Cs — 1,6 x 1(T'2 — — 1,6 x  lO“12

95Zr — 1,8 x  lO'14 - 6,3 x  10'15 2,4 x  10'14

95Nb — 5,2 x  lO“15 — 4,7 X НГ15 9,9 x  10“'5

88Rb - 5,9 x lO“12 - 5,9 x  10'12

Total 2,0 x  10‘8

5. EQUIVALENTE DE DOSIS A LA POBLACION EN GENERAL

Para evaluar el equivalente de dosis efectiva colectiva comprometida en un 
radio de 10 km alrededor del RP-10, se integró el producto del equivalente de dosis 
por el número de habitantes de cada corona circular, según la siguiente expresión [6]:

S ek =  X )  Q *  f ¡j P *  F *  m 4
ij
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CUADRO V. EQUIVALENTE DE DOSIS EFECTIVA COLECTIVA COM
PROMETIDA DEBIDA A DESCARGAS GASEOSAS DEL RP-10 
(Radio de 10 km)

Nucleido

Dosis colectiva comprometida 
(Sv-hombre)

Inmersión Inhalación Ingestión
Irradiación

externa
Total

85Krm 3.7 X 10“8 — — — 3,7 X 10’8

88Kr 1.5 x  10“5 - - — 1.5 X НГ5

133Xe 1,8 x  IO-7 — — — 1.8 x  10'7

135Xe 5,4 x  10‘6 — — 5,4 x  10-6

238Xe 2,1 x  10“6 — — 2,1 x  10“6

I3'I — 7,1 X 10-8 4,3 x  10'8 — 5,0 X 10'8

88Rb — 5,0 x  10‘10 — 5,0 X 10‘10

l44Ce — — — 1,1 x  10-12 1,1 x  10“12

,4,Ce — — — 4,6 x  10'12 4,6 X 10'12

,03Ru — — — 2,8 x  НГ12 2,8 X 10“12

137Cs — — — 2,9 x  10'11 2,9 X 10'"

95Zr — — — 8,1 x  IO'12 8,1 x  lO“12

95Nb - - - 5,7 x  10'12 5,7 X 10"12

Total 2,3 x  10“s

donde
Sek es el equivalente de dosis efectiva colectiva comprometida debida a la 

descarga gaseosa del nucleido k;
Qk es la descarga del nucleido k;
f¡j es el factor de dispersión atmosférica para el punto central del sector de

corona ij;
Ptk es el parámetro de transferencia del nucleido к en la vía considerada 

(inhalación, velocidad de depósito, etc.);
Fdk es el factor dosimétrico del nucleido к en la vía considerada;
m¡j es el número de personas en el sector de corona ij.

De este modo se obtuvieron los resultados que se indican en el Cuadro V,
siendo, para el radio de 10 km, 2,3 X  10'5 Sv-hombre.
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— El modelo ambiental simplificado aplicado en la estimación de las dosis obedece 
a los resultados del estudio ambiental del emplazamiento del RP-10 y su zona 
de influencia.

— En condiciones normales de operación, el RP-10 aportará un equivalente de 
dosis efectiva comprometida al grupo crítico de 2,0 X 10 8 Sv, en razón a las 
descargas gaseosas. Esta dosis equivale al 0,0083 % de la recibida por irradia
ción externa natural.

— El equivalente de dosis efectiva colectiva comprometida para un radio de 10 km 
alrededor del RP-10 es de 2,3 X 10~5 Sv-hombre. Lo que significa que un
1,1 x  10“11 % de la población considerada podría contraer cáncer por la dosis 
recibida.

6. CONCLUSIONES
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Abstract

ESTIMATING FUTURE DOSES FROM LONG-LIVED RADIONUCLIDES DISCHARGED TO 
SEA FROM THE BRITISH NUCLEAR FUELS REPROCESSING PLANT AT SELLAFIELD.

A number of long-lived radionuclides have been discharged, under authorization, into the waters 
of the Irish Sea as part of the low-level liquid wastes arising from the British Nuclear Fuels (BNFL) 
reprocessing plant at Sellafield. These discharges began in 1952 and have continued to the present day. 
Throughout this period intensive monitoring programmes of external and internal exposure, including 
surveys of the habits of local people and analysis of large numbers of environmental materials, have 
ensured compliance with authorized limits of discharge and consequently with the necessary level of 
protection of the general public. The rates of discharge have been considerably reduced in recent years, 
and this has resulted in a concomitant decrease in dose rates. Nevertheless, the long half-lives of some 
of the nuclides discharged are such that some level of dose will be received by the public for many years 
to come. This has necessitated detailed surveys of the distribution of these nuclides in the environment, 
studies of the processes which control this distribution, and the development of comprehensive mathe
matical models in order to estimate their future distribution under different environmental circum
stances. The most important long-lived radionuclides, in terms of potential dose to man, are those of 
the transuranium series, in particular 239/240pUi and 24lAm, which also grows-in from 24lPu. These 
nuclides are primarily associated with sedimentary materials. This makes it difficult to determine their 
distribution in the environment, and requires a considerable range of studies to be made in order to esti
mate the rates at which they will continue to enter food chain pathways to man. Equally difficult to esti
mate are the dominating environmental processes which will affect these distributions over different 
time-scales. In the short term it is possible to extrapolate from past experience, but models of environ
mental processes are required to make longer term predictions.

1. INTRODUCTION

Authorized low-level liquid discharges from the BNFL site 
at Sellafield into the north-east Irish Sea have been progres
sively reduced over the last decade. Zeolite skips were intro
duced in 1976 specifically to remove Cs isotopes from the ponds 
in which spent magnox fuel elements were stored, and the
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removal of these nuclides since mid-1985 has been effected by 
the commissioning of the Site Ion Exchange Effluent Plant 
(SIXEP). Additional measures, including the introduction of a 
salt evaporator in 1985, have similarly reduced discharges of 
other radionuclides, particularly the actinide elements. A 
further effluent treatment plant is due to become operative in 
the early 1990s. All of these measures have been - and con
tinue to be - taken in order to reduce the exposure of the 
public to radiation.

Radiological protection of the public is based on a frame
work of authorization, inspection, monitoring and dose assess
ment. These functions are carried out by the authorizing 
departments which, for the Sellafield site, are the Department 
of the Environment (DOE) and the Ministry of Agriculture, 
Fisheries and Food (MAFF). The latter undertakes most of the 
environmental monitoring and dose assessment, particularly in 
relation to critical groups. Such groups have, in the recent 
past, consisted of high-rate consumers of fish and shellfish 
and those who receive above-average exposure from external 
radiation due to contaminated intertidal sediments. Assess
ments are based on regular habits surveys of the local popula
tion, together with environmental monitoring. The results of 
each year's assessment are published by MAFF; the latest 
assessment is for. 1986[1].

As the annual quantities of radionuclides discharged have 
decreased, so have the doses to critical groups, although 
there have been considerable year-to-year variations, due 
mainly to changes in dietary preference, particularly in rela
tion to the shellfish consumed. This general downward trend is 
likely to continue. There are, however, a number of long-lived 
radionuclides in the effluents which, although dispersed within 
the Irish Sea, remain as a reservoir of potential future con
tamination. Of principal interest are the transuranium 
nuclides, and their distribution within the Irish Sea has been 
studied in some detail[2]. It has been shown that they are 
primarily associated with settled sediments, and have become 
incorporated to some depth in offshore areas of fine sediment.

Estimations of the possible exposure of the public to 
these nuclides in the future have been made using two entirely 
different approaches. One makes use of time-series data 
obtained from routine monitoring programmes, the other employs 
a site-specific, multi-compartment, box model to predict con
centrations of radionuclides in space and time, particularly 
those associated with sedimentary materials. The application 
of both models is briefly discussed in relation to past and 
predicted discharges.
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2. THE SELLAFIELD DISCHARGES

The principal long-lived nuclides in the Sellafield dis
charges are those of the transuranium elements, plus " T c .  The 
rate of discharge of 239/240pu j ^ g  decreased by about a factor 
of 30 since its peak in the early 1970s but, due to its long 
half-life, the cumulative environmental inventory amounts to 
about 680 TBq as of the end of 1986 (Fig. la). The rate of 
discharge of 241Ри has similarly declined and, with a half-life 
of 14.4 years, its environmental inventory is also decreasing 
(Fig. lb). Its daughter is 21f*Ara. Thus although the direct 
discharges of 21t'*'Am have also been reduced (Fig. 2a), the total 
environmental inventory continues to increase; as of 1986 it 
was about 815 TBq. Not included in these estimates are the 
quantities of 23°Pu. Data on individual а-emitting Pu nuclides 
first became available in 1978, since when the annual 
239/240pu /238pu quotient has been less than 4. Analyses of 
environmental samples, however, indicate that the quotient has 
fallen from a value of about 20 in the mid-1960s, reaching its 
present value in the 1970s[3]. Of the other transuranium 
elements discharged, the quantities of 237Np are very low, 
amounting to a total of about 7 TBq, and the Cm isotopes are of 
about the same order.

The discharges of 99Tc are more periodic than those of the 
transuranium nuclides because they arise from medium-active 
liquors which are stored on site prior to release in order to 
allow for the decay of other radionuclides. It is estimated 
that some 600 TBq have been discharged to date. Discharges are 
at a very low level at present, pending the introduction of a new 
plant to treat stored liquors.

The chemistry of the various elements in the effluents 
prior to release has been studied to a limited extent. The 
major fraction of the transuranium nuclides arises from liquid 
wastes which are routed through holding 'sea tanks' before dis
charge. Ammonia is added to neutralize the predominantly acid 
liquors and this produces a floe composed of iron and other 
metal hydroxides. Both Pu and Am are primarily associated with 
this floe, in reduced form; dissolution from it appears to be 
a fairly slow process in sea water[4]. Similar conclusions can 
be drawn for the Cm isotopes, but it appears that approximately 
half of the 23^Np could be present in the soluble valence state 
of Np(V). No direct studies of the chemical form of Tc have 
been made, but it is presumed to exist in soluble form.

3. ENVIRONMENTAL DISTRIBUTION OF RADIONUCLIDES

All of the transuranium elements are adsorbed to a varying 
extent onto sedimentary materials in suspension. Partitioning
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FIG. 1. Annual (solid bar) and cumulative (open bar) discharges to 1986 of: (a) 239/240Pu, and 
(b) 241 Pu into the north-east Irish Sea from the BNFL plant at Sellafield.

between filtrate (< 0.22 |im) and particulate fractions in the 
Irish Sea indicate Kj values (Bq-kg-1 particulate/Bq■l-1 
filtrate) of lO1* for Np, 3.105 for Pu, and 106 for Am and Cm. 
These values reflect the chemical forms which are present in 
sea water[2,4] . The Np is almost entirely Np(V), and the Pu
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FIG. 2. (a) Annual (solid) and cumulative (open) discharges to 1986 o f  241 Am, including grow-in 
from 241 Pu, into the north-east Irish Sea from the BNFL plant at Sellafield; (b) projected cumulative 
discharges o f 239,240Pu and 241 Am from BNFL, Sellafield.

is also largely in the pentavalent state; both Am and Cm are 
principally in the reduced form. Within the sea bed, however, 
all four elements are in the reduced form, resulting in high 
Revalues for Np and Pu[5,6,7].
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Because of this association with particulate materials it 
has been estimated that less than 10% of each year's discharge 
of Pu and Am remains in the water column[2], The bulk of the 
quantities discharged have become incorporated into the settled 
sediments, particularly the muddier sediments lying offshore 
and parallel to the Cumbrian coast[2 ,8 ,9]. A number of studies 
have been made to examine further the distribution of Pu and Am 
within these sediments, and to assess the behaviour of the 
sediments themselves. Of particular interest has been an 
assessment of the extent to which the offshore area is either 
accreting or eroding: unfortunately, the area is so highly
bioturbated that conclusive evidence of either process having a 
dominating net effect is difficult to obtain. Dating of shell 
layers within the fine sediments, using ^ C ,  indicates a slow 
underlying accretionary history of the area overall, and an 
examination of particle scavenging rates, using 231*Th, provides 
circumstantial evidence that some areas may still be receiving 
a net lateral input of particulate matter[10,11]. What is 
unequivocal, however, is the fact that the sediments are 
vertically mixed to considerable depths over varying time- 
scales as a result of the benthic fauna living within the sea 
bed. As a result, Pu discharged from Sellafield has become 
incorporated into sediments to depths in excess of 1.5 m at 
some locations[8], and peak concentrations of Pu and Am are 
generally well below the surface[2,3,9,12].

In the muddier offshore areas, the principal means by 
which the nuclides are subducted is that of the feeding and 
burrowing habits of a large echiuran and a callianassid crusta- 
cean[8,12]. The former feeds on the sediment surface and 
deposits faecal material within its burrow at depths of between 
0.3 and 0.5 m; the latter appears to operate over a much 
greater depth range and excavates sedimentary material back 
onto the sediment surface. The shallower layers are also much 
disturbed by other infauna. Mixing coefficients have been

O I Ldetermined for the top few centimetres using Z04Th, and the top 
25 to 40 cm using 2*°Pb techniques, and the overall depth of 
the mixed layer derived from ^ C  analyses[8,10,13].

The relevance of determining such mixing rates is that, if 
there is no fresh input of sedimentary material into the area, 
the continual mixing of the sea bed will result in particles 
being repeatedly brought back into contact with the overlying 
water and being subjected to resuspension, particularly during 
storms. This would result in some lateral transport of the 
particles. In view of the expected further decline in the 
direct input of radionuclides from Sellafield, and on the 
assumption that the value is representative of a reversible 
process, it would also result in the desorption of a propor
tional fraction of the radionuclides back into the water. The
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sorption characteristics may have changed, however, as a result 
of diagenetic processes operating within the sediments, and 
this is currently being investigated.

Detailed studies of the environmental distribution of ^ T c  
have not been made, although it is routinely monitored in a 
number of species taken in the area. It appears to be highly 
soluble and transported to considerable distances both 
within[14] and outside the Irish Sea[15].

4. PATHWAYS OF EXPOSURE VIA SEAFOOD CONSUMPTION

The critical groups which have been identified in relation 
to the Sellafield discharges have varied considerably since the 
critical pathway approach was first introduced[16]. Throughout 
the mid to late 1970s it was dominated by high consumers of 
fish, and the principal nuclides contributing to the absorbed 
dose were 131<Cs and '37Cs. As the rates of Cs discharges 
decreased, shellfish consumers gained dominance, in particular 
those who ate relatively large quantities of winkles - an 
intertidal gastropod mollusc. Shellfish consumption rates 
increased from 1981 to 1983[17], although they have since 
declined. The major contributors to dose throughout this 
period, and subsequently, have been the nuclides of Pu and Am, 
plus 106Ru.

One of the difficulties experienced in accurately estima
ting doses from shellfish consumption has been that of assig
ning a value to the gut transfer factor, f^, for Pu and Am.
The International Commission on Radiological Protection (ICRP) 
had formerly used values of l.lO-*1 and 5.10-1* for Pu and Am 
respectively for soluble forms[18], but subsequently has 
recommended that a value of 1.10  ̂ be used for both nuclides 
when estimating doses to the public in the absence of specific 
data relevant to the situation!19]. Within the UK, the 
National Radiological Protection Board (NRPB), meanwhile, had 
recommended a value of 5.10-1* for both Pu and Am[20]. Studies 
have been made of high shellfish consumers near Sellafield, and 
on human volunteers consuming winkles collected in the area, to 
consider values for use in this specific situation[21]. Dose 
assessments by MAFF are usually made on the basis of an f, 
value of both 1.10—** and 5.10-1* for Pu, and 5.10_1+ for Am[ 1 ]. 
Annual assessments have shown that dose rates have always been 
within either the 1 m S v a " 1 principal or 5 mSv-a-1 subsidiary 
dose limits as recommended by the ICRP, and that lifetime doses 
would be less than an average of 1 mSv-a- * in all cases[17].
Of the long-lived nuclides, only the а-emitting nuclides of Pu 
and Am are of radiological significance, the contributions from 
Np, Cm and Tc being very small indeed.
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5. ESTIMATING FUTURE DOSE RATES

Dose rates to critical groups have fallen in recent years, 
reflecting the decrease in discharges from Sellafield. This 
trend is expected to continue. Direct discharges will not 
cease altogether for some time, however, and there remains a 
reservoir of long-lived radionuclides in the environment. 
Estimates have therefore been made of the likely dose rates 
which may be received in the future. In making such assess
ments it is necessary, in the first instance, to make assump
tions regarding the future rates of discharge and the consump
tion rates of the public. In these preliminary studies it has 
been assumed that the 1986 rates of discharge[17] would be 
maintained until 1991. From 1992 to 2005 it is assumed that 
the rates for 239Pu, 21,1Pu and 241Am would be 0.4, 17.02 and
0.22 TBq-a-  ̂ respectively, and from 2006 to 2025 they would be
0.1, 4.26 and 0.056 TBq-a~* respectively. These estimates were 
derived from projected annual average totals of a and ß/y emit
ters! 17] and an evaluation of the likely apportionment of 
radionuclides within the totals. Such assumptions are likely 
to be conservative. The environmental inventories of 239Pu and 
2>tlAm resulting from such assumed rates of discharge are indi
cated in Fig. 2b.

With regard to future consumption rates of seafoods, it 
has been assumed that the rates of 6.6 kg-a-* of crustaceans, 
16.4 k g -а- * of molluscs, and 36.5 k g a -* of fish which were 
recorded in 1981 have been maintained since then, and will con
tinue to obtain. Where retrospective assessments have been 
made, however, it has been assumed that the pre-1981 molluscan 
consumption rate was only 6.6 kg-a- -1, which is more in keeping 
with observed data in the late 1970s and the recollections of 
older, high-rate consumers[17].

Two quite different approaches have been made to estimate 
future dose rates. One is empirical, based on observed rela
tionships between discharge rates and environmental concentra
tions to derive 'availability times' of nuclides accumulated by 
seafoods. The other has been the construction of a comprehen
sive 'box' model of the Irish Sea and its contained sediment, 
from which concentrations of radionuclides in different com
partments can be calculated as a function of time.

5.1. Availability-time modelling

This technique is based on a moving-average model which 
relates the concentration of a radionuclide in a particular 
environmental material in a given year to current and previous 
annual discharges of that nuclide[22]. It recognizes the fact 
that the concentrations observed reflect an integration of dif-
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FIG. S. Estimated doses from Pu(a) and 241 Am, calculated from an availability-time model and 
assumed past and future rates o f  seafood consumption and rates o f  discharge from Sellafield.

ferent fractions over a number of years. The relative contri
butions of each year's discharge is in part dependent upon the 
effects of dilution and dispersion of the nuclide in the area, 
as well as being affected by radioactive decay. It has been 
convenient to represent the contributions of previous years by 
a factor which decreases exponentially with time - although the 
suitability of using other factors is being examined. From the 
exponent of this relationship a 'mean time of availability' can 
be derived which can be used to calculate environmental concen
trations in the future. For the transuranium nuclides it has 
been shown that an availability time of about 4 years was the 
most appropriate to use for the intertidal area close to
Sellafield[17]. Previous use of this model has shown that good
agreement between observed and predicted doses can be achieved 
when applied retrospectively[17]. An assessment for the period 
1952 to 2025 is shown in Fig. 3. This gives an integrated 
effective dose of about 24 mSv over a 70-year period.

5.2 Box modelling

A multi-compartment model has been developed in order to 
predict future concentrations of radionuclides within the Irish 
Sea[23,24]. It consists at present of about 40 water compart
ment boxes (Fig. 4), each of which connects via an interface
box with up to 4 underlying sediment boxes, depending upon the
known nature of the sediment in each area. The scale of the
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FIG. 4. Plan o f the Irish Sea box model; the Cumbrian coastal boxes, used in the calculations, are 
shaded black.

model was based upon a knowledge of the rate of variation in 
the sedimentary nature of the sea bed and of the distribution 
of radionuclides within it. The sediment boxes are of thick
nesses which represent the known depths of mixing at different 
rates, the top two being 5 cm and 66 cm thick respectively, and 
the third 1.29 m thick. The fourth box represents a sink. In 
general, the muddy areas have all the vertical boxes whereas 
the sandier areas have only one sediment box, plus a sink.

The water circulation was generated from monthly •l3'7Cs 
discharge data, plus a large data set of 137Cs distributions 
within the Irish Sea over many years[25]. Horizontal mixing 
fluxes between water boxes were calculated from an eddy dif- 
fusivity of 106 cm2 -s- *, the cross-sectional area of the inter
face between boxes, and a mixing length. The model has been 
designed primarily to simulate the behaviour of radionuclides 
which are associated with sedimentary materials - assuming
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reversible sorption/desorption - including the effects of par
ticle scavenging in the water column, particle mixing within 
the sea bed by bioturbation, pore-water diffusion and advec- 
tion, and particle resuspension and sedimentation. Suspended 
loads are known to vary from area to area and the interface box 
between water and sediment has been used as a device to simu
late repeated particle exchange with the water column. Thus 
although particles in the water box can exchange laterally, 
exchange within the interface box is limited to the vertical 
plane. From a practical point of view, it was found to be more 
convenient to simulate differences in suspended load between 
boxes by varying the load in the interface box rather than 
varying the load within the water column. Mixing rates between 
sediment boxes have been based on 234Th, 2*°Pb and data and 
are thus independent of the information on transuranium 
nuclides.

The model is still being developed. So far it does give a 
reasonable representation of ^3^Cs water distributions, and of 
the estimated inventories of 239/2**0pu an(j 2Ч1дт different 
parts of the sea bed. These nuclides all have a point-source 
origin, however, and thus the model has also been tested 
against data on the multi-source, naturally occurring, 
23l*Th[24]. At present it is being run using a Kd value of 106 
for both Pu and Am throughout: such values have been measured
within the sea bed. As to be expected, the goodness of fit of 
the model to environmental data is weakest in the immediate 
vicinity of the discharge pipe, where it tends to overestimate 
the concentrations of transuranium nuclides. Steps are 
currently being taken to introduce variable values to simu
late the ratio of silt and sand in different areas of the sea 
bed, and an entirely different model is under development for 
application to the near-field discharge zone.

In order to estimate possible future dose rates from the 
consumption of seafoods containing 239Pu and 2l+1Am, including 
allowance for the ingrowth of 21+*Am from 211 *Pu, the model has 
been used to generate filtrate water concentrations with time. 
Average values for the Cumbrian coastal area were derived by 
taking a mean of three boxes (Fig. 4), weighted in proportion 
to their volumes. Seafood concentrations were calculated using 
concentration factors (Bq-kg-1 wet weight/Bq•l-1 filtrate) for 
molluscs, crustaceans and fish of 3.10 , 3.102 and 0.1 for 
239Pu, and 3.103, 5.102 and 0.1 for 2i**Am, respectively. The 
results are shown in Fig. 5 for the period 1952 to 2025, and in 
Fig. 6 for the period 1986 to 2025, together with a comparison 
with the availability-time model prediction. The values 
produced are expected to be only approximately similar to 
observed values and the main purpose of the model has been to 
examine the rates of change of environmental concentrations 
relative to the presumed rates of future discharge.
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FIG. 5. Estimated doses from 239Pu and 241 Am, calculated from a box model, and assumed past and 
future rates o f seafood consumption and rates o f  discharge from Sellafield.

6. DISCUSSION

There is a very marked difference in the application of 
the two models to the Sellafield discharges, both retrospec
tively and prospectively. With regard to the former, the 
availability-time model produces a bi-modal dose curve, with 
peaks in the mid-1970s and again in the 1980s. This is pri
marily because the reduction in discharges of the transuranium 
nuclides was largely countered by a concomitant increase in 
molluscan consumption rate. This effect is not evident in the 
box model application because the dispersion characteristics, 
as deduced from the *3^Cs data, have been different since 
1976[24,25]. The result of applying these different exchange 
rates is that the quantities discharged prior to 1976 were not 
so widely dispersed. It is difficult to be precise with regard 
to past events, but it is assumed that the availability-time 
model - based on direct monitoring information - is more likely 
to have reflected the situation at that time, although the 
residence time of the transuranium nuclides in the north-east 
Irish Sea may well have been different then.

Of greater interest is the application of these models to 
projected dose rates. There is clearly a balance to be struck 
between the effect of the assumed rates of continuing dis
charge, the rate of grow-in of the ^ ^ A m  from 21t̂ Pu, and the 
many environmental processes which will act to retard the
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FIG. 6. Estimated future dose rates: comparison o f  availability-time model (A), and box model 
predictions (B).

appearance of these radionuclides in the water column. In this 
case it appears that the availability time model predicts that 
concentrations of transuranium nuclides in seafoods will 
decline fairly rapidly whereas the box model indicates a rela
tively constant value for a period subsequent to each step-wise 
reduction in discharge rate. It is of interest to note that a 
small increase in the contribution from 24^Am is discernible 
from the mid-1990s to the year 2005, but that the effect of 
subsequent grow-in is barely discernible after that date.

Work is continuing on all of these modelling approaches, 
and it must be emphasized that the dose rates, as actually 
assessed on an annual basis by direct monitoring and habit 
survey, are declining. If current rates of consumption are 
maintained, this decline is expected to continue. The rate at 
which it declines will be followed very carefully, and the 
experience gained will be used to further refine the models, 
and to direct future research work into those areas for which 
the models are most sensitive.

It should also be noted that other pathways which could be 
of significance are being investigated. An assessment of the 
doses which could be received via the sea-to-land transfer of 
actinide elements in the Sellafield area has been made by the 
UK Atomic Energy Authority in a project jointly funded by them
selves, BNFL, DOE and, since 1986, by MAFF. The results indi
cate that even the most exposed individuals would not have
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received more than 0.035 mSv-a- ,̂ back in 1973, and that dose 
rates in the mid-1980s would be of the order of 0.02 mSv. 
a~*[26]. The principal pathway of this sea-to-land transfer 
has been inhalation of 239/2<40pu an(j 2**1дт> evident that
seafood consumption is likely to remain the principal pathway 
of exposure to the longer lived nuclides in the immediate 
future, but other factors remain to be considered, particularly 
in relation to the possible future development and usage of 
shoreline and estuarine areas.
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Abstract

AUSTRALIAN POLICY ON MANAGEMENT OF URANIUM MINE/MILL WASTES.
Under the Federal system of Government in Australia, in which individual States are primarily 

responsible for mining activities, public health and environment protection, national control is exercised 
through the Federal Government’s export powers backed by national Codes of Practice. The Federal 
Government also maintains a role in the Northern Territory similar to that of State authorities. An 
outline is given of the approach to mine/mill waste management incorporated into the Australian Code 
of Practice, and its provisions to effectively limit the contaminant effects of long lived radionuclides 
during and after mining and milling operations.

1. INTRODUCTION

The extraction and physical/chemical breakdown of 
radioactive ores and production of tailings significantly 
increase the potential for naturally occurring radioactive 
elements to be brought into contact with man. This paper sets 
out the policy framework for the management of radioactive 
wastes from uranium mining in Australia.

2. BACKGROUND

Exploration for uranium got under way in Australia before 
the end of the Second World War and by the mid-1950s mines were 
in production for the United Kingdom and the United States of 
America defence programmes in three regions: monsoonal northern
Australia (Rum Jungle and subsequently the South Alligator area 
of the Northern Territory), the dry south (Radium Hill in South 
Australia) and the dry north (Mary Kathleen in western 
Queensland). These mines, all but one of which had closed by
1964, extracted the ore by open cut mining and treated it
locally by sulphuric acid leaching (except for Radium Hill,
where ores were removed by underground mining and treated at
Port Pirie, 400 km away).

Consistent with public policy of the time, environmental
control of wastes was minimal; untreated effluent was 
discharged to water systems and sites were abandoned, leaving 
behind unstabilized tailings. This phase of mining, which
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yielded some 8500 tonnes of U 3 08 , generated eome 5 million m 3  
of tailings.

With the development of the nuclear power industry in Europe 
and North America, controls over Australian uranium were 
revised to allow its export for commercial purposes. 
Exploration was encouraged for what was then thought to be a
limited domestic resource and by 1972 new deposits had been
discovered in four States, including four in the Alligator 
Rivers uranium province in the NT. In 1975, in response to
public concern over the possible consequences of uranium 
mining, the Ranger Uranium Environmental Inquiry (RUEI) began 
on the first new mine proposal. Reports by the RUEI drew 
attention to the effects of inadequate past practice, in 
particular the environmental effects around the site of the
former Rum Jungle mine (closed in 1971) where the leaching of
sulphides and copper had led to spectacular pollution. By 1979 
new ground rules were established by the- Federal Government to 
ensure that the health of people and the environment would be 
properly protected from the effects of future uranium mines.

Production centres for Australia's 'second phase' of uranium 
export - the new Nabarlek (1979) and Ranger (1980) mines in the 
Alligator Rivers Region of the NT, and the second phase of
Mary Kathleen (1975-1982) - had yielded some 25 000 tonnes of
U 3 O 3  and generated some 11 million m 3 of tailings by 1986. The 
two current mines generate about 1 . 1  million m 3 of tailings per 
year. With the opening in 1988 of another production centre 
at Olympic Dam in South Australia, a very large 
copper/gold/uranium deposit discovered in 1975 below 300 m of
inert sedimentary material, the rate of tailings production 
will increase significantly.

3. FEDERAL/STATE CONTROLS

Australia's Constitution specifies Federal powers (defence, 
exports, communications) and leaves the rest with the States. 
The Federal Government must therefore implement its policies in 
many fields (including uranium mining) by indirect arrangements 
as well as by direct application of its powers.

To ensure that Australian uranium is used only for peaceful 
purposes the Federal Government requires that all exports mèet 
the stringent requirements of Australia's Non-Proliferation 
Treaty safeguards agreement with the International Atomic 
Energy Agency and bilateral safeguards agreements with customer 
countries. Since Australia uses none of its uranium 
domestically, the Federal Government exercises effective 
control over producers by attaching conditions to the 
development of uranium deposits. In addition to the controls 
imposed on mining companies by the Australian States through
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the issue under State law of licences and authorizations, 
companies seeking a licence to export uranium are required by
the Federal Government to prepare statements assessing in 
detail the environmental impact of their proposed projects. 
Development approval is conditional upon a mining company 
meeting specified environmental requirements.

It is also Federal policy to consult with the States to 
develop uniform national Codes of Practice applying to
activities involving possible contact with nuclear materials. 
The Environment Protection (Nuclear Codes) Act 1978 established 
a framework for the Federal Government to develop and publish
such codes. Approved national codes now exist for the 
radiation protection of mine workers, the safe transport of 
radioactive substances and the management of radioactive wastes 
from the mining and milling of radioactive ores. The States 
and the Northern Territory implement the provisions of national 
codes through their own legislative and regulatory machinery in 
the fields of land use, mining, health and environment 
protection. Additionally, in the Northern Territory, where the 
Federal Government retains its ownership of uranium and
responsibility for the protection of Aboriginal land and the 
Kakadu National Park, it administers specific environmental 
requirements and has established a statutory officer, the 
Supervising Scientist, to co-ordinate and supervise 
environmental regulatory activities.

4. WASTE MANAGEMENT

The extraction and physical/chemical breakdown of 
radioactive ores release thorium and radium, and the daughter 
product radon. Since these elements are retained in the 
tailings and are the sources of any subsequent radiation 
exposure to man, the management of tailings is a principal 
concern of radiation protection regimes. Contact with man can 
occur through the release of radon gas to the atmosphere, 
contamination of water by soluble elements, physical dispersion 
of tailings by erosion and the emission of gamma radiation.

The collective contribution of uranium mines, via radon 
release, to global human exposure to radiation is estimated to 
be very small indeed: about 0.1% of that from its natural
occurrence in the atmosphere[1]. Of more concern in practical 
terms is the radiation protection regime required to ensure 
that any exposure to people at or near mine/mill sites is kept 
below the permissible limits identified by the .International 
Commission on Radiological Protection, and as low as reasonably 
achievable, throughout mining operations and into the long term 
future. The relative importance locally of each potential 
source of contact, and choice of control measures, depends on 
site specific factors.
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The selection of appropriate measures to control these 
sources is primarily a matter for the company to determine in 
consultation with State/Territory administrations, provided 
they are able to meet the basic performance criteria set by
national codes. The following are the main criteria in the
Waste Management Code[2]:

(1) The prior development and approval (and subsequent
updating) of a waste management programme tailored to the
circumstances of a particular mine. The programme may
include a wide range of environmental requirements
(specified in authorization documents), including those 
relating to non-radioactive contaminants.

(2) Releases of radioactive materials from the mine site
during and after mining operations are to be minimized by 
the use of best practicable technology.

(3) The disposition of wastes and the state of the site 
following rehabilitation are to be such that subsequent 
inspection, monitoring and maintenance can be minimized 
or, preferably, rendered unnecessary.

An important policy objective is to ensure that effective 
management of uranium mine or mill wastes takes place as a 
normal and integral part of project planning and operational 
activities. The waste management programme should therefore be 
the subject of ongoing consultations between the mine 
owner/operator/manager and Government authorities, to meet a 
range of requirements specified in the Waste Management Code.
The more important of these include:

(a) Assessment of potential radiological impacts and 
submission of an appropriate management strategy

(b) Delineation of the restricted release zone (RRZ) about 
and below the mine/mill, from which releases of 
radioactive materials shall be minimized

(c) Development and updating of approved plane for managing 
all waters that come into contact with, or are generated 
in, the RRZ

(d) Determination of appropriate limits (based on application 
of the ALARA principle) for the discharge of airborne and 
liquid radioactive wastes, taking into account the 
critical pathways and applying the best practicable 
technology to minimize any releases (e.g. seepage) not 
controllable under formal discharge limits

(e) Development and implementation of a plan for mine 
rehabilitation, including practical targets for radon 
emanation and gamma activity over the site.
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Questions can and do arise as to whether a step by a 
particular project meets the formal requirements of the State 
Government and/or the national code requirements. Such issues 
are resolved wherever possible by reference to the basic 
principles of radiation protection, taking into account
site specific factors. To assist this process, national codes 
are supplemented by guidelines setting out technical 
considerations, alternative approaches to problems and relevant 
sources of information!3].

The management of tailings must also take into account the 
effects of non-radiological contaminants. Neutralization with 
lime has become a widely practised conditioning treatment to 
reduce the solubility of heavy metals and any associated risk 
of long term migration by radionuclides[4]. As to the basic 
strategies for tailings impoundment adopted by the companies, 
Nabarlek's relatively small open cut, mined out before milling 
commenced, was available as both a tailings dam and final 
repository. Tailings from Ranger's staged open cuts are being 
held in an above ground tailings dam which may become the final 
repository, or the tailings may be returned to the open cut. 
Those at Olympic Dam are to be managed by sub-aerial deposition 
in above-ground impoundments within earth fill embankments[5].

5. DECOMMISSIONING AND REHABILITATION

The prime objective after a mine/mill ceases operations is
for the company to remove any health hazard and restore the 
site's potential for other uses. It is now accepted that the 
basic strategy for rehabilitation must be determined before an 
operation begins. The strategy must be updated and implemented 
progressively, and a final plan authorized before operations 
cease. The Government also needs to be satisfied that the
company, in the event of any early cessation of operations, has
sufficient resources to enable all necessary rehabilitation 
work to be carried out.

With the exception of Mary Kathleen, which was rehabilitated 
by the company in the period 1983-1986 to meet comprehensive 
present day requirements, the first generation of Australian 
uranium mine/mills were closed down without any attempt being 
made to rehabilitate their sites. In most cases the
responsible companies went out of existence and subsequent 
cleanup has depended on publicly funded programmes.

Arising out of the thorough reviews of the 1970s, and
practical experience with retrospective action to clean up 
former mines, the uranium industry in Australia has established 
effective control over the contaminant effects of 
radionuclides, heavy metals and other wastes. To be effective, 
rehabilitation measures must reduce contaminant releases and
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attenuate radon and gamma radiation to acceptable levels, 
minimize infiltration of surface water, and not rely on active 
controls in the long term. In physical terms this requires the 
development of earth covers and structures whose components 
will perform generally as intended for hundreds of years, and 
whose subsequent deterioration through natural processes will 
release contaminants at a rate that the general environment is 
able to assimilate without significant detriment!6]. The 
natural rate of denudation of the landscape is low in the 
Alligator Rivers Region - up to 0.02 mm/a [7] - and ways of 
building the resistant features of natural hill slopes into 
engineered earthen slopes are being examined at current mines 
to develop the degree of long term stability sought by the 
Code[8 ].

Australian work on former mine sites indicates that man 
enhanced levels of radiation from uranium mining sites are 
readily reducible to levels comparable with natural 
background. Rehabilitation work at Rum Jungle has done this 
using an essentially simple but carefully designed strategy of 
burying tailings and placing a clay-gravel-topsoil cover on 
waste rock and overburden heaps. The radiological purpose of 
the cover is to prevent the erosion of mined material and 
attenuate radon emanation. In the case of Rum Jungle it is 
also intended to inhibit the acidification and migration of 
heavy metals as a result of oxidation by bacterial action[9].

For the current generation of mines, any affected site 
continues to be the responsibility of the company after 
rehabilitation, and must be monitored and managed by the 
company until the relevant Government authority agrees to take 
it over. From a public health view point such sites may then 
be deemed suitable for a variety of non-intensive land uses. 
In practice, however, it may be important to restrict site 
usage so as to protect recently rehabilitated soils and 
structures from unnecessary wear. The range of subsequent land 
uses around former surface deposits may also be restricted by 
the existence of relatively high levels of natural background 
radiation. Activities of between 80 and 1000 nGy-h-1 have been 
recorded around sites in the NT. Under such conditions the 
potential background dose from undisturbed land surrounding a 
rehabilitated mine site has to be taken into account when 
determining land use policies for the area.

As well as the precautions needed to ensure that mine wastes 
cause no danger while they are being actively managed, there is 
a need to reduce the risk of subsequent inadvertent exposure as 
a result of the misuse or disturbance of sites. Much of 
Australia's uranium mining has been on land having special 
significance for Aboriginal people. Detailed records need to 
be kept so as to be able to identify the contents of mine and 
mill disposal areas and to ensure that the sites themselves are
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not eventually forgotten. The details of Australian uranium 
mine/mill sites are being recorded on a national register of 
radiaoctive waste sites and on land ownership records.

6. CONCLUSIONS

The management of long lived and naturally occurring 
radioactive materials, released from uraniferous ores by mining 
and milling, requires a very long range perspective:

a mining project is a relatively brief episode in the 
landscape, and after rehabilitation the range of uses for 
which surrounding land is suited need not be diminished on 
radiation protection grounds

to minimize any increase in the level of naturally 
occurring radioactivity as a result of mining operations, 
the effective management of waste rock and tailings must be 
addressed as an integral part of project planning, since the 
company's very earliest decisions (on siting and design of 
plant for example) can affect the efficiency of waste 
retention.

Policy on waste management, expressed through a nationally 
agreed Code of Practice, extends the type of planning and 
control arrangements used by the mining industry throughout 
Australia. They require the mining company to consult 
regularly with relevant Government authorities to develop and 
operate acceptable waste management regimes. This approach, 
backed by the available powers of the Federal Government, 
provides an effective basis for ensuring that the contaminants 
arising from uranium mining and milling in Australia do not 
pose unacceptable radiological risks.
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Abstract

ANNUAL INDOOR DOSE BURDEN ESTIMATES IN DWELLINGS BUILT IN NIGERIA WITH 
RADIOACTIVE U-Th RICH TAILINGS.

Tailings from the tin mining industry in Nigeria have been used extensively for various purposes. 
Of utmost concern to the Federal Radiation Protection Service is their use in the construction of residen
tial buildings. These tailings have been found to have high activities of naturally occurring 
radionuclides, particularly J38U, 232Th and 40K. Gamma spectroscopic analysis of the building 
materials revealed the following activity concentrations: 232Th: 8.873 X 103 Bq-kg’1;
238U: 4.3105 x  103 Bq-kg“1; and 40K: 1.342 x  103 B q-kg '1. The radium equivalent was 
1.5606 x  104 Bq-kg-1, which is two orders of magnitude greater than the internationally acceptable 
limit recommended for residential buildings. On the spot gamma exposure rate monitoring gave values 
ranging from 5.34 to 175 m G y-a '1. The annual dose burden in air was estimated using the Stranden 
model. Results show that the occupants of such houses may be receiving doses in excess of the maximum 
permissible dose for occupationally exposed persons. Remedial action, i.e. demolition and removal of 
the affected soils and walls, is recommended.

1. INTRODUCTION

Man is exposed to ambient background radiation. A large percentage of this 
exposure is incurred in his own living environment (indoors) because naturally occur
ring radionuclides, especially 238U, 232Th and 40K, are present in the building 
materials. These constitute both external radiation exposures from the gamma 
radiation emitted by these radionuclides and internal radiation exposures from the 
inhalation of radon gases, especially when the air exchange rate is low. Knowledge 
of the radioactivity concentration of building materials is essential in assessment of 
the dose accrued. In Nigeria little is known about the natural radioactivity of local 
building materials. At present, there are neither government standards nor guidelines 
which prescribe the acceptable levels of radioactivity. The waste products from the 
long established tin industry (started in 1904) have been put to various uses. Of 
utmost concern is their use in the building of residential houses. Tin tailings have 
been found to have much higher activity concentrations of 238U, 232Th and 40K than 
conventional raw materials used elsewhere.

159
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The affected dwellings were discovered by chance. One occupant of such a 
house noticed that on a number of occasions his domestic pets delivered puppies and 
kittens with cross-congenital abnormalities such as the absence of limbs. Coupled 
with the fact that his family of four and other families in the neighbourhood were 
undergoing medical treatment for ‘fatigue’ and anaemia, he took exposure measure
ments of the houses with an uncalibrated exposure rate meter. The readings obtained 
indoors were five orders of magnitude higher than those obtained outside the build
ings. It was at this juncture that the Federal Radiation Protection Service was alerted. 
It was then discovered that radioactive tin tailings had been incorporated into the 
building materials used, especially in the wall plaster. High radioactivity levels in 
homes built of radioactive waste from radium factories have been reported elsewhere, 
for example Port Hope and Elliot Lake, Canada [1], and near to Sydney, Australia 
[2]. In both countries, remedial action involved demolition of the houses, removal 
of the affected soil and medical supervision of the occupants.

In the present work, radionuclides present in the building materias were identi
fied using gamma ray spectroscopy. The activity concentrations of the major radio
nuclides were computed. The Ra-equivalent of the material was also calculated. The 
dose burdens resulting from gamma and 220Rn and 222Rn exposures in such dwell
ings were estimated using the Stranden model [3]. These results are discussed on the 
basis of a guideline formula for acceptable radiation dose rates in dwellings which 
is in operation in some Organisation for Economic Co-operation and Development 
countries.

2. MATERIALS AND METHOD

2.1. Radiation spectra

The wall plaster from the radiation contaminated house and the tin tailings were 
analysed for all photon emitting radionuclides using a low background, heavily
shielded, 90 cm3 Ge(Li) detector and a Canberra Model 8100 MCA.1 The analyser
calibration was 0.500 keV per channel. Activity calculations were based on a summa
tion of six channels on either side of the peak position. The counting time was 
5329.84 seconds. The wall plaster was pulverized before analysis. The activity con
centrations of 238U (226Ra), 232Th and 40K were determined from the intensities of 
the following gamma transition lines:

226Ra: 295.20 keV (214Pb) and 609.20 keV (2,4Bi)
232Th: 583.10 keV (208T1) and 911.10 keV (228Ac)
^K: 1460.70 keV.

1 Canberra Industries Inc., Meriden, CT, United States of America.



IAEA-CN-51/7 161

To compare the radioactive concentration of the materials with respect to the 
naturally occurring radioisotopes 226Ra, 232Th and ‘“’K, the common index R-eq is 
often used. Mathematically it is obtained [4] by

Raeq = Ĉ SRa + 1.26 + 0.086 С «к (1)

where CRa, Сц, and CK are the radioactivity concentrations of 226Ra, 232Th and 40K, 
respectively, in Bq-kg'1.

2.2. Indoor dose burden estimation

The annual indoor gamma dose burdens were estimated by:

(1) On the spot gamma exposure rate monitoring using a calibrated Geiger-Müller 
counter2 in the affected houses and, for comparison, in non-contaminated 
houses

(2) Indirect measurement based on theoretical computation using the Stranden 
model [3] because of its simplicity and universality.

The model gives the annual gamma dose (D7) resulting from the gamma radiation 
from the wall material (Dw) and also from the gamma radiation of the radon gases 
emanating from the walls (DRn/Tn). The empirical equations for Dw and DRn/Tn are

Dw = 5.405 (l-KRn) CRa + 8.649 (l-KTn) CTh + 0.649 CK (2)

DRn/Tn =  3 V487t2V CRn/Tn X 1.7 X 10“3 (3)

D7 = Dw + DRn/Xn 

where

D7 is the dose rate in air per year (in /xGy-a"1)
C r „ /t „ is the indoor activity concentration of 222Rn and 220Rn (in Bq-m"3) 
CRa, CTh, CK are the activity concentrations of 226Ra, 232Th and 40K, 

respectively (in Bq-kg'1)
V is the volume of the room (in m3)
KRn, KTn are the emanation rates of radon and thoron gases from the walls, 

which depend on the porosity and physical state of the wall.

To calculate D r „ / t „ ,  another model [5] was used to estimate the radon concentration 
(Скп/тп) in an enclosure

2 Nuclear Enterprises Ltd, Reading, United Kingdom.
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where

(5)
v

(6)

where

С Rn/m is the indoor radon gas concentration (in Bq-m'3)
C° is the outdoor radon gas concentration (in 3.7 Bq-m'3) [4] 
ev is the volume exhalation rate (in Bq-m'3-s'1) 
v is the air exchange rate (in h'1).

A model room (4 X 4 x  3 m) with two windows (2 X 1 m) and one door (2 x  1 m) 
was assumed. Thus, the volume of the room ( V = 48 m3) was S (surface area) = 
58 m2.

Because the most important radiation induced health effects are excess cancers, 
it is necessary to estimate the risks to individuals on the basis of the annual dose 
received. The risk estimates proposed in the 1980 BEIR П1 Report [6] for estimating 
additional cancers in the population, i.e. 300 additional total cancers per 
106 man-rem and 100 fatal cancers per 106 man-rem, were suggested.3

3. RESULTS AND DISCUSSION

The computed activity concentrations of the major radionuclides and the calcu
lated Ra-eq of the wall plaster are given in Table I. To limit the radiation dose to 
occupants to 150 mrad-a'1, guidelines were issued on the suitability of building 
materials. Listed below is one such criterion [7, 8]; this particular criterion is in use 
in some OECD countries

(7)

C r3 +  R-Th , C k  <  2 

5 7 130 “
(8)

3 1 rem =  1.00 ж 10'2 Sv.
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TABLE I. ACTIVITY CONCENTRATIONS OF 238U, 232Th, 40K AND Ra-eq IN 
BUILDING MATERIALS AND TIN TAILINGS

Radioisotopes
Activity of 

building materials 
(B q-kg '1 x  103)

Activity of 
tin tailings 

(Bq-kg-1 x  103)

232Th 8.873 118.02
238u 4.3105 21.064
40K 1.342 5.069

Ra-eq 15.606 170.2

where С represents the activity concentration in pCi-g“1.4 Equation (7) [7] limits 
the external gamma dose only, while Eq. (8) [8] minimizes the radiation hazard to 
respiratory organs from radon gases. Equation (7) corresponds to a maximum Ra-eq 
of 370 Bq-kg'1. The Ra-eq of the wall plaster was two orders of magnitude greater 
than the highest limit recommended for residential dwellings. According to a similar 
criterion (see Table II) [9], the Ra-eq was more than 420% greater than the limit 
recommended for any building construction. The high 226Ra and 232Th concentra
tions could possibly make the milling of the tailings for Th and Ra economically 
viable.

3.1. Dose estimation

Table 1П shows the results of the on the spot external gamma radiation 
surveys made of the contaminated houses. The dose rate ranges between 
(0.53 — 17.52) X 10'2 Gy-a'1. Even after remedial action, i.e. removal of the wall 
plaster and the ground floor in two of the houses, the radiation level was rather high 
(1.31 x  10"2 G y -a 1). In comparison, a mean dose rate of 800 /tGy-а"1 was 
recorded in 20 non-contaminated houses. Using the Stranden model, the annual dose 
Dw (Eq. (2)) was computed using the emanation rate К =  0.28. The affected houses 
were built of concrete and a density of 2100 kg-m'3 was assumed

Dw = 72.9 mGy-a'1 (7 rad-a'1)

Radon-220 and 222Rn concentrations were computed using Eqs (5) and (6). The 
values obtained were extremely high, depending on the air exchange rate. The 222Rn 
concentration ranged between 3728 and 1257 Bq-m"3 for an air exchange rate of
0.5 to 1.5 hours, while the 220Rn concentration was about 25 209 Bq-m'3 (both for 
a 20 cm wall).

4 1 Ci =  3.70 X 10ю Bq.
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TABLE II. RECOMMENDED LIMITS FOR BUILDING MATERIALS [9]

Ra-eq
(Bq-kg-‘)

Class Recommendation

<  370 1 Good for dwelling homes

370-740 2 Industries

740-2220 3 Roads, bridges, etc.

2220-3700 4 Only for use in foundations 
of non-residential buildings

>  3700 5 Not to be used for 
construction of any type

TABLE III. 
HOUSES

GAMMA DOSE RATE MEASUREMENTS OF CONTAMINATED

Location
Mean/range 

exposure rate 
(10 '8 Gy-IT1 Oirad-h'1))

Dose rate 
(10‘2 G y-a“1 (rad -a '1))

After renovation 
(10‘2 G y -a '1 (rad -a '1))

1 61 0.534

2 275 2.409

3 800-1500 7.00-13.14 1.314

4 150 1.314

5 1000-2000 8.76-17.52 1.314

6 1800 15.76

7 180 1.576

8 325 2.84

9 650 5.694

Inhalation of radon gases poses a greater health risk to individuals than exposure 
to external gamma radiation because short lived radon daughter alpha particles have 
a quality factor of 20 in the basal cells of the bronchial epithelium in the lobar and 
segmental bronchioles, which are regarded as the critical targets for inhalation 
carcinogenesis [10]. The United Nations Scientific Committee on the Effects of 
Atomic Radiation Report of 1977 [4] suggested that the lifetime risk factor for lung 
cancer induction from the inhalation of radon daughters ranges from 20 to 
45 x  10'5 per working level month exposure of the bronchial epithelium.
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TABLE IV. RADIOACTIVE CONTENTS OF CONCRETE BUILDING 
MATERIALS

Countries
Average activity concentration (B q-kg '1)

Annual dose“ 
0*Gy)

References
232Th 226Ra *°K Ra-eqb

USSR 19 28 289 77 553 [11]

Hungary 11 15 222 48 347 [12]

Federal Republic of Germany 63 67 555 194 1386 [4]

German Democratic Republic 32 35 345 117 752 [13]

Sweden 70 56 333 173 1224 [4]

United Kingdom 30 74 518 156 1127 [4]

Norway 36 28 650 129 934 [14]

Sweden (contaminated) NG 1300 NG NG 3066-6044 [15]

Nigeria 8873 4310 1342 15 606 1.009 x  105 This study

a Dose rate (Stranden model) using KR„ =  KTn = 0. 
b Ra-eq =  CRa +  1.26 Сц, +  0.086 C ^ .
NG = not given.

Additional dose rates in air resulting from the gamma radiation from radon gas 
(Drjj/тп) were computed for air exchange rates of 0.5, 1.0 and 1.5 hours. The dose 
rate ranged between 1.28 and 1.41 mGy-a'1. Thus, the total annual dose rate ranges 
between 74.1 and 74.3 mGy-a*1. Assuming a conservative 50% occupancy period, 
the dose rate to humans in these houses would be about 37 mGy-a'1 (=  4 rad-a"1). 
This is well above the stipulated maximum permissible dose for the general public. 
In Table IV, the radioactive contents of concrete building materials, the Ra-eq and 
the resulting annual gamma dose rate Dw in various countries are compared with 
Swedish and Nigerian data on radiation contaminated houses. The dose rates were 
calculated using the Stranden model. The table shows that the Nigerian values are 
extremely high. They should be of major concern and remedial action should be taken 
to reduce the radiation dose to about 150 mrad-a"1, as adopted in some countries.

For an individual receiving an average dose of 40 mGy-a'1 (4 rad-a'1), based 
on a 50% occupancy period, the estimated increased fatal cancer risk that can be 
attributed to external gamma radiation from such houses is about four chances in 
104 and 1.3 chances in 1Ö3 for total cancers. Future work should include the loca
tion of other affected houses and remedial action in the form of demolition or removal 
of the affected walls to ensure radiation levels that are acceptable.
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DISCUSSION

(Discussion held on the papers in Session 6)

Paper IAEA-CN-51/38

J. KOPERSKI: You mentioned that, although in the European Community 
countries the present limit on man made exposure for the general public is 5 mSv/a 
committed effective dose equivalent (CEDE), it is nevertheless 10% of this value, 
or 0.5 mSv/a CEDE, which has been used as a practical ‘reference level’ in deriving 
limiting values for radioactive discharges. In the light o f this, is the EC likely to 
lower this reference level to the value of, say, 0.1 mSv/a CEDE if (as is the case 
in Australia) the limit recently recommended by the International Commission on 
Radiological Protection of 1 mSv/a CEDE for the public is adopted by the EC 
countries?

P.I. MITCHELL: What I meant was that we are not aware of any case within 
the EC where, in practice, explicit limits applied to doses resulting from effluent 
releases exceed 10% of the 5 mSv/a limit. There is as yet, however, no harmoniza
tion of such ‘dose upper bounds’ or ‘reference levels’ within the Community, 
although moves in this direction may be anticipated. At the present time, the relevant 
values vary by a factor of six among the various Member Stàtes.

G. LOPEZ ORTIZ: Has consideration been given within the EC to a progres
sive introduction of the collective dose concept? I believe that this would lead to a 
more realistic picture in European countries, given the dense agglomerations of popu
lation in many places and the fact that there are countries without nuclear facilities 
of their own which are nevertheless affected by the emission of wastes from neigh
bouring countries.

P.I. MITCHELL: The collective dose concept is used in the Community, but 
little weight is attached to it when setting discharge limits for nuclear installations. 
The main emphasis is placed on individual dose limits in the context o f typical or 
average members of critical groups, taking into account the ALARA principle. 
Collective dose limits are considered a fundamental contradiction of the ALARA 
principle, and are consequently not embodied in the legislation of any of the Member 
States.

R.E. ALEXANDER: In the United States of America, regulatory agencies 
using concentration value standards to control effluents have tended to establish 
averaging periods of less than 1 year. Such controls apparently provide little, if any, 
additional protection, but can lead to considerably increased operational costs. I have 
often wondered whether controls of this type are imposed in other countries. Would 
anyone be willing to answer this question for the EC countries?

R. HOCK: In my country, the Federal Republic of Germany, licensed releases 
of radioactive material into the atmosphere generally must not exceed 1% of the 
annual release limits in any 1 day. Release consequences are calculated on the basis
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of long term weather situations, and a large release occurring on 1 day could by 
chance coincide with unfavourable weather conditions. This could then lead to higher 
exposures than calculated. The 1% rule mentioned eliminates this possibility. If a 
plant produced a release close to the annual limit, that release would be distributed 
over at least 100 days, thereby allowing for varying weather conditions.

D.J. BENINSON: In Argentina discharge limits for shorter times (less than 
1 year) are specified in the licence (for the same reasons as those given by R. Hock), 
but they do not form part of the general regulations.

F. LUYKX: In response to the question raised by R.E. Alexander, within the 
EC nearly all countries specify limits for shorter times for reasons of operational con
venience — that is, to allow, during certain periods, higher discharges than the aver
age over the year. The big difference, however, between the EC and the USA is that 
in all EC countries the authorities do fix discharge limits expressed in Bq/a, while 
in the USA the authorities fix dose limits, leaving the plant operator to derive from 
them the amounts he can discharge while still respecting the dose limits.

Paper IAEA-CN-51/49

J.O . SNIHS: The rehabilitation of tailings represents a solution to the complex 
problem of managing long lived radioactive wastes far into the future. What is the 
rationale for choosing hundreds of years as the time of interest?

I.W. MORISON: Earth structures designed to shield above ground tailings 
from the effects of the weather can be expected to perform as intended for hundreds 
of years. After that, there will be a gradual deterioration in the efficiency of radio
nuclide retention, if we assume that no remedial measures are undertaken. The extent 
of this deterioration may be slight, however, particularly if natural vegetation has 
been encouraged to take over the site, thus adding to the level o f protection afforded 
by earth covers.

J.O . SNIHS: In what way are the circumstances different after hundreds of 
years as compared with today?

I.W . MORISON: The long term objective is to maintain a level of radiation pro
tection in respect of individuals and groups in the vicinity of former uranium mines 
which is at least as good as that afforded under current ICRP recommendations. 
Although the activity of long lived nuclides will have changed little in hundreds of 
years, the surrounding physical and economic environment may well have done so. 
Future generations will have to make land use decisions in the light of their assess
ment of the performance of rehabilitàtion structures.

J. KOPERSKI: The rehabilitation measures in respect o f uranium mining/ 
milling wastes presented in your paper seem to focus explicitly on the development 
of man made earth covers and structures intended to contain or effectively reduce 
contaminant releases from waste repository sites into the environment. In my 
opinion, it is the geomorphology of a waste repository site which will have the 
greatest impact on the degree of waste retention, and hence on the degree of
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contaminant releases from such a site in the long term. I believe, therefore, that 
geomorphological factors should be given prime consideration when choosing 
permanent waste repository sites.

General

K.S. PARTHASARATHY: Often we compare the effective dose equivalent to 
critical groups due to releases from nuclear installations with that due to natural 
radiation sources. We have seen that the contribution from natural radiation sources 
varies very widely. In India, for example, the highest external dose equivalent is over 
20 mSv in the high background area in Kerala, while the lowest is about 0.2 mSv 
on the Minicoy Islands. If we look at the work being done in many countries on radon 
in dwellings, we see that the effective dose equivalent to the public varies widely, 
and that what was considered ‘normal’ 20 years ago is now ‘abnormal’. The ICRP 
has produced some recommendations in that connection. Research carried out in 
Nigeria, furthermore, has shown that the external dose from natural radiation in some 
houses incorporating mill tailings is as high as 170 mSv. If you add the contribution 
from radon daughters, the magnitude of the dose equivalents will be even higher. 
Thus, the level of natural radiation must also be taken into account when considering 
occupational exposures. For example, a study conducted in India found that many 
workers in a mineral processing plant were exposed to higher doses within their 
houses than in their places of work. In the light of these developments we have to 
reconsider what is normal and what is abnormal. In its documents, the ICRP uses 
such terms as ‘normal background radiation’ and ‘ALARA’. Would someone from 
the ICRP care to clarify the terms ‘normal’ and ‘abnormal’?

D.J. BENINSON: In its Publication 39, the ICRP stated that the concepts of 
normal and increased background exposures were not useful. It divided the situations 
into: (a) prospective, where new ‘sources’ are planned (in the case of radon, for 
example, new houses), and (b) retrospective (for example, existing houses). For 
prospective situations, it recommended the use of upper bounds, justification and 
optimization. For retrospective (existing) situations, only remedial actions (if justi
fied) can be envisaged. In these cases, action levels (and not upper bounds) would 
be relevant.

P .L .T . FERNANDO: Has the feasibility of sending high activity waste into 
outer space been considered as a means of disposal? Such a solution would eliminate 
all risk for all time, at a cost that would probably decrease in the long run.

J.J. COHEN: The USA has, in fact, explored this possibility. The results of its 
investigation indicate that the practice would definitely not be cost effective. In fact, 
although it has been suggested that to evacuate people from high background areas 
such as Kerala would be totally impractical, I would nevertheless submit that such 
an evacuation would probably be far more cost effective than sending wastes into 
outer space.
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Abstract

CONTRIBUTION OF NATURAL ANALOGUES TO THE SAFETY ASSESSMENT OF RADIO
ACTIVE WASTE REPOSITORIES.

Uranium ore bodies in the Alligator Rivers Uranium Province in Australia have been studied over 
the last seven years as analogues of radioactive waste repositories. The migration of a series of uranium- 
and thorium-series radionuclides has been measured in detail in samples of rocks and water from drill 
holes in weathered and unweathered rocks. The role of groundwater colloids and time-dependent 
processes on the migration of these radionuclides has also been examined. The abundance of small 
amounts of naturally occurring fission products and plutonium in these ore bodies has been calculated 
and preliminary measurements have been made of their migration. Modelling codes have been 
developed to understand and predict the effect of these processes on migration of radionuclides over 
long time periods. These processes are believed to be generic and applicable to the assessment of migra
tion from potential radioactive waste repositories. The work is being continued as an international col
laborative program for three years under the sponsorship of the OECD Nuclear Energy Agency. The 
final objective is to obtain a practical model for migration of radionuclides through the geosphere and 
to test this with data from uranium ore bodies. This will then provide a major contribution to realistic 
safety analyses of the potential dose to the public from future underground radioactive waste 
repositories.

1. INTRODUCTION
The purpose of a radioactive waste repository is 

to dispose of radioactive wastes in a manner which 
protects the public health and safety. Long-lived 
radioactive wastes require isolation from the public 
for such long time periods that direct experimental 
verification that the repository is working 
satisfactorily throughout its lifetime is not 
feasible [1].

The design, construction and operation of 
repositories will require a set of criteria arrived at 
after consideration of the long-term behaviour of the 
waste materials under normal and accident conditions.
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The assessment of the overall long-term safety of a 
repository with respect to the release of radionuclides 
to the biosphere and uptake by the public.will depend 
heavily on mathematical models. These models must 
incorporate all of the important processes, phenomena 
and scenarios which can occur. A substantial data base 
will be needed as input and there will be limitations 
on the time period over which experimental data can be 
obtained in the laboratory or the field.

Natural analogues are an important source of long
term data to give assurance that the most important 
processes, phenomena and scenarios have been■included 
in the models and that these behave as predicted.
Evidence on the migration or retardation of radionuclides 
in natural geological systems can be obtained over 
distances of metres to hundreds of metres and time 
periods of thousands to millions of years. However, 
the natural analogues can have drawbacks in that the 
initial conditions are not known as precisely as they 
are in laboratory experiments and conditions during 
these long periods may have changed significantly. The 
choice of the appropriate natural analogue to provide 
data for assessment of particular types of repository is 
therefore very important.

ANSTO has extensively evaluated uranium ore bodies 
in the Alligator Rivers Uranium Province in Australia as 
analogues of radioactive waste repositories. The 
migration of a series of radionuclides through the 
geosphere was studied in detail supported by contracts 
from the US Nuclear Regulatory Commission from 1981 to 
1987 [2] and from the UK Department of the Environment 
in 1986 to 1987. The work is now being extended as an 
international project sponsored by the OECD Nuclear 
Energy Agency with participating organisations from the 
USA, UK, Sweden, Japan and Australia.

2. THE ALLIGATOR RIVERS REGION URANIUM ORE BODIES
The four major uranium deposits in the Alligator 

Rivers Uranium Province are at Nabarlek, Ranger,
Jabiluka and Koongarra. The geology has been described 
in detail [3]. The deposits generally are located in 
zones of chloritization within Lower Proterozoic 
sediments. The region has a monsoonal climate with 
almost the entire rainfall occurring in the wet season 
between November and March.

These uranium ore bodies were chosen for study even 
though there is no question of locating a repository in 
that area. However, the geological settings of the
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deposits make them suitable for a detailed evaluation of 
radionuclide migration theories in both weathered and 
unweathered rocks. These rocks contain a variety of 
radionuclides arising from the decay series of uranium- 
238, uranium-235 and thorium-232 and migration of these 
radionuclides under groundwater flow can be studied.
In addition, it is possible to study the behaviour of 
long-lived transuranium nuclides, e.g. plutonium-2 39, 
and long-lived fission products, e.g. iodine-12 9 and 
technetium-99, which arise naturally from nuclear 
reactions with uranium isotopes, e.g. spontaneous 
fission and neutron capture.

The initial analogue studies in this region were 
carried out at all four of the above deposits. This 
was to ensure that generic rather than site-specific 
properties of the migration were being studied. In 
recent years, work was concentrated on the Koongarra 
deposit which has been described in detail by Snelling
[4] and this will be the site for the international 
studies now underway.

The uranium mineralisation at Koongarra occurs in 
two distinct ore bodies separated by a barren gap.
Both consist of primary zones containing uraninite 
veins within steeply dipping quartz-chlorite schists.
In the No. 1 ore body, which was the main subject of the 
investigations, secondary mineralisation is present in 
the weathered schists virtually from the surface to the 
base of the weathering at a depth of about 30 m. The 
secondary mineralisation in the weathered zone forms a 
tongue of ore-grade material extending down-slope for 
about 80 m. The groundwater hydrology has been studied 
by consultants to Denison Australia Ltd, which carried 
out the initial exploration work, and their data were 
interpreted by Snelling [4]. The groundwater is 
believed to recharge along a major fault line and flow 
through the deposit in a generally southerly direction 
away from a prominent sandstone escarpment. Samples of 
drill core were available for study from some 71 cored 
drill holes through the ore body and samples of water 
were available from several of the 40 larger diameter 
vertical drill holes. The drill core material is 
stored at the site and extensive mineralogical, 
geochemical and hydrological information was made 
available by Denison Australia Ltd.

3. METHODS OF STUDY
The main objective of the study was to measure the 

distribution of uranium-and thorium-series radionuclides
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in the region of the uranium ore bodies and to 
correlate the measurements with the geohydrologic 
conditions. The most important basic measurements were 
therefore the concentrations of the major radionuclides 
by radiochemical methods. The weathered and 
unweathered rock samples usually consisted of a variety 
of minerals and methods were developed to separate these 
minerals and to measure the distribution of the 
radionuclides in specific phases. Accordingly, phase 
separation techniques were used as well as X-ray 
diffraction to identify the mineral phases. A range of 
associated elements were measured by standard chemical 
methods. Adsorption and desorption of selected 
radionuclides was also studied for selected mineral 
phases. Several additional techniques were also applied 
or developed to provide quantitative data on the 
distribution of a variety of elements across surfaces 
in drill cores, e.g. proton-induced X-ray emission, 
proton-induced gamma emission, fission-track and alpha- 
track analyses, electron microscopy and electron 
microprobe analysis. The measurement of very small 
levels of fission products, e.g. iodine-129 and 
technetium-99, and plutonium-239, was undertaken in 
collaboration with the Los Alamos National Laboratory 
and the University of Arizona using either isotope 
dilution mass spectrometry or tandem accelerator mass 
spectrometry.

4. REVIEW OF MAJOR RESULTS
4.1. Radionuclide distributions

A large amount of data was obtained on the 
activities of the radionuclides uranium-2 34, uranium- 
238 and thorium-2 30 in rock and water samples. These 
results for the uranium deposits at Nabarlek, Ranger 
and Jabiluka, and related mineralogical results, were 
interpreted with a four-zone uranium distribution 
model [5]. This model was then used to calculate 
uranium leaching/deposition rates and the rate of 
erosion or advance of the weathering fronts, which was 
about 0.05 m per 1000 a at Ranger 1 and Nabarlek [5].

The data on activities of the above radionuclides 
at Koongarra were in marked contrast to the data at 
the other deposits. The data at Koongarra were 
interpreted as showing a roll front deposit and 
indicated that uranium-238 migrates more rapidly than 
uranium-2 34 which, in turn, migrates more rapidly than
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thorium-2 30. The use of the data to calculate 
migration rates is discussed later.

The selective phase techniques enabled three 
major types of phases to be identified in rock samples. 
These were (a) amorphous minerals of iron, aluminium, 
silicon and secondary uranium minerals, and 
ferrihydrite, (b) crystalline iron minerals, and (c) 
clay/quartz phases with iron oxides. The uranium 
and thorium were found to be concentrated in the iron 
oxide phases, although these comprised only 1 to 4% 
of the weathered ore. Uranium isotope exchange 
experiments in the laboratory with crushed ore samples 
and synthetic groundwater demonstrated that uranium in 
solution was readily exchangeable with uranium in the 
amorphous phases in rock samples. It was also shown 
that the crystalline phase was enriched in the alpha- 
recoil products uranium-234 and thorium-230. The clay/ 
quartz phase was enriched in these two nuclides relative 
to both the amorphous and crystalline iron phases. On 
the basis of these results, a multiphase model was 
developed to explain the migration of these 
radionuclides through complex multiphase minerals [6].

Results on the distribution of these radionuclides 
in the vicinity of fractures in unweathered rocks are 
also being obtained so that the possible diffusion 
mechanisms into rocks can be examined. This work 
requires parallel thin sections adjacent to fractures 
to be analysed. Preliminary results on samples from 
Jabiluka showed activity ratios, e.g. for uranium-234 
to uranium-238 varying from 1 to as low as 0.64 and 
then approaching 1 again with distance into the rock 
from the fracture, which indicates a complex diffusion 
behaviour [7]. Models to explain the data are also 
being developed.

4.2. Role of colloids in groundwater
The potential importance of colloids in the 

groundwater transport of radionuclides of thorium and 
plutonium was recognised in the early stages of the 
work in the Alligator Rivers region [2]. If colloid 
transport is shown to be significant greater attention 
would need to be paid to modelling the transfer of 
nuclides between groundwater, colloid and rock.

Techniques were developed to concentrate the 
colloidal material found in groundwater in the uranium 
deposits, to measure the uranium- and thorium-series 
nuclides and other elements and to examine the particle 
size and composition of the colloidal material by
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electron microscopy and diffraction. Detailed results 
on groundwaters from five bore holes at Koongarra have 
been published recently [8] as part of a collaborative 
project between ANSTO, UKAEA Harwell, and Sydney 
University. The main conclusions are given below:
(a) Most elements which were present in measurable 

levels in unfiltered groundwater were contained 
within or adsorbed on particles above 1 ym in 
size, or were dissolved. No element was 
significantly enriched in the colloidal size 
range. The majority of uranium was dissolved, 
whereas almost all the thorium and actinium 
were associated with particulates above 1 ym
in size. Thus for these radionuclides, only 
a small fraction of the total radionuclide content 
in the unfiltered1 groundwater was associated 
with the colloid phase.

(b) About 0.1-1% of the uranium activity and 10-70% 
of the thorium activity in the sub-1 ym fraction 
were associated with the colloid phase. The 
colloidal uranium appeared to be in adsorption/ 
desorption equilibrium with the groundwater.

(c) Electron microscopy provided a large amount of 
information on the shape and composition of the 
colloidal material examined in the laboratory. 
However, due to the length of time (weeks to 
months) elapsed since obtaining the samples in 
the field there was no certainty that the results 
reflected the shape and composition of the 
material in the fresh groundwater. The sampling 
techniques will need to be modified to overcome 
this problem in future work.

(d) Additional work is required to establish 
unequivocally whether colloids do contribute 
significantly to radionuclide migration in 
groundwater.

4.3. Study of selected fission products and 
transuranium nuclides
A detailed understanding of the migration of 

fission product and transuranium elements in the 
geosphere is essential to ensure that a repository site 
and technology for disposal of radioactive waste will 
be safe for future generations. Very small amounts of 
fission products and transuranium elements occur 
naturally from nuclear reactions with uranium isotopes, 
e.g. induced fission and spontaneous fission. However,
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the concentrations of natural levels of products of 
these reactions are usually too low to me measured 
satisfactorily in potential repository sites in which 
the uranium concentration is low.

Sufficiently high levels of these elements occur 
in and close to uranium ore deposits. It is therefore 
possible to measure the concentrations and migration 
behaviour of these elements. The long-lived fission 
products technetium-99 (half-life 2 x 105 years) and 
iodine-129 (half-life 1.6 x 107 years) were selected for 
study because consequence analyses of possible 
repository failures had identified them as contributing 
significantly to the dose to man if they reached the 
biosphere.

Concentrations of iodine-129 were measured in 
samples of rock from drill cores from the Koongarra 
and Ranger deposits and in large volumes of water 
extracted from drill holes. A large part of this work 
was carried out by the University of Arizona under 
contract to ANSTO, and using the tandem accelerator 
mass spectrometer equipment at the University of 
Rochester [8]. Models were developed to predict the 
rate of production of iodine-129 from the spontaneous 
fission of uranium-238 and the neutron-induced fission 
of uranium-235 in the geological environment of the 
deposits. A preliminary model of the leaching of 
iodine-129 from the rocks was also developed.

The conclusions from the initial studies were that 
iodine-129 contents and iodine-129/iodine ratios were 
lowest in samples up-gradient of the deposits and 
highest in drill holes intersecting the primary ore 
bodies. Concentrations of iodine-129 in groundwater 
appeared to decrease more rapidly with distance than 
can be explained by dilution alone; this is consistent 
with substantial sorption on solid phases [9]. Production 
and leaching mechanisms will be studied in greater 
detail in future work.

The work has been extended to study the production 
and migration of technetium-99. The University of 
Arizona and the Los Alamos National Laboratory (LANL) 
are using the technique of mass spectrometry in 
collaboration with ANSTO in this work. Measurements 
for one ore and one groundwater sample from Koongarra 
were reported recently [10] . The molar ratio of 
technetium-99 to uranium in the groundwater was 
2.8 x 10-11 which was greater by a factor of 2-17 than 
predicted for equilibrium conditions, implying that 
technetium-99 has a greater mobility than uranium in 
this environment.
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An initial study to measure plutonium-239 in and 
around the Koongarra deposit was commenced using 
isotope dilution mass spectrometry with the assistance 
of LANL under contract to ANSTO. Samples were obtained 
in 1985 from selected drill core in primary and 
secondary ore zones at Koongarra as well as samples from 
drill core down the hydraulic gradient. Large volumes 
of groundwater were also treated to extract plutonium 
and to obtain colloid concentrates for analysis.
These samples are currently being analysed for 
plutonium-239 at LANL. An initial measurement for a 
homogenized rock sample from just below the weathered 
zone gave a content of about 3.7 x 10-13g plutonium-239/g 
uranium equivalent to a molar ratio of 1.5 x 10-12 [10].

4.4. Application and validation of modelling codes
A number of mathematical approaches have been 

developed to model radionuclide migration in and around 
uranium ore bodies in the Alligator Rivers region [6]. 
These have been applied to data obtained on both a 
macro-scale, e.g. activity of uranium and thorium 
nuclides as a function of depth and distance from the 
ore bodies, and on a micro-scale, e.g. distribution of 
activity between different mineral phases in a small 
section of drill core.

The development and testing of the models on 
macro-scale data were particularly useful in estimating 
the time-scale for the movement of uranium through the 
secondary dispersion fan at Koongarra. Two procedures 
were used, one using a hydrodynamic model and the other 
using an open system model.

The first model assumed a one-dimensional 
transport of uranium and thorium and compared calculated 
data with the measured activities of uranium-2 34, 
uranium-238 and thorium-230 in drill core samples along 
the assumed flow path. The best fit to the measured 
data was obtained where thorium-230 was considered to 
be the least mobile, and with uranium-238 being more 
mobile than uranium-234 but both being much more mobile 
than thorium-230. The estimated time for the uranium 
to have moved about 50 m was about 1-3 Ma.

The alternative model described the decay of 
uranium-series nuclides in an open system where 
leaching and deposition were included as first-order 
processes proportional to the concentrations of the 
accessible uranium in the rock and water. The 
calculated and measured activities of the various 
nuclides were compared and an estimate of the uranium
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migration time obtained of at least 700 ka to several 
Ma, which is consistent with the time range estimated 
by the hydrodynamic method.

The modelling work is continuing with high priority 
in the international Alligator Rivers Analogue Project 
and data from Koongarra will be considered in a wider 
international model validation study known as INTRAVAL, 
sponsored by the Swedish Nuclear Power Inspectorate.

5. THE INTERNATIONAL ALLIGATOR RIVERS ANALOGUE PROJECT
ANSTO proposed in 1985 that the work in the 

Alligator Rivers region should be extended and an 
international project should be set up under the 
sponsorship of the OECD Nuclear Energy Agency (NEA). 
Discussions were held with interested organisations 
and these led to the establishment of the project 
formally on 1 September 198 7 with the title "The 
Alligator Rivers Analogue Project".

The participants in the project are the Australian 
Nuclear Science and Technology Organisation (ANSTO), 
the US Nuclear Regulatory Commission (USNRC), the UK 
Department of the Environment (UKDOE), the Japan Atomic 
Energy Research Institute (JAERI), the Power Reactor 
and Nuclear Fuel Development Corporation of Japan (PNC) 
and the Swedish Nuclear Power Inspectorate (SKI), and 
the OECD NEA is sponsoring the project. ANSTO is the 
managing participantand the budget agreed for the 
3-year project is nominally A$868 000 per year.

A detailed technical program was agreed by a Joint 
Technical Committee and this comprises six main 
technical subprojects:

(1) Modelling of radionuclide migration
(2) Hydrogeology at Koongarra
(3) Uranium/thorium series disequilibria studies
(4) Colloid and groundwater studies
(5) Fission product studies
(6) Transuranic nuclide studies.

The overall objectives of the project are to
contribute to the production of reliable and 
realistic models of radionuclide migration 
within geological environments relevant to 
the assessment of safety of radioactive 
waste repositories
develop methods of validation of models using 
a combination of laboratory and field data
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associated particularly with the Koongarra 
uranium deposit
encourage maximum interaction between 
modellers and experimentalists in achieving 
the objectives.

6. CONCLUSIONS
The extensive evaluation of uranium ore deposits 

in the Alligator Rivers region of Australia by ANSTO 
and its collaborators over the last seven years has 
provided significant new information on radionuclide 
migration in the geosphere.

Results of generic interest to the safety 
assessment of radioactive waste repositories in 
geological formations include the following:

The distribution of uranium- and thorium- 
series radionuclides in rocks, groundwater 
and separated rock phases has shown that iron 
minerals play an important part in retarding 
the migration of uranium and thorium;
The demonstration of time-dependent 
coefficients for the distribution of 
radionuclides between aqueous and solid phase 
has implications on the use of constant 
coefficients in most simple models for 
migration of radionuclides in the geosphere; 
Significant quantities of thorium are carried 
by particulate and colloidal material in 
groundwaters in these deposits which has 
implications for the migration of other heavy 
metals ;
Naturally occurring levels of important long- 
lived fission products, e.g. technetium-99 
and iodine-129, and transuranium nuclides, e. 
plutonium-2 39, can be measured in and around 
the deposits, and their migration studied.

The data currently available from the Alligator Rivers 
Analogue Project, and planned to be obtained in future 
work, will be important in

(i) limiting the uncertainties in understanding 
radionuclide migration in the geosphere,

(ii) providing quantitative data or boundary 
conditions for models, and 

(iii) validating coupled models for water and
radionuclide transport in complex geological 
systems, especially through interaction with 
international model validation exercises.
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Abstract-Résumé

TECHNICAL CRITERIA FOR THE SITING OF RADIOACTIVE WASTE STORAGE FACILITIES 
IN GEOLOGICAL FORMATIONS.

In France, the National Agency for Radioactive Waste Management is responsible, under a 
management programme approved by the Government in 1984, for the disposal of radioactive wastes. 
This programme provides for the surface storage of short-lived low- and medium-level wastes (‘A’ 
wastes), and the underground storage of alpha wastes and of high-level vitrified wastes (‘B’ and ‘C ’ 
wastes). The storage facilities constitute basic nuclear installations subject to the corresponding regula
tions. The process of selecting an underground storage site comprises several stages: (1) geological 
survey and preliminary selection of potentially suitable areas; (2) geological appraisal of these areas by 
means of deep drilling; (3) selection of a site and establishment within it of an underground laboratory 
to determine the storage parameters; (4) licensing, construction anmd commissioning procedures. In 
parallel with this programme, the French Government has made the necessary arrangements to gather 
the technical data to enable it, at the appropriate time, to give a judgement on the quality of proposed 
sites. Thus, in April 1985, the Minister for Industry requested Professor Goguel to head a working 
group with the task of proposing technical criteria for the selection of deep sites. In June 1987 the group 
submitted its report, the main substance and conclusions of which are presented in this paper. The group 
formulated technical criteria for the whole range of problems involved: hydrogeology, geochemistry, 
planning and execution of the work, consequences of disruptive external events, site reconnaissance and 
qualification programmes. Radiological safety' objectives, based on the ICRP recommendations for 
radioactive wastes, have taken a prominent place in the group’s deliberations.

CRITERES TECHNIQUES DE CHOIX DES SITES DE STOCKAGE DES DECHETS 
RADIOACTIFS EN FORMATIONS GEOLOGIQUES.

En France, l’Agence nationale pour la gestion des déchets radioactifs est chargée du stockage 
définitif des déchets radioactifs dans le cadre d ’un programme de gestion approuvé par le gouvernement 
en 1984. Ce programme prévoit le stockage des déchets de faible et moyenne activité de période courte 
(déchets A) en surface, et le stockage des déchets alpha et des déchets vitrifiés de haute activité (déchets 
B et C) en profondeur. Les installations de stockage constituent des installations nucléaires de base
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soumises à la réglementation correspondante. Le processus de recherche d’un site de stockage souterrain 
comporte plusieurs étapes: 1) inventaire géologique et présélection de zones favorables; 2) évaluation 
géologique de ces zones par forages profonds; 3) choix d’un site, et implantation dans celui-ci d ’un 
laboratoire souterrain pour qualifier le stockage; 4) procédures d’autorisation, de construction, et de 
mise en service. En parallèle à ce programme, le Gouvernement français a eu le souci de rassembler 
les éléments techniques lui permettant, le moment venu, de porter un jugement sur la qualité du site 
proposé. Ainsi, le ministre chargé de l’industrie a demandé, en avril 1985, au professeur Goguel de 
présider un groupe de travail chargé de proposer des critères techniques de choix de sites profonds. Ce 
groupe a remis son rapport au mois de juin 1987. On en présente dans ce mémoire les grandes lignes 
et les conclusions. Le groupe a formulé des critères techniques sur l ’ensemble des problèmes concernés: 
hydrogéologie, géochimie, conception et exécution des travaux, conséquences des événements pertur
bateurs externes, programmes de reconnaissance et de qualification du site. Les objectifs de sûreté 
radiologique s’appuyant sur les recommandations de la CIPR dans le domaine des déchets radioactifs 
ont tenu une place éminente dans la réflexion du groupe.

1. INTRODUCTION

Le stockage des déchets radioactifs en France 
fait l'objet d'un programme général de gestion approuvé par 
le Gouvernement en 1984. Dans le cadre de ce programme, 
c'est l'Agence nationale pour la gestion des déchets radio
actifs (ANDRA), organisme public créé au sein du Commissariat 
à l'énergie atomique (CEA), qui est chargée de la mise en 
oeuvre des stockages définitifs.

Ce programme a notamment fixé les modes de
stockage :

- stockage en surface pour les déchets à "vie courte" et 
faible activité,

- stockage en profondeur pour les déchets à "vie longue" 
et/ou haute activité.

Pour les stockages en surface 1'ANDRA dispose 
d'un centre dans la région du cap de La Hague dénommé "Centre 
de la Manche" en exploitation depuis 1969. Ce centre sera 
relayé en 1991 par un deuxième centre situé dans lé départe
ment de l'Aube, dont les procédures d'autorisation sont 
en cours.

En ce qui concerne le stockage en profondeur, 
pour lequel aucun centre n'est encore opérationnel en France, 
les déchets à prendre en compte sont essentiellement issus 
du cycle du combustible nucléaire pour la production 
d'énergie. Dans le cas de la France, la capacité à envisager 
pour le stockage correspond à environ cent mille tonnes 
de combustibles gérés dans l'option retraitement. Ces déchets
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correspondent à deux catégories : les déchets dits "alpha"
ou catégorie B dont les nucléides les plus significatifs 
ont des périodes supérieures à 30 ans et provenant princi
palement de la fabrication et du retraitement. A titre 
d'indication, leur volume cumulé à l'an 2000 sera de 
70.000 m3; les déchets dits "haute activité" ou catégorie C
renfermant les produits de fission et les éléments "alpha"
issus du retraitement des combustibles irradiés. A titre
d'indication leur volume cumulé à l'an 2000 sera d'environ 
3000 m3.

Le choix du stockage en profondeur pour les 
déchets à vie longue se fonde en particulier sur un très
large consensus de la communauté des experts internationaux. 
L'avantage essentiel de ce type de stockage réside dans 
l'efficacité du confinement apporté pendant un temps très 
long par le milieu géologique. Les milieux géologiques a 
priori favorables au stockage souterrain (comme l'argile, 
le granite, les schistes ou le sel) ainsi que ses principes 
de base sont étudiés dans plusieurs pays depuis de nombreuses 
années, notamment aux Etats-Unis, en RFA, en Belgique, en 
Suisse, en Grande-Bretagne, en Suède, au Japon, etc...

Le choix d'un site demande des investigations 
géologiques poussées à mener suivant le processus ci-après.

2. LE PROCESSUS RETENU EN FRANCE POUR LE CHOIX D’UN SITE 
DE STOCKAGE EN PROFONDEUR

L'ANDRA a tout d'abord effectué avec l'aide 
du Bureau de recherches géologiques et minières, un inventaire 
géologique national (bibliographie, résultats de forages 
miniers et pétroliers, etc). A l'issue de ces études, l'ANDRA 
a présélectionné quatre zones du sous-sol français présentant 
des caractéristiques a priori favorables, justifiant une 
reconnaissance géologique plus complète :

- le massif granitique de Neuvy-Boulin à l'ouest de Parthenay 
(Deux-Sèvres),

- le sous-sol argileux d'une zone située au nord de Sissonne 
(Aisne),

- le sel présent dans le sous-sol de la région de Saint- 
Julien sur Reyssouze (Ain),

- les schistes présents dans le sous-sol d'une zone située 
au sud-ouest de Segré (Maine et Loire).
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La localisation des sites a été rendue publique 
en février et mars 1987. Des travaux de reconnaissance 
géologique de type géophysique pétrolière ou minière ont 
commencé dans ces quatre zones, en surface, et par forages 
profonds (quelques centaines de mètres). Ils sont destinés 
à permettre d ’apprécier les qualités géologiques des quatre 
zones et en particulier leur aptitude à accueillir un stockage 
en profondeur.

Cette évaluation débouchera vers 1990 sur 
le choix d'un site dans lequel l'ANDRA réalisera dans un 
premier temps un laboratoire souterrain. Le laboratoire 
aura pour but d ’étudier le site choisi de manière approfondie 
et représentative par un ensemble de prélèvements, d'analyses 
et d'expérimentations effectués au sein même du milieu 
géologique sans qu'il soit toutefois nécessaire d'y introduire 
des substances radioactives.

Ce n'est qu'à l'issue de cette étape que l'ANDRA 
pourra présenter vers 1995 la demande d'autorisation de 
création d'un stockage en profondeur.

Si cette procédure aboutit favorablement, 
les cavités de stockage et leurs galeries de desserte seront 
excavées et, au début du siècle prochain, au terme d'un 
nouvel examen de sûreté nucléaire, les premiers déchets 
radioactifs pourront être mis en place en profondeur.

En parallèle aux études et travaux de l'ANDRA, 
le Gouvernement a voulu réunir les éléments techniques 
destinés à lui permettre de porter un jugement sur le site
qui sera proposé pour l'implantation d'un laboratoire 
souterrain. Aussi a-t-il demandé en avril 1985 au professeur
Goguel, géologue de renommée mondiale, de bien vouloir
accepter la présidence d'un groupe de travail scientifique, 
chargé de définir des critères techniques - notamment
géologiques - de choix d'un site.

Ce groupe s'est réuni entre juillet 1985 et 
mai 1987. Malgré le décès du professeur GOGUEL peu avant
l'achèvement des travaux, un rapport a été remis le 
23 juin 1987 au Gouvernement français.

Ainsi les objectifs assignés au groupe de
travail s'insèrent rigoureusement dans une procédure et
une méthodologie qui découlent directement des programmes
et des directives du Gouvernement.

Avant de présenter le corps des conclusions 
dégagées par les experts du groupe de travail, il nous paraît



IAEA-CN-51/59 189

indispensable de décrire succinctement le processus qui 
doit conduire à la mise en oeuvre d'un stockage en pro
fondeur.

3. LE RAPPORT GOGUEL -  CONTENU ET RECOMMANDATIONS

La mission proposée au groupe le conviait 
à "recenser" et "hiérarchiser" les critères techniques 
applicables en fonction des milieux retenus pour éclairer 
le Gouvernement sur le choix d'un site. Le groupe a donc
pris en compte les critères techniques ayant ou pouvant
avoir une incidence directe sur la sûreté du stockage aussi
bien pendant la période d'exploitation qu'après la fermeture. 
Ceci a guidé la démarche principale pour aborder les problèmes 
de sûreté dite pré-fermeture, c'est-à-dire pendant la période 
d'exploitation, les problèmes de sûreté post-fermeture après 
remblayage et scellement de toutes les cavités, enfin les 
problèmes relatifs aux phases de reconnaissance ou 
d'utilisation du laboratoire souterrain.

Mais dès l'initiation de ses travaux, le groupe 
a estimé indispensable, pour l'orientation de sa réflexion, 
de passer en revue les principes et options de sûreté et 
radioprotection applicables à un tel stockage. Cette réflexion 
fait l'objet du chapitre 1  du rapport et il nous paraît 
important de la présenter ci-après.

3.1. Principes de sûreté et radioprotection

Pour ce qui concerne la sûreté, le groupe 
a basé sa réflexion sur les concepts généraux suivants :

a) - l'appréciation du risque en matière de sûreté nucléaire 
à partir du couple probabilité-conséquences. Le risque associé 
à un scénario dont les- conséquences seraient importantes 
ne peut être acceptable que si sa probabilité est suffisamment 
faible. En matière de stockage définitif il faut, bien 
entendu, avoir présente à l'esprit pour l'application de 
ce principe, la longue période de temps à laquelle on fait 
référence pour la durée du stockage (1 0 0 . 0 0 0  ans ou plus).

b) - L'étude de sûreté doit traiter un scénario central 
dit "de référence" prenant en compte la dégradation possible 
ou les variations sur une longue période des paramètres 
importants pour la sûreté. Elle prend également en compte 
des événements aléatoires d'origine humaine ou naturelle.

Dans son approche de sûreté le groupe a été 
également attentif au problème soulevé par la validité des 
démonstations de sûreté pour de très longues périodes de
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temps. Il a été conduit à considérer que la démonstration
de sûreté pourrait et devrait reposer sur une modélisation
pendant une période de 10.000 ans au moins. Bien entendu, 
cela ne veut pas dire que ce qui surviendra au-delà de 1 0 . 0 0 0  

ans doit nous être indifférent. D'une part, l'évolution 
du milieu géologique et des barrières ouvragées est 
extrapolable au-delà de 1 0 . 0 0 0  ans, et elle doit l'être 
le plus longtemps possible. D'autre part, l'évaluation de
la qualité du site choisi reposera d'abord sur une analyse 
géologique globale, sans limitation de durée. En dernier 
lieu, au-delà de 1 0 . 0 0 0  ans, la démonstration de sûreté
pourra reposer sur une comparaison entre l'estimation de 
l'efficacité résiduelle minimale de la barrière géologique 
et l'évaluation du niveau d'efficacité requis pour respecter 
les objectifs de protection radiologique retenus.

Dans le domaine de la sûreté radiologique, 
le groupe a fait particulièrement référence aux recomman
dations de la CIPR et plus particulièrement à celles concer
nant le stockage des déchets radioactifs (CIPR publication 
46) :

- application du système de limitation des doses individuelles
pour les événements prévus ou très probables ; il s'agit 
de la limite fixée à 1 mSV/an pour des expositions
prolongées ;

- application de la limite de risque individuel qui doit 
rester inférieur à 1 0 “̂ par an,'

- prise en compte de la dose collective pour l'optimisation
de la radioprotection durant la période pré-fermeture
et post-fermeture.

Enfin pour ce qui concerne l'application des
méthodologies permettant de souscrire aux principes énoncés, 
des options de sûreté ont été définies généralement dans 
la ligne des pratiques habituelles de sûreté nucléaire :

- application du principe de défense en profondeur,

- définition des barrières successives pour limiter la 
dispersion des radionucléides,

- prise en compte du rôle de la biosphère,

- hypothèse de non réversibilité du stockage,

- définition de la capacité maximale du stockage comme cela 
a été précisé plus haut, ce qui conduira à une recon
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naissance complète du volume de roche hôte nécessaire, 
avant mise en place des déchets.

L'ensemble des ces précisions a permis au groupe 
de mieux situer la portée et le degré des recommandations 
formulées ensuite sur le plan technique s'assurant ainsi 
que les critères proposés s'inscrivaient dans un corps de 
doctrine défini et cohérant.

3.2. Critères techniques — Principales conclusions du rapport

Le groupe de travail a étudié les deux aspects 
de la sûreté d'un stockage souterrain de déchets radioactifs : 
la sûreté à court terme, en phase d'exploitation, et la
sûreté à long terme, après rebouchage et fermeture.

Le stockage souterrain projeté se présente comme 
un ensemble de galeries creusées à quelques centaines de
mètres de profondeur. La phase d'exploitation du stockage 
durera quelques dizaines d'années. Après remplissage, les 
cavités seront rebouchées et scellées. La sûreté du stockage 
en cpurs d'exploitation doit donc prendre en compte la
coexistence en profondeur d'un chantier minier, d'instal
lations de manutention nucléaire et de cavités de stockage 
remplies et scellées. En ce qui concerne la tenue mécanique 
des galeries, le groupe de travail a estimé que des techniques 
éprouvées sont disponibles pour excaver et stabiliser pendant 
une durée suffisante les ouvrages souterrains. Toutefois, 
au delà d'un millier de mètres, la pression atteinte dans
les roches peut créer des problèmes miniers difficilement 
surmontables. Le site retenu doit offrir le choix d'une 
profondeur raisonnable. Des précautions doivent également 
être prises pour éviter les venues d'eau dans les galeries : 
excellente étanct)éité çles puits d'accès, bouchage des forages 
de reconnaissance devenus inutiles, reconnaissance géologique 
poussée avant d'entreprendre les travaux de creusement.

Après fermeture, c'est-à-dire rebouchage et scelle
ment des dernières cavités et des puits d'accès, la
radioactivité des déchets s'atténue d'un facteur 1 0 . 0 0 0  
environ en quelques millénaires, avec la disparition de
la radioactivité "à vie courte". Cette disparition
s'accompagne d'un dégagement de chaleur dont il faut tenir 
compte dans la conception du stockage. Cette première période 
revêt donc une importance particulière pour la sûreté. 
Cependant, le stockage doit aussi confiner pendant une durée 
d'ordre géologique (1 0 0 . 0 0 0  ans et plus) la radioactivité 
à vie longue contenue dans les déchets. Il doit offrir une 
sûreté intrinsèque et ne demander à long terme aucune mesure
de surveillance, pour ne pas faire peser sur les générations
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futures des contraintes liées à la gestion des déchets
produits aujourd'hui.

En l'absence de phénomènes perturbateurs exter
nes, la sûreté du stockage après fermeture est fondamen
talement liée au régime des écoulements d'eau souterrains. 
En effet, la circulation des eaux souterraines pourrait 
éventuellement être à l'origine d'une remontée de 
radioactivité vers la surface : dans un premier temps, par
la dégradation des déchets et des matériaux les entourant, 
ensuite, comme moyen de transport de la radioactivité. Le
premier principe qui doit guider le choix d'un site est 
donc la recherche d'écoulements d'eau nuls ou très faibles
autour du dépôt. D'où deux critères essentiels : une très
faible perméabilité de la roche d'accueil, et de faibles 
gradients de charge hydraulique, moteurs de circulations 

d'eau. Ce deuxième critère conduit à s'écarter des massifs 
montagneux au profit des zones à topographie douce. L'étude 
des sites doit donc d'abord permettre d'acquérir une bonne 
connaissance de 1 'hydrogéologie des régions les entourant : 
perméabilité, failles, fissuration, contribution de ces 
failles et de cette fissuration aux écoulements d'eau, charges 
hydrauliques, aquifères situés au dessus et en dessous de 
la roche d'accueil, hétérogénéités, etc.

D'autre part, les propriétés géochimiques de
la roche d'accueil doivent également être étudiées car elles 
jouent un rôle important dans la sûreté à long terme, et 
constituent donc un critère de choix. En effet, elles 
gouvernent la corrosion des colis de déchets, ainsi que 
les phénomènes de retard et de piégeage au cours du transport 
par l'eau de la radioactivité éventuellement relâchée. Le 
groupe de travail a recommandé, dans ce domaine, un programme 
de travail à effectuer dans le laboratoire souterrain et 
estimé que l'état des connaissances fondamentales qui continue 
d'ailleurs à progresser, devrait permettre la modélisation 
géochimique des transferts éventuels de radioactivité.

La connaissance du milieu naturel est donc 
essentielle pour donner une première image des écoulements 
d'eau souterrains après fermeture. Mais, le stockage y 
apportera des modifications.

A cet égard, les effets des travaux d'excavation 
des cavités de stockage doivent tout d'abord être minimisés 
par l'emploi de techniques de creusement douces, et par 
un rebouchage efficace des galeries après mise en place 
des déchets, reconstituant le mieux possible l'imperméabilité 
du milieu initial. Les puits d'accès au stockage peuvent 
aussi créer un chemin direct pour les écoulements d'eau.
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Pour l'éviter, il faut limiter le nombre de ces puits, étudier 
judicieusement leur implantation, leur rebouchage, leur 
scellement, voire la nécessité de démonter leur cuvelage. 
Dans le cas d'une formation argileuse ou salifère, une 
contribution naturelle au scellement peut d'ailleurs être 
apportée par la plasticité de la roche au moment de la ferme- 
tutre. De plus, le site doit être choisi tel que les
conditions hydrauliques dans les nappes entourant le stockage 
minimisent les possibilités de circulations d'eau par les 
puits d'accès.

L'effet des travaux mis à part, la chaleur dégagée 
par les déchets peut aussi avoir une influence sur les 
écoulements d'eau souterrains. Dans les roches dures, le 
phénomène de dilatation - contraction peut ouvrir la 
fissuration. Dans le sel au contraire, l'élévation de 
température augmente la plasticité de la roche qui cicatrise 
rapidement les discontinuités ouvertes. Les variations de 
température peuvent également générer des transferts d'eau 
(thermo-convection, etc). Enfin, certains minéraux se 
modifient sous l'effet de la température en donnant des 
produits de dégradation aux propriétés différentes. Tous 
ces phénomènes doivent être étudiés pour chaque site, afin 
d'être pris en compte dans la conception du stockage et 
dans les analyses de sûreté.

L'analyse de l'évolution à long terme doit prendre 
en compte l'état initial du milieu géologique et les 
modifications apportées par le stockage lui-même, mais elle 
doit aussi imaginer l'intervention d'éventuels facteurs
externes : phénomènes géologiques ou intrusions humaines.

L'observation des traces laissées par des
phénomènes géologiques anciens montre que ce type de 
phénomènes pourrait avoir une influence sur la qualité du 
confinement d'un site profond. Il faut donc s'en prémunir. 
Sachant que les conditions géodynamiques prévalant en France 
sont stables dans un futur de plusieurs millions d'années, 
et considérant que les zones d'activité tectonique comme 
les chaînes de montagne ou les régions volcaniques sont 
de toute façon à exclure, le groupe de travail a estimé 
que trois phénomènes sont à étudier pour l'évolution de 
chaque site : le climat, les mouvements verticaux et la
sismicité.

Concernant l'évolution du climat, les experts
prévoient une ou deux glaciations dans les 1 0 0 . 0 0 0  ans à 
venir : celles-ci engendreront des modifications hydrogéo
logiques (abaissement du niveau des mers, accroissement 
de l'érosion fluviale, développement d'une couche de sol
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gelé imperméable, surcharge mécanique liée au poids des 
glaces, etc) et une possibilité de creusements sous-gla- 
ciaires.

Pour les mouvements verticaux, il est néces
saire de rechercher dans chaque site des signes éventuels 
de déplacement de blocs, ainsi que leur tendance évolutive.

Par ailleurs, le groupe a constaté à partir de 
l'étude de différents séismes observés dans le monde, une 
atténuation très nette de leurs effets avec la profondeur.

Ces phénomènes géologiques induisent deux critè
res :

- un critère de stabilité géologique pour que les conséquences 
de phénomènes tels que glaciation, mouvements verticaux, 
rejeux de failles actives, séismes, restent acceptables,

- un critère de profondeur minimale de protection des couches 
abritant le stockage, de l'ordre de 150 à 200 m, qui doit 
permettre que sa sûreté ne soit pas compromise par l'érosion 
naturelle ou par l'effet d'un séisme. Ceci est également 
une protection contre les intrusions humaines dues aux 
travaux importants.

Le groupe de travail s'est également penché sur 
le problème de l'intrusion humaine dans un stockage 
géologique, qui se pose jusqu'à très long terme.

En ce qui concerne les intrusions profondes 
impliquant un risque d'atteinte du dépôt ou de son proche 
environnement, le groupe de travail a estimé que le stockage 
doit être maintenu sous contrôle administratif pendant 
plusieurs siècles, comme les mines et carrières désaffectées, 
au moyen notamment de la définition d'un périmètre de protec
tion. Il convient aussi d'étudier l'intérêt de disposer 
en surface, à l'aplomb des galeries, des marques très visibles 
et durables, identifiant la présence du stockage.

Cependant, à très long terme, on ne peut exclure 
que son existence ou sa signification soient oubliées, et 
écarter un risque d'intrusion humaine, qui devrait logiquement 
rester très faible compte tenu de l'emprise réduite du 
stockage (quelques km^ sur les 550.000 km^ de la superficie 
du territoire français). Le groupe a cherché à apprécier 
ce risque par l'étude des conséquences de quelques scénarios 

d'intrusion imaginables aujourd'hui. Deux scénarios sont 
étudiés s



IAEA-CN-51/59 195

- l'intrusion près d'un dépôt placé dans le sel pour extraire 
du sel de bouche,

- l'exploitation d'une cavité minière près d'un stockage 
placé dans le granite.

Les calculs montrent que dans l'ensemble, les 
conséquences radiologiques obtenues (inférieures ou de l'ordre 
du millisievert avec des hypothèses pessimistes), restent 
acceptables.

Dans ses conclusions, le groupe de travail rappelle 
que sa démarche a visé à définir des critères communs aux
4 milieux géologiques étudiés en France : l'argile, le
granite, les schistes, et le sel, et qu'il n'a pas cherché 
à se livrer à une comparaison théorique entre eux. En effet, 
seul l'évaluation d'un site réel bien défini permet de porter 
un jugement sur la qualité d'une barrière géologique. De 
même, les différentes caractéristiques d'un site entrant 
de manière complexe et imbriquée dans l'analyse de sûreté 
d'un stockage qui y serait implanté, le groupe de travail 
a jugé dépourvu de sens de fixer des valeurs minimales pour 
chaque caractéristique prise individuellement. En défini
tive, les critères formulés par ce groupe établissent une 
méthode et un guidé pour l'évaluation de la qualité géologique 
du site qui sera proposé.

Ces critères sont ainsi hiérarchisés :

- critères essentiels : hydrogéologie et stabilité géologi
que ;

- critères importants : propriétés mécaniques et géochimiques, 
respect d'une profondeur minimale, non stérilisation de 
ressources souterraines et propriétés thermiques.

Il en découle aussi d'ores et déjà un ensemble 
de recommandations importantes applicables aux programmes 
de reconnaissance à mener depuis la surface ou dans un 
laboratoire souterrain, que le groupe de travail a rassemblées 
dans un chapitre particulier de son rapport.

4. CONCLUSION

La mise en oeuvre d'une politique d'élimination 
des déchets radioactifs constitue un tout depuis la disci
pline à imposer dès le stade de la production des déchets 
jusqu'à l'étape finale d'élimination qui, dans le cas de 
la France, est constituée par la mise en oeuvre de centres
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de stockages en surface ou en profondeur. Cette démarche 
suppose la définition d'un programme de gestion des déchets, 
la mise en place de moyens d'exécution, l'énoncé clair des 
responsabilités de chacun des acteurs dans le cadre d'une 
démarche et une réglementation de sûreté également clairement 
définie.

Pour ce dernier point, un effort particulier 
a été entrepris et c'est dans le cadre de cet effort que 
s'inscrit le rapport que nous présentons.

Il peut être opportun, à ce stade, de mettre 
l'accent sur certaines considérations.

Tout d'abord, il faut noter qu'il n'est pas 
possible, dans l'approche de sûreté, d'appliquer ici un 
raisonnement semblable à celui appliqué pour les grandes 
installations nucléaires telles que les réacteurs ou usines 
de retraitement.

Il a été internationalement admis que, pour de
telles installations (voir à ce sujet le préambule des codes 
NUSS de l'AIEA), la sûreté devait procéder de l'expérience. 
Nous sommes en présence, ici, d'un problème spécifique dont 
les paramètres sont assujetis à des durées inhabituelles 
(1 0 0 . 0 0 0  ans ou plus) qu'il faut intégrer dans les 
démonstrations. Cela impose, à la fois, imagination, rigueur, 
et prudence.

En second lieu, il faut s'imposer une réflexion
pour examiner comment un tel ensemble de critères pourra
être introduit dans le processus d'autorisation administra
tive d'une telle installation. Il est encore tôt pour préci
ser dans le détail un telle démarche. Ce que l'on peut pré
voir au stade actuel peut être très schématiquement résumé
comme suit :

- le rapport permettra dans l'avenir proche une relecture 
critique des résultats des travaux de reconnaissance actuel
lement effectués par l'ANDRA ;

- il servira de base méthodologique pour préciser le concept
de stockage souterrain tel que défini dans le projet
présenté par l'ANDRA ; il permettra d'apprécier le rôle
respectif des différentes barrières et guidera la
construction de modèles.

Au cours d'un processus qui durera une quinzaine
d'années, il pourrait ainsi être le garant de la définition
d'une base réglementaire solide fondée sur des travaux 
scientifiques approfondis.
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Abstract

THE THERMOSYPHON CONCEPT FOR NUCLEAR WASTE ISOLATION.
It has been proposed that a thermosyphon may be advantageously included in the design of an 

underground nuclear waste repository. A thermosyphon allows convective circulation of groundwater 
in a closed loop in order to dissipate heat. Results of the numerical simulations on a test configuration 
show that, when the source produces 2 kW and the thermosyphon has a permeability of 10~n m2, the 
temperature increase in the region surrounding the waste canister is reduced by a factor of 2, compared 
to when the thermosyphon is absent. Further reduction in temperature is obtained when the thermosy
phon has a permeability larger than 10“11 m 2. The thermosyphon has no effect when its permeability 
is less than 1СГ13 m2.

INTRODUCTION

An important issue in protection from nuclear radiation is the safe 
disposal o f radioactive waste. It is generally accepted that long term isolation 
will take place in an underground repository. Such a repository and its 
associated engineered and natural barriers must perform satisfactorily over a 
geologic time-scale. Some current conceptual designs for repositories have been 
reviewed by St. John [1].

One scheme that has been proposed for a deep subsurface repository in 
crystalline rock involves having a thermosyphon as the functional unit [2]. A 
thermosyphon allows convective circulation of groundwater in a closed loop in 
order to dissipate the heat produced from the decay of radioactive material (Fig. 
1). The thermosyphon principle requires no moving parts. Prior applications of 
the thermosyphon include the cooling o f transformers, car engines and nuclear 
reactors [3]. Cooling the waste canisters has the following attractions: boiling of 
the groundwater is more easily avoided; corrosive reactions are slower, and 
thermal stress on the surrounding rock is reduced. In this paper, we report on

* Present address: ITASCA Consulting Group, Inc., P.O. Box 14806, Minneapolis, 
MN 55414, USA.
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investigations into the projected performance of a nuclear waste repository 
incorporating a thermosyphon.

The thermosyphon has the advantage in first directing the flow off the 
waste package into designed material, rather than the host rock mass. Thus it 
can also be o f use as a geochemical trap. The prospect of designing a near-field 
geochemical trap, developed by the chemical species associated with the 
thermosyphon backfill, arises from the specificity o f adsorption of some radio
nuclides on particular silicate minerals, and the precipitation of actinide elements 
in reducing environments. For instance, it is well known that basalt is a specific 
adsorbent for actinide species, and maintains a reducing environment. It would 
therefore be an advantage to have all or part of the backfill in a thermosyphon 
consisting o f basalt.

In the proposed use of thermosyphons as the functional units o f a nuclear 
waste repository, it is assumed that the waste package is geochemically stable. 
Waste immobilized as SYNROC [4] and imbedded in inactive SYNROC would 
satisfy this requirement. Alternatively, spent fuel elements embedded in copper, 
following the Swedish KBS design (Swedish Nuclear Fuel Supply Company) 
could constitute the waste package. Both SYNROC and copper waste packages 
satisfy the requirement o f demonstrable stability on a geologic time-scale. Our 
investigations into the use of a thermosyphon as part o f a nuclear waste disposal 
repository have involved both laboratory experiments and numerical simulations. 
Some o f the laboratory work was reported in a previous paper [2]; here we 
present preliminary results from the numerical work.

NUMERICAL STUDIES OF GEOTHERMAL FLOW

We investigated the cooling effect o f the thermosyphon on a waste 
canister and the surrounding rock with the numerical code SHAFT79. Based on
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Heat Source

FIG. 2. Layout o f  elements used fo r  the numerical simulations.

Time (s)

FIG. 3. Temperature in the source element as a function o f  time fo r  various values o f the thermosyphon' 
permeability. .
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Fraction o f distance around thermosyphon

FIG. 4. Temperature in thermosyphon as a fonction o f  distance around the loop fo r  various values o f  
the thermosyphon permeability.

the integrated finite-difference method, SHAFT79 [5] (Simultaneous Heat and 
Fluid Transport) solves the coupled equations for heat and fluid flow in porous 
rock. We found that for a design feature as complex as the thermosyphon, 
which has only one plane o f symmetry, at least 400 elements were required for 
accurate and meaningful results in three dimensions. All of the simulations 
reported here were performed with 400 elements in an array 10x10x4, with each 
element 7.5 m x 7.5 m x 2.0 m (Fig. 2, not to scale).

The results presented here were obtained for a square thermosyphon loop 
o f outside dimensions 30 m by 30 m. The cross-section o f the loop was set at 
7.5 m x 4.0 m. The permeability of the surrounding crystalline rock was 
assumed to be 1 0 15 m2 (in any real site, the permeability would be selected to be 
less than this, but this has no effect on our results), and the permeability of the 
thermosyphon loop was varied from 1 0 14m2 to 1 0 10m2. It was assumed that 
the nuclear waste was giving off heat at the rate o f 2 kW. Initially all the rock 
was assumed to be at 50°C and the outer boundary o f the region we simulated 
was maintained at 50°C.

Shown in Fig. 3 is the transient source temperature for various 
thermosyphon permeabilities. It is evident that as the thermosyphon 
permeability is increased, the maximum temperature (in the source element) is 
reduced. Moreover, the temperature at the source becomes relatively steady after
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FIG. 5. Temperature in the source element as a function o f  permeability.

approximately 109 seconds or 32 years. The amount o f numerical effort and 
computer time to obtain solutions increases greatly as the temperature in the 
source elements decreases. This is due to the increasing discontinuity in fluxes 
between the host rock and the thermosyphon. Typically our simulations take 2-3 
days on a SUN-3 workstation.

The temperature profile around the thermosyphon after steady-state 
conditions were reached is shown in Fig. 4 for various values o f the 
thermosyphon permeability. The distance around the thermosyphon is defined 
so that the source is at 0 and distance increases in the direction o f flow. With 
low permeabilities in the thermosyphon (IO 15 m2 to 1 0 13 m2), most o f the heat 
transfer is by conduction and the source element reaches 90.2°C. For 
permeabilities in the thermosyphon greater than IO13 m2, convection becomes a 
larger component of the heat transfer and the temperature in the source element 
decreases.

The temperature of the source element as a function of permeability in the 
thermosyphon is shown more clearly in Fig. 5. It is apparent that a large 
reduction in the temperature of the source element occurs when the 
thermosyphon permeability is increased from 1 0 13 m2 to 10~10 m2. At a 
permeability of 1 0 11 m2 (corresponding to 10 darcy or a hydraulic conductivity 
o f 10-4 m -s1) the temperature in the source element is approximately half as far 
above the background compared to when the thermosyphon is absent.
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A complete evaluation o f all of the coupled aspects of the thermosyphon 
is not possible at this stage. The mechanisms when geothermal flow is coupled 
to geochemical processes are complicated. The achievement o f the capacity to 
predict accurately the performance of the thermosyphon relative to other isolation 
schemes will represent a benchmark in the understanding of absolute repository 
performance.

Nevertheless, the numerical studies reported here show that a 
thermosyphon can reduce the temperature surrounding a waste canister by a 
factor of 2 when the permeability within the thermosyphon is 1 0 11 m2, and by 
greater amounts when the thermosyphon has a larger permeability. At 
permeabilities below 10-13 m2, the thermosyphon has little effect as nearly all the 
heat travels by conduction.

Further studies are currently underway to investigate heat sources of 
various magnitudes and the effect of the dimensions of the thermosyphon.
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SYNROC -  RADIOLOGICAL IMPLICATIONS FOR HIGH-LEVEL WASTE MANAGEMENT 
STRATEGIES.

The potential radiological source term from groundwater leaching of Synroc is evaluated and 
compared with that from borosilicate waste glasses and spent fuel. The leach rate of Synroc decreases 
rapidly with time and approaches an apparent plateau of lO-4 g-m “2-day"1 under static conditions with 
periodic replacement of leachant. For long times, leaching is probably controlled by the solubility of 
the titanate matrix which is estimated to be <0.01 g-m “3 at 90°C. This compares with the solubility 
of silica in borosilicate glasses of about 300 g -m “3. Leaching of spent fuel results in near- 
instantaneous release of about 1 % of the caesium and iodine. The solubility of spent fuel is highly depen
dent on the redox potential of the groundwater but is estimated, from published data, to range between 
10 and <0.01 g -m '3. The radiological implications of leaching of high-level waste forms are 
discussed in the light of ICRP recommendations and the ALARA principle. It is concluded that Synroc 
offers greater assurance of safety than first-generation waste forms and deserves careful consideration 
when formulating high-level waste management strategies.

1 . INTRODUCTION

Current waste management strategies for high-level wastes depend on the 
multibarrier system to isolate radionuclides from the biosphere. These barriers 
include a suitably conditioned and packaged waste form, an engineered 
repository and a geological environment where potential pathways for the 
migration of radionuclides are extremely limited. Reliance on geological barriers 
can be lessened if the primary barrier -  the waste form -  offers a high assurance 
of long-term containment. The most important factor in containment is the 
chemical durability o f the waste form since leaching by groundwater and 
subsequent transport o f radionuclides to the biosphere is the most likely source 
of radiological exposure to the general population. Consequently, there is 
considerable incentive to develop a waste form whose stability in groundwater is 
superior to that of first-generation waste forms as this would significantly reduce 
the radioactive source term under normal and accident conditions.
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Synroc is an advanced waste form which is extremely resistant to leaching 
permitting it to be considered for a wider range of geological disposal options for 
high-level waste management. Assessments of the radiological impact of high- 
level waste management have been limited mainly to schemes employing first- 
generation waste forms; -  glass or spent fuel. This paper evaluates, in a generic 
sense, the source term from groundwater leaching of Synroc and compares it 
with that from glass and spent fuel. The radiological implications of the use of  
Synroc as a second-generation waste form are discussed in the light of ICRP 
regulations and the ALARA principle.

2. ANSTO’S SYNROC PROGRAM

Synroc is a multiphase ceramic, its major mineral components being 
zirconolite CaZrTÍ2C>7, barium hollandite Ba(Al,Ti)2TÍ60i6, perovskite СаТЮз 
and rutile TÍO2. The Synroc strategy for high-level waste immobilization was 
proposed in 1978 by Ringwood of the Australian National University [1]. In 
1979, the Australian Atomic Energy Commission (AAEC), now the Australian 
Nuclear Science & Technology Organisation (ANSTO), began studies of Synroc 
in collaboration with ANU. Laboratory-scale work demonstrated that Synroc 
could be readily fabricated and extensive leach testing confirmed its excellent 
chemical durability. An innovative method of large-scale fabrication by hot- 
pressing in thin-walled metal bellows was devised in 1981. The next stage of 
development was the design and construction of a non-radioactive, engineering- 
scale (10 kg h 1) demonstration plant made possible by a A$2.8 million grant 
from the Australian Government. Concurrently with the construction of the 
demonstration plant, glove-box and hot-cell fabrication lines were set up for 
small-scale production and testing of Synroc containing transuranic elements and 
fission products [2].

In the demonstration plant, Synroc is fabricated by hot-pressing in bellows a 
powder containing simulated wastes intimately mixed with the precursor (oxides 
of titanium, zirconium, aluminium, barium and calcium) [3]. The fabrication of 
Synroc involves unit operations widely used in the ceramics industry- All of the 
processing stages have been demonstrated at ANSTO in the demonstration plant 
and laboratory-scale active lines.

An active Synroc plant would be designed for remote operation and 
maintenance to minimise worker dose rates. One advantage o f the Synroc 
process is that ruthenium and caesium carry over into the off-gas system (a 
problem in vitrification plants) would be minimal because o f the reducing 
environment maintained during calcination and hot pressing.

3. SOURCE TERM FROM GROUNDWATER LEACHING OF SYNROC

The chemical durability of Synroc has been extensively studied at ANSTO 
[2, 4];—  over 3000 leach tests have been carried out on non-radioactive 
specimens and another 500 tests on specimens containing either individual 
transuranic elements or mixed fission products. From these tests, the following 
facts have been established:

• The chemical durability of Synroc is relatively insensitive to changes in 
temperature. The overall leach rate of Synroc increases by a factor of 25
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over the temperature range 45-250°C whereas the rate for waste glasses 
typically increases by a factor of 250 [5]. The activation energy for 
elemental leach rates from Synroc varies from 15 to 35 kJ mol-1 compared 
with values of 40 to 80 kJ-mol1 for borosilicate waste glasses.

• The initial leaching of Synroc is incongruent (i.e. different elements leach at 
different leach rates). Leachability decreases in the following order [2]:
Mo > Cs = I = Tc = Ba > Sr = Ca > Ru > Np > Zr = RE > Am = Cm = Pu. 
The most leachable element, molybdenum, is not of radiological concern 
since it has no long-lived, fission product isotope. Note also that iodine is 
not a normal component o f high-level waste.

• Leach rates are usually slightly higher in deionised water than in 
groundwaters but are relatively insensitive to the composition o f the 
groundwater [4] or its pH [6].

• Fabrication conditions can affect the chemical durability of Synroc. The 
more important parameters are hot-pressing time and temperature, precursor 
type, homogeneity of mixing, and redox control during calcination and hot 
pressing [4]. Good-quality Synroc is a dense black ceramic without 
measurable open porosity.

• There is an initial, near instantaneous, release of a very small percentage of 
some waste elements (e.g. Cs, Tc, Mo) from Synroc. The rate of release of 
these elements then decreases rapidly with time and is kinetically 
controlled for times up to several hundred days. In contrast, the release of 
the less soluble elements (Ti, Zr, Al, rare earths and actinides) appears to be 
solubility-limited even for short times.

Fundamental studies of Synroc leaching are still in progress but sufficient 
information has been obtained to indicate that the mechanism is complex and 
involves a number o f processes that occur simultaneously. The initial release 
from Synroc is attributed by Ringwood [7] to incomplete equilibrium during hot 
pressing which results in the occurrence of some elements, particularly caesium, 
at exposed grain boundaries and in metastable minor phases.

For intermediate times, leach rates of the more soluble elements decrease 
rapidly because the titanate matrix provides a barrier against further attack. A 
number o f distinct mechanisms for Synroc leaching have been considered:—  
matrix hydrolysis, gel formation, selective matrix dissolution, and ionic 
diffusion in pores and along grain boundaries. In this period, leach rates from 
Synroc at 90°C are typically two to three orders o f magnitude below those from 
borosilicate glass [2]. In the long term, congruent matrix attack and 
precipitation/recrystallisation processes are likely to dominate. Release rates can 
be satisfactorily modelled phenomenologically by an equation of the form:

1 4Ft
Qi = j R¡ d t = A¡ + 6¡ + -т -  (1)

о л
where Q¿ -  normalised release of element i per unit surface area (g nr?)

R¡ = instantaneous normalised leach rate of element i (gm^-day*)
Ai = instantaneous release of element i from non-equilibrated phases 

(g n r2)
0/ = complex kinetic function that accounts for ionic diffusion, 

selective matrix attack etc. (g-trr2)
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TIME Wsy)

FIG. 1. Leach rate o f elements from consecutive seven day leach tests on as-cut Synroc specimens in 
demineralised water. Data fo r fission product radionuclides are total leach rates at 90°С based on 
y-analysis o f  leachates in their own leaching vessel whereas data fo r  transuranic elements were obtained 
at 70°C by analysis o f  unfiltered leachates using a-spectrometry.

S = solubility of matrix (g n r3)
F = groundwater flow rate passed waste form (m3 a-1)
A = surface area (m2)
t = time (a).

If it is assumed that the quantities released in the first week are measures of 
A¡, then typical values for the more leachable elements from well-formed, as-cut 
Synroc at 90°C are (in units o f g nr2): Mo = 3, Tc = 0.5, Cs = 0.3, Ba = 0.2, 
Sr = 0.15, Ca = 0.15 and Np = 0.02. The kinetic term 0/ approaches a limiting 
value with time which is typically 3-5 times Aj.

Equation (1) indicates that the long-term release from Synroc will be 
controlled by the groundwater flow rate and the matrix solubility S. It is not 
possible to measure S directly from the mass loss since it is too small. One
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approach is to extrapolate radionuclide leach rate data to long times when the 
final term in equation (1) will dominate. Figure 1 shows the effect of time on 
the leach rate o f selected elements from Synroc. The data was obtained from 
seven-day leach tests in demineralised water under MCC-1 conditions at 70 or 
90°C [2]. To approximate groundwater flow, the leachate was replaced after 
each seven-day period and the leach test repeated. Except for 239Pu, 241 Am and 
244Cm, the leach rates of elements appear to converge, after long times, to a 
value < 10'4 g nr2, d a y 1. Data for other elements (e.g. "T c, 90Sr, 144Ce), not 
shown in Fig. 1, show a similar trend.

A long term, seven-day leach rate o f < 10-4 g nr2 d a y 1 is equivalent to a 
matrix solubility o f й 0.007 g-nr3 under MCC-1 conditions (surface area/ 
leachant volume = 10 n r1) at 90°C. This value is comparable with the 
concentration of the dominant matrix element, titanium, in water as measured in 
MCC-1 leach tests (< 0.005 g Ti m 3).

The release rates of 239Pu, 241 Am and 244Cm based on analysis o f leachates 
are less than the estimated solubility limit of the overall Synroc matrix (see Fig. 
1). Further investigation of this phenomenon has established that precipitation 
of the transuranic elements occurs onto the walls o f the leaching vessel [2]. 
When account is taken of the contribution of adsorbed/precipitated species, the 
total leach rate of these elements is comparable with the overall matrix leach rate.

4. SOURCE TERMS FROM GROUNDWATER LEACHING OF OTHER 
WASTE FORMS

The preceding summary of the leaching behaviour o f Synroc needs to be 
placed in perspective with the chemical durability of glass and spent fuel waste 
forms.

4.1 Glass

The chemical durability of glass waste forms has been studied for over 30 
years and a large database exists. Much of the early work was carried out at 
ambient temperatures (often 25°C). Under these conditions, glass dissolves 
slowly and the rate controlling mechanism is ionic diffusion through a growing 
gel layer.

In practice, however, the in-situ temperature of waste glass in a repository 
will be elevated both because o f decay heat and the natural increase in 
temperature with depth. Research in the late 1970s [8] showed that borosilicate 
glasses would be rapidly attacked and extensively altered under hydrothermal 
leaching conditions. It is now widely accepted that measures (such as long 
interim storage near the surface) should be taken to prevent groundwater access 
to waste glass at temperatures above 100°C.

There are many formulations for waste glasses but each involves an 
inevitable trade-off between chemical durability and the melting point and 
viscosity of the glass. The leach rate based on mass loss of typical borosilicate 
glasses melting at about 1100°C is about 1 g nr^day1 at 90°C in demineralised 
water [5]. Leaching occurs at a constant rate and is congruent for many
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radwaste (e.g. Cs, Tc, Np) and matrix elements (Si, B). Under normal 
repository conditions (i.e. low groundwater flow rates), leach rate will decrease 
as the solubility limit of silica is approached and some elements will precipitate 
under the high pH environment. Ultimately the source term from glass is 
determined by the final term in equation (1). The solubility o f the dominant 
matrix element, silicon, is about 150 g-nr3 (=300 g SiC^-m3) at 90°C [5, 9, 
Ю].

4.2  Spent Fuel

Spent fuel has only recently emerged as an acceptable waste form. Much of  
the pioneering work on disposal systems for spent fuel was carried out in 
Sweden but, in recent years, other countries (particularly USA and Canada) 
have funded large R&D programs.

Although studies o f the leaching mechanisms for spent fuel are still at an 
early stage, the following facts have been established [11-14]:

• The initial release of elements from the spent fuel is incongruent. 
In particular, there is a near-instantaneous release of some elements (e.g. 
caesium and iodine isotopes and, to a lesser extent, "T c and ,4C) which are 
mobile during reactor operation and tend to accumulate at grain boundaries 
and in the fuel-sheath gap. The extent of ‘instant’ release of caesium and 
iodine varies widely depending on the maximum temperature reached by the 
fuel but generally ranges from 0.1 to 10% with an average o f about 1%.

• Release rates are generally greater in demineralised water than in 
groundwaters.

• Compared with waste glasses, temperature has only a small effect on the 
release rate.

« Leaching is likely to be congruent eventually and controlled by the solubility 
of the UO2 matrix. The solubility of UO2 varies greatly depending on the 
redox potential of the groundwater but ranges from about 360 g-nr3 under 
highly oxidising conditions to й 0.01 g n r 3 in reducing environments [11]. 
Forsyth and Werme [13] found that uranium concentration stabilised at 
about 1 g-nr3 for leaching of spent fuel pellets in synthetic groundwater in 
contact with air at 20-25°C. Oversby et al. [15] assumed an ambient 
temperature solubility of uranium of й 5 g-nr3 in a study of the source term 
from spent fuel. Uranium concentrations within the range 0.01-10 g-nr3 
have been reported for bare fuel dissolution at temperatures ranging from 
25-85°C [12].

Table I. Estimate of source terms for waste forms exposed to water at 90°C

Waste form InitialCs release Matrix solubility (g-nr3)
Synroc 10-4%a <0.01
Borosilicate glass 10-3%a 300
Spent fuel 0.1-10% 10 (oxidising)

< 0.01 (reducing)

a Based on release rate in the first week from 0.3 m-diameter blocks (glass) or 
bellows (Synroc).
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The above discussion indicates that there are some parallels in the leaching 
behaviour of spent fuel and Synroc. The major differences are that spent fuel 
exhibits much higher initial releases o f caesium and iodine, and that its matrix 
solubility is very dependent on the redox potential o f the groundwater. The 
effect o f radiolytically-produced oxidising species on the redox potential of 
groundwater in contact with spent fuel is a major uncertainty in the modelling of 
spent fuel corrosion [10].

5. COMPARISON OF WASTE FORMS

From the data given in the previous sections, it is possible to compare the 
relative source terms if Synroc, borosilicate waste glass and spent fuel pellets 
were exposed to groundwater in a repository. Table I compares estimates of the 
initial release of caesium and the long term matrix solubility for each waste form. 
The caesium release term in Table I is a measure of the relative ‘spikes’ resulting 
from contact o f groundwater with a canister which fails during the first few  
hundred years after disposal. Likewise, the matrix solubility is a measure of the 
relative rate o f dissolution that will occur should groundwater ever contact the 
waste form. These ‘source-term’ parameters are only order-of-magnitude 
estimates since a number o f simplifying assumptions have been made. 
Nevertheless they illustrate the relatively high solubility of the silica matrix, the 
large initial spike of caesium from spent fuel and the large effect of redox 
potential on the solubility o f the UO2.

The rate of release o f radionuclides from a waste form under solubility- 
limited conditions is site specific since it depends on the groundwater flow rate, 
the concentration o f the dominant matrix element naturally present in the 
groundwater and the adsorptive “pumping” capacity of the backfill materials. 
Beyond the near field, there are other factors (e.g. the characteristics o f the 
repository rock, the path length to the ecosystem and any dilution by receiving 
waters) which limit the dose rate that might be received by the general public. 
Although estimates of these effects are beyond the scope o f this paper, it is 
obvious that since use of Synroc reduces the potential source term, it will result 
in proportionately lower dose rates.

6. RADIOLOGICAL IMPLICATIONS

Site-specific studies of high-level waste repositories for spent fuel or glass 
usually indicate that the dose rates to the general public should be very low [11, 
16]. In 1985, an OECD/NEA appraisal [17] concluded that radiation protection 
objectives for waste disposal can be met with currently available technology for 
most waste types at a cost which is only a small fraction of the overall cost öf  
nuclear-generated power. The conclusions of such studies are not sufficient, in 
themselves, to satisfy ICRP requirements since it is necessary to show that 
radiation doses cannot be reduced by reasonable efforts (the ALARA principle)
[18].

In comparing alternative strategies by application o f ALARA, it is the 
collective dose rather than the individual dose that must be considered [19]. The 
collective dose associated with disposal o f  long-lived wastes can be 
considerable, even though the maximum individual dose is small, because the
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exposure may occur to a large population over many generations. The ICRP is 
aware o f some difficulties created by strict application o f this approach to 
disposal o f long-lived wastes and has indicated that it may be appropriate for the 
competent national authority to grant exemptions where the individual dose rate 
is very small [20]. Notwithstanding the fact that exemptions may be appropriate 
for first-generation waste forms, it is clear from the above discussion that 
incorporation o f wastes into Synroc will lead to a worthwhile reduction in 
collective dose if groundwater penetrates the engineered barriers.

Application o f the ALARA principle requires a cost-benefit approach in 
which any reduction in “detriment” is compared with the costs of achieving it. It 
follows, therefore, that the technology associated with a new waste form must 
be practicable and without a serious economic penalty. Although further 
operational experience with the engineering-scale plant is necessary before costs 
for a fully radioactive Synroc plant can be reliably estimated, present indications 
are that the overall cost is likely to be below that for vitrification. Given that 
Synroc also offers greater assurance of safety than first-generation waste forms, 
it deserves careful evaluation when formulating high-level waste management 
strategies.
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Abstract

TOWARDS THE DEVELOPMENT OF CRITERIA FOR THE PROTECTION OF MARINE FAUNA 
IN RELATION TO THE DISPOSAL OF RADIOACTIVE WASTES INTO THE SEA.

It is generally assumed that the standards adopted for the protection of man, in terms of dose 
limits and the related aspects of radiological protection, will result in sufficiently low concentrations 
of radionuclides in the environment that the environment itself will be adequately protected. There has 
never been any agreed set of criteria relating to this assumption, however, and in view of the necessity 
to consider the environmental impact of different waste disposal practices, options, and consequences 
of unplanned releases, it is of value to consider some of the issues involved. In order to make an assess
ment of impact on the environment it is necessary to evaluate a number of basic requirements. These 
are essentially: an adequate dosimetry of the fauna or flora and, if necessary, the target tissue of interest; 
a relationship between dose rate or integrated dose and the level of risk for the individual, plus a measure 
of collective harm to the population; and an assessment of the consequences of increased risk or harm 
to individual species or to the ecosystem as a whole. As such, the first two requirements are similar 
to those required for the protection of man except that, for man, the emphasis is placed on minimizing 
the risk to individuals, and value judgements are made of the level of acceptable risk. For other organ
isms it is generally the protection of the local or regional population of a species which is of prime 
concern, or even the protection of a particular ecosystem. Nevertheless, whatever the ultimate goal, it 
is of value to examine the adequacy of the means of making such an assessment, particularly with regard 
to dosimetry and the effects of radiation. The results indicate that although there are differences in the 
apparent radiosensitivities of fish and other aquatic organisms, it is possible to define scales of expected 
harm in relation to chronic levels of dose. These could be used to delineate areas, or zones, of expected 
detriment resulting from waste disposal practices.

1. INTRODUCTION

It is generally assumed that the standards adopted for the 
protection of man, in terms of dose limits and the related 
aspects of the optimization of the level of radiological protec
tion, will result in sufficiently low concentrations of radio
nuclides in the environment that the environment itself will be

213
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adequately protected. This assumption is embodied in the ICRP 
belief that "... if man is adequately protected then other 
living things are also likely to be sufficiently protected" [1]. 
The ICRP cites nothing to support this view. Nevertheless, it 
would appear to have prima facie value in that the majority of 
controlled low-level discharges are made into sectors of the 
environment which man also occupies, or from which he obtains 
food and water. Such practices are not universal, however, 
because it is evident that the disposal of wastes at sites 
remote from man, such as the deep sea, could in theory result in 
elevated dose rates to the local fauna and yet be of negligible 
risk to man [2]. With regard to aquatic environments, and the 
marine environment in particular, only a small fraction of 
discharged nuclides is likely to result in human exposure, 
whereas the remainder can deliver chronic levels of dose over 
substantial areas. Of greater importance, however, is the 
increasing need to evaluate the entire spectrum of the conse
quences of different means of waste disposal and the probabili
ties associated with them. Such consequences include abnormal 
releases, and should include an estimate of impact on the 
environment itself. It is therefore timely to consider the 
information which is available and the approaches which could be 
taken.

•The scientific basis for radiological protection criteria 
in relation to man has arisen from an enormous amount of data, 
including the following: anatomical and physiological informa
tion, tissue distributions of the elements, dosimetric models 
for organs and tissues, severity and occurrence of effects in 
relation to dose and dose rate, and a comparison of risks 
arising from exposure to radiation with other risks to which the 
human individual and population in general is likely to be 
exposed. None of this information is available in anything like 
such detail for any other species; it is unrealistic to consider 
that it ever will be. Nevertheless, it is possible to consider 
the requirements for other fauna in an albeit elementary, but 
largely parallel, manner. These may be summarized as follows:

(a) a quantitative assessment of the nuclides resulting in
both external and internal exposure;

(b) the absorbed dose received by the tissue or target
organ of interest, as calculated from dosimetric models, from 
these sources;

(c) an evaluation of the dose/effect relationships appro
priate to the species and the circumstances and

(d) for the vast majority of species, an assessment of the
effect which the death or reduced reproductive capacity of an
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individual, or group of individuals, would have at the popula

tion level.

The last requirement is obviously different from that which 
is accepted for the protection of man, but nevertheless assumes 
a large measure of subjective input which has to be human based. 
This paper briefly examines each in turn, with particular 
emphasis on the marine environment.

2. THE DISTRIBUTION OF RADIONUCLIDES IN THE MARINE
ENVIRONMENT

A large amount of data is available on the quantities and 
distributions of radionuclides in the marine environment arising 
from natural sources, fallout, and discharges from the nuclear 
industries. Similarly, a large number of models have been 
derived to represent the environmental dispersion of radio
nuclides over different scales of space and time, from coastal 
waters to the deep sea. The parameters which are of greatest 
interest are those which determine the extent to which a radio
nuclide remains - and is dispersed - in solution, becomes incor
porated into settled sediments, and is both adsorbed and 
absorbed by living organisms. In deterministic modelling there 
are reasonable data bases which enable partitioning between 
soluble and particulate phases to be represented by distribution 
coefficients (K^s), and for the concentrations of radio
nuclides in the biotic compartments to be estimated by the use 
of concentration factors (CFs). The advective and diffusive 
parameters have an even larger data base upon which to draw, 
although site-specific information is often lacking. The basic 
information is thus usually available to describe the expected 
changes in the concentrations of nuclides in the water column, 
in the sediments, and in the organisms, with time, for a given 
rate of release.

With regard to potential environmental impact, there are a 
number of factors to consider. The first and most obvious one 
is the rate of change of concentration in both space and time. 
Controlled discharges are made from point source inputs, or at 
least confined to relatively small areas - with the possible 
exception of sea dumping - such that environmental concentra
tions decrease fairly rapidly with distance. It is therefore 
probable that different fractions of a given 'population' of 
organisms will receive very different radiation doses. A second 
factor is that the members of most phyla have quite complicated 
life histories. The number of variations is immense, but of 
particular importance is the fact that many species are highly 
motile and may cover substantial distances in their life time, 
that many engage in regular migratory movements, and that the 
larval stages may occupy completely different ecological niches
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from the adults. As effects on reproductive success are of 
prime concern, the information which is most valuable is that 
relating to the dose rates received by gonadal tissues and by 
eggs and larvae. These can be substantially different: benthic 
species - living in or on the sediment - may produce free- 
floating eggs, and pelagic species may adhere their eggs to the 
seabed. Spawning often takes place in discrete areas: indeed,
for anadromous fish (eg. salmon) and catadromous fish (eg. 
eels), it takes place in a completely different environment.

3. DOSIMETRIC MODELS

In order to make accurate estimates of the dose rates 
prevailing in contaminated aquatic environments it is necessary 
to have both dosimetric models and the data to apply them; 
however, there is no point in having the former developed to a 
degree of sophistication which cannot be supported by the 

latter. The calculation of the absorbed dose rate at a given 
point relative to an extended source of radiation - which may, 
or may not, include the target - is a complicated process; it 
may be achieved by integration of an appropriate point source 
dose function over the defined source geometry. Equally 
complex, however, is the theoretical derivation of the distribu
tion of absorbed dose about a point source due to the energy 
dependence of the processes of scattering, energy absorption and 
attenuation for the different types of radiation. In view of 
these complexities it has been necessary to develop and use much 
simpler dose distribution functions and these have frequently 
been empirically derived [3,4].

The immense variety in the sizes and shapes of aquatic 
organisms and of potential target organs such as the gonads, 
forces simplification of the models which may reasonably be 
employed. The ellipsoid, with varying ratios between the three 
principal axes, has been found to be a very convenient geometry 
which can be scaled to represent, approximately, the major part 
of the body (i.e. excluding appendages) of a wide range of aqua
tic organisms. It is also useful in that data, in the form of 
y-ray absorbed fractions as a function of energy, are already 
available for ellipsoids with a range of dimensions [5,6] and 
these may be used either directly or as a basis for 
extrapolation.

Before discussing further the application of such models to 

sources of a-, ß- and Y"radiati°n it is necessary to consider 
the use of quantities and units. The principal numerical 
difference between absorbed dose (D) and the dose equivalent (H) 
is the value of the quality factor (Q), or its effective value 
(Q), because the ICRP has not yet assigned any value other than 
unity to the term N. The values of quality factor are, in turn,
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derived from data on collision stopping power in water, and

although not necessarily representative of values of RBE, they
have been selected on that basis [1, 7]. In view of the fact
that the soft tissues of man and other multicellular organisms
are generally similar in terms of water content and basic cell
structure, it is to be expected that values of RBE obtained for
all such tissues would be similar. Indeed, the information -
admittedly limited - which is available from laboratory studies
with aquatic organisms supports this conclusion [8-10]. It
therefore seems reasonable to apply a quality factor of 20 to
the absorbed dose from a-particles and to quantify the resultant
biologically effective dose in Sv units. It is recognised that
this is a procedure which is open to argument; but in the
absence of a reasonable alternative, the results of the dose' i
rate calculations in this paper have been expressed as mSv.h- 1 . 
Thus, on the assumption that a unit density ellipsoid, with 
major axes of appropriate lengths, can be used to represent an 
aquatic organism, the following simple formulae can be used to 
estimate the radiation dose rate:

3.1. y-radiation

The mean free path for the absorption of y-radiation from 
the majority of radionuclides of interest is sufficiently large 
that it is reasonable to estimate the average dose rate (Dy) 

on the basis of a uniform distribution of the radionuclide in 
the organism. Thus

D^ = 5.76 x 10“7 n^ C Q Ф mSv.h-1

where Ey is the y-ray energy in MeV; Пу is the fractional 
number of y-rays of energy Ey per disintegration; C0 is the 
radionuclide concentration in the organism in Bq.kg- -*-; and Ф is 
the absorbed dose fraction, derived from the published data 
[5,6], for the particular geometry and y-ray energy Ey.

For a pelagic organism the y-ray dose rate from radio
nuclides in the water is simply

Dy = 5.76 x 10~7 E y n y Cw (1 - Ф) mSv.h-1

where Cw is the concentration (Bq.kg- ^) of the radionuclide in 
the water.

For benthic organisms occupying the interface between the 
sea water and the seabed sediment, the y-ray dose rate from 
radionuclides in the water is reduced to

Dy = 2.88 x 10“7 E y nу Cw (1 - Ф) mSv.h-1
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and from radionuclides in the sediment is

D v = 2.88 x 1СГ7 E v n v C c (1 - Ф) mSv.h-1 
У T T *

where Cs is the concentration (Bq.kg-1 wet), assumed to be 
constant with depth, of the radionuclide in the settled 
sediments. This assumption has important consequences, as 

discussed in section 5.

3.2. ß-radiation

Within the constraint of a uniform whole body distribution 
of a radionuclide, the maximum absorbed dose rate from 
ß-radiation from internal sources will be at the centre of the 
ellipsoid. This dose rate has been taken to be the index of the 
exposure to ß-radiation. In the case of a large ellipsoid the 
dimensions are such (i.e. greater than the maximum ß-particle 
range) that the ß-ray dose rate at the centre is given by:

Dß (°°) = 5.76 x 10-7 Eß nß C 0 mSv.h-1

where Eg is the mean energy of a given ß-ray transition in MeV; 
nß is the fractional number of transitions of mean energy Eß per 

disintegration; and C0 is the radionuclide concentration in 
the organism in Bq.kg- !. Conversely, the contributions to the 
central dose from ß-radiation from the external sources - 
seawater and sediment - are zero.

Where the dimensions of the ellipsoid representing an 
organism are less than the maximum range of the ß-particles
emitted by a radionuclide, the dose rate at the centre will be
less than Dß(°°) and must be determined by integrating an 
appropriate point source, dose distribution function, over the 
ellipsoid volume. A modification of Loevinger’s original dose 
distribution function has been developed together with the 
energy-dependent constants required for, and examples of, its 
application [4]. The absorbed dose rate at the centre of the
ellipsoid is expressed as a fraction, ф, of Dß(®>) as a func
tion of the mean ß-ray energy. Thus

Dß = 5.76 x 10-7 ÜTß nß CQ ф mSv.h-1

As a first approximation, the values of ф calculated for 
ß-spectra can be applied to mono-energetic Auger and internal 
conversion electrons where the energy is taken to be equivalent 
to Eßm a x . Tabulated dose distribution data are available for 
mono-energetic electrons in water [11], however, and these may 
be used to calculate more appropriate values of ф for given 
geometries as a function of electron energy.
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For organisms in the water column at distances greater than
a few cm above the seabed, the ß-particle dose rate from
nuclides in the water is

Dß = 5.76 x 10-7 Eß nß Cw (1 - ф) mSv.h“!

evaluated at the concentration of radionuclide in the water,

Cw Bq.kg-1.

For organisms at .the sediment-water interface, the dose 
rates from radionuclides in the water and sediment are

Dß = 2.88 x IO-7 Eß nß [С] (1 - ф) mSv.h-1

evaluated at the radionuclide concentrations [C] in water (Cw ) 
and sediment (Cs ) , respectively.

3.3. a-radiation

On the assumption of a uniform distribution of a radio
nuclide, and due to the very short ranges of a-particles, the
absorbed effective dose rate is simply

D a(°°) = 1.15 x 10-5 Ед n a C 0 mSv.h-1

where Ea is the energy of the a-particle transition in MeV; 
na is the fractional number of transitions of energy E a per 

disintegration; and C0 is the concentration of the radio

nuclide in the organism in Bq.kg- *.

Alpha-particles emitted by radionuclides in water and sedi
ment contribute little to the whole body exposure, but can cause 
significant exposure of the skin, and of the gut lining of those 
organisms that ingest sediment to extract organic detritus. In 
each case the dose rate at the surface of the tissue is taken to 
be 0.5 Da(OT) evaluated at the water or sediment concentration 
of the radionuclide, as appropriate, and it decreases rapidly 
with depth into the tissue.

The formulae given above have been expressed in terms of 
the fractional number of transitions per disintegration; for a 
given radionuclide, the total dose rate is clearly obtained by 
summing over all decay modes.

3.4. Applications to fauna

The dimensions and masses of some of the ellipsoids which 
can be used to represent a variety of aquatic organisms are 
given in Table I. It must be emphasized that, in the absence of 
detailed information concerning the radionuclide distributions
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TABLE I. DIMENSIONS OF GEOMETRIC MODELS WHICH CAN BE USED TO 
REPRESENT AQUATIC ORGANISMS

Type Organism Mass Lengths of the major axes of 

the ellipsoid (cm)

A Small crustacean 16 mg 0.62 x 0.31 x 0.16

В Small mollusc 1 g 2.5 x 1.2 x 0.62

С Larger crustacean 2 g 3.1 x 1.6 x 0.78

D Fish 1 kg 45 x 8.7 x 4.9
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FIG. I. y-ray absorbed fraction as a Junction o f  y-ray energy fo r  the geometries given in Table I 
(A to D), plus two intermediate forms (E, F), the dimensions o f which are: E, 6 .7  x 3.4 x 1.7 cm, 
and F, 15 X 7.3 X 3.6 cm.
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FIG. 2. Dependence o f the fraction (ф) on the maximum ß-particle energy fo r  three o f the geometries 
given in Table I  (A to C), plus that o f  a fourth (E) with dimensions o f  6 .7 x 3.4 x 1.7 cm.

within the animal, the realism of these representations is not 
critical; they are intended to provide a basis for estimates of 
the magnitude of the radiation exposure on the assumption of 
uniform whole body contamination. In those cases where the 
detailed distribution of the nuclides is known, more sophisti
cated models can easily be developed to provide more accurate 
estimates of the exposure of specific targets e.g. the develo
ping embryo [4]. Fig. 1 shows the y-ray absorbed fraction, Ф, 
as a function of y-ray energy for these geometries as derived 
from the published data [5,6].

For ß-particles, the geometry adopted to represent the fish 
is sufficiently large that the ß-dose rate at the centre from a 
uniform whole body distribution of a radionuclide is Dß(“) i.e.
Ф = 1. For the smaller organisms the dimensions are less than 
the maximum range of certain of the higher energy ß-particles 
and ф is less than unity. The dependence of ф on the maximum 
ß-transition energy for various geometries is shown in Fig. 2. 
The mono-energetic Auger and conversion electrons can be treated 
in a similar manner, although the energies of the former are
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such that their ranges are less than the dimensions of the 
geometries being considered, and the dose rate at the centre is 
equal to D(«>). Conversion electrons, however, can have energies 
up to at least 1.82 MeV (88Y), and with a range of approximately
0.9 cm in tissue the dose rate at the centre of the organism can 
be less than D(°°) for the smallest examples. The corresponding 
values of ф, as a function of electron energy, are given in Fig.3. 
From a comparison of Figs 2 and 3 it can be seen that 
application of the values of ф derived for ß-spectra to the 
mono-energetic conversion electrons will overestimate the dose 
rate from the latter radiation for internal contamination, and 
underestimate it for external sources. For а-emitting radio
nuclides, the organisms being considered are so large compared 

with the а-particle range that the average whole body dose for a 
uniform distribution of a nuclide is Da (”).

It is obvious that the assumption of a uniform whole body 
distribution of the radionuclides is too simplistic, but it has 
to be made because of the lâck of data concerning the distribu
tions of radionuclides within the wide variety of organisms of 
interest. The worst situation arises when the estimated mean
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whole body concentration of a radionuclide is, in fact, due to 
the preferential accumulation of that nuclide entirely in the 
target tissue. If, for example, this represents 1% of the body 
weight then the nuclide concentration would be increased by a 
factor of 100. However, this does not necessarily mean that the 
dose rate to the target tissue would increase by the same factor 
over the mean whole body dose rate from a uniform distribution. 
This factor is a function of the relationship between the atte
nuation length of the radiation and the dimensions of the 
organisms; it therefore depends on the radiation type and 
energy.

For y-radiation the attenuation length is long compared 
with the dimensions of the organisms being considered. 
Examination of the published values of the absorbed dose frac
tion for point and distributed sources [5,6] and application of 
the reciprocity theorem [12], shows that if 100% of the total 
body burden of a nuclide is contained within a centrally-placed 
target organ of 1% (1 g) of the body weight then the y-ray dose 
rate to the target is approximately 30 times greater than the 
mean dose rate to the whole body from the same total quantity of 
the nuclide uniformly distributed. In a more usual case where, 
perhaps, 25% of the body burden resides in the target organ (1% 
body weight), the dose rate would be increased by a factor of 8; 
for larger organisms the factor would be greater and for smaller 
organisms, less. Similarly, it can be shown that if the nuclide 
is not accumulated at all by the target organ the y-ray dose 
rate to the target is little different from the mean dose rate 
to the whole body from the entire body burden.

For ß-radiation (and Auger and conversion electrons) the 
ranges in tissue are of the same order as the dimensions of both 
the small organisms and potential target organs in the larger 
organisms. The non-uniform distribution of nuclides within the 
body is therefore likely to affect substantially the dose rate 
to a target organ. Using the data in Fig. 2 it is possible to 
show how the dose rate to a small, centrally-placed organ varies 
with the distribution of the radionuclides and the maximum ß-ray 
energy. Two example geometries are considered: 16 mg and 1 g
target ellipsoids centrally placed within 1 g and 20 g ellipsoi
dal bodies respectively. It is assumed that either 1% (discri
mination) or 25% (preferential accumulation) of the total body 
burden of the nuclide resides within the organ and that the 
distributions are, otherwise, uniform. The results are given in 
Fig. 4 in terms of (R) the dose rate at the centre of the body 
which would have resulted from a uniform whole body distribution 
of the same total quantity of radionuclide. At low energies the 
dose rate to the organ scales proportionately to the change in 
nuclide concentration in the target organ, but at higher 
energies (and therefore longer ranges) the relative dose rate



224 PENTREATH and WOODHEAD

ш
f—
<
ОС

Ш
СО
О
О

ш

Е—

Ш
ОС

ОС

ABSORBED DOSE, BETA PARTICLES
R e l a t i v e  to g e o m e t r y  of s o u r c e

M  0 V

MAXI MUM  ENERGY

FIG. 4. Relative dose rate (Rj between a uniform and non-uniform distribution o f a radionuclide for 
two whole body forms (В, E) with 1% (1) and 25% (2) o f the body burden occurring in a single centrally 
located organ o f geometry A and B, respectively.

falls below proportionality for the case where the nuclide is 
preferentially accumulated by the organ, and increases above 
proportionality where the target organ discriminates against the 

nuclide.

The ranges of a-particles in tissue are so short (30-90 pm) 
that the dose rate from а-emitting nuclides will scale in direct 
proportion with their concentration in the tissue or organ, and 
at least this degree of resolution is necessary for reasonable 
dosimetry. Indeed, the ranges are so short that accurate dosi
metry and assessment of response might require information 
concerning the spatial relationship between the distribution of 
the nuclides and the sensitive targets on a scale of approxi
mately 10 pm. Although dosimetry models can be- developed to 
utilize such information, it is very unlikely to be available 
for aquatic organisms.

It must be emphasized that the foregoing discussion is not 
meant to represent accurately real environmental situations, it



IAEA-CN-51/83 225

is merely an illustration of how models may be applied to 
provide an estimate of the magnitude of thé radiation exposure 
from the major sources. A spherical geometry might be consi
dered a more appropriate model for an animal such as an echi- 
noid, and relevant absorbed dose fractions have been published 
for y-radiation [5,6]. In the specific case of fish eggs, which 
frequently develop in an environmental niche different from that 
occupied by the adult, a substantial effort has been expended to 
develop realistic models [4].

3.5. Application to environmental concentrations

The dosimetric models can be applied either directly to 
observed environmental concentrations of radionuclides in the 
water, sediment, and fauna, or to the concentration fields gene
rated by environmental distribution models. In the case of the 
latter, data sets have already been compiled for values of CF 
for the types of organisms considered in Table I, and for values 
of Kjj [13]. Thus for a given filtrate water concentration of. 
a radionuclide it is possible to determine the concentration in 
the organism, by applying the appropriate whole-body CF value, 
the concentration in the sediment by use of the value, and 

thus summate the dose from all three sources for that nuclide. 
The K¿[ values given are on a dry weight, mass basis and thus 
an adjustment needs to be made to determine the quantity of 
radionuclide per unit mass of wet seabed. Thus, in this case,
C s is derived as

г C W [ f , ( Ps K d - Pw> +  Pw^
c s £ 4 p s - Pw> + Pw

where f' is the fraction of solids in the sediment, and ps and 

pw are the densities of the solids and the water, 
respectively.

It has been found useful, for assessment purposes, to 
derive a generalized set of values per unit water concentration 
for each nuclide, for the geometries given in Table I. Assuming 
the organisms to be either pelagic or demersal - except for the 
molluscs - dose rates per unit water concentration 
(mSv.h- l/Bq.m-3) have been tabulated for 104 nuclides, including 
contributions from short-lived daughters where appropriate. For 
the benthic cases it has been assumed that the organisms are in 
contact with the lose surface sediment, and thus a value of 0.4 
has been taken for f ', and a value of 1.5 tonnes.m-3 for ps , 
pw is taken to be 1.0 tonnes.m-3. The data obtained for both 
pelagic and demersal fish, large and small crustaceans, and 
small molluscs, are given in Appendix I. Because the recom
mended values for the Kjj in coastal and deep-sea sediments are 
different for certain nuclides [13], a second set of dose 
factors has been developed for deep sea organisms, and this is 
given in Appendix II.
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TABLE II. RANGE OF DOSE RATES FROM BACKGROUND RADIATION TO SOME 

MARINE ORGANISMS [16]

Type and position of organism Range of dose rate (mSv.h 1)

Zooplankton

(Small pelagic crustacean)

2.6 x 10-1* - 5.9 x 10-3

Mollusc
(Small, on the sea bed)

8.1 x 10-4 - 3.4 x 10-3

Crustacean
(On the sea bed)

5.7 x 10_1* - 1.4 x 10-2

Fish
(Pelagic)

3.3 x 10-5 - 5.7 x 10-4

Fish
(Benthic)

4.5 x 10-5 - 5.2 x 10-4

TABLE III. BRIEF SUMMARY OF THE EFFECTS OF RADIATION ON AQUATIC 
ORGANISMS [16,17]

End point Organism Exposure

period
(weeks)

Dose

(mSv.

rate

h-1)

Mortality Freshwater molluscs 24 > 10
Juvenile marine molluscs >52 > 10
Marine crustaceans 10 > 32
Freshwater fish 6 > 54
Freshwater fish 139 ~ 2
Freshwater fish embryos 12 ~ 20
Freshwater fish embryos 4 ~ 13

Fertility Freshwater fish
- total sterility 20 13

14 7
- partial sterility 29 2

Fecundity Freshwater fish
- reduced fecundity 29 2
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Having calculated dose rates in relation to a man-made 
source, the question arises as to what to compare them with in 
order to assess potential risk and harm. Comparison with 
natural background dose rates is no more valid for other fauna 
than it is for man; but, as for man, it is useful in maintaining 
a sense of perspective, and it is useful to compare the expected 
dose rates with the range of dose rates which a population could 
experience from natural sources, as given in Table II. What is 
required, however, is an indication of the dose rates which 
could be expected to cause the death of a substantial fraction 
of individuals in the short term - accident situations - and a 
decline in the reproductive capacity of a population, under 
chronic irradiation, in the long term.

A reasonably large amount of information is now available 
on the effects of radiation on aquatic organisms, although it is 
by no means comprehensive. It has, however, been the subject of 
several reviews. The IAEA has produced two technical reports on 
the subject [14,15], and this information has been substantially 
supplemented by the more recent reviews of Woodhead [16] and 
Anderson and Harrison [17]. Most of the data have, admittedly, 
been derived from studies of freshwater rather than marine 
species, but collectively they provide sufficient information to 
draw some generalized conclusions on the possible effects of 
enhanced levels of radiation on different types of aquatic 
organisms, particularly fish. Crude estimates of mortality rate 
as an end point have been made for species from a range of 
phylogenetic groups, and in a number of cases these also include 
developing eggs and larvae. A brief summary of examples is 
given in Table III.

Of greater interest are those studies which have addressed 
factors which could affect what may be termed 'reproductive 
success': namely, the damage of germ-cell tissue, reduced
fertility, reduced fertilization rate, and damage to developing
eggs and larvae. Comparison of one study with another is not 
easy, but some examples are also given in Table III. With 

regard to the equally important induction of mutations, it 
appears that a mutation rate in the region of 10-1 to 10-2 
gamete *»Gy  ̂ is a reasonable assumption for aquatic organisms 
in general [16].

All of these data indicate that dose rates in the range of 
10 mSv.h- * or more are likely to result in the death of indivi
dual aquatic organisms, both adults and embryos. Of greater
relevance is the conclusion that dose rates in the range of 1 to
10 mSv.h 1 are likely to lead to a reduction in reproductive 
success. Of course dose rates below this will result in an

4. THE EFFECTS OF RADIATION ON AQUATIC ORGANISMS
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increased mutation rate, but these mutations are unlikely to be 
significant at a population level. The most important evalua
tion, however, is the relationship between loss of reproductive 
potential and the fecundity of the species of interest. This 
can vary very considerably and the loss of reproductive poten
tial in relation to the age structure of the population will 
also be important for many species. As a general guide, how

ever, if dose rates in excess of 1 mSv.h- * are indicated in 
preliminary calculations then a more detailed evaluation would 
seem to be warranted.

5. COASTAL WATER DISCHARGES

Radionuclides have been discharged into coastal waters, 
under authorisation, at many sites around the world but direct 
estimates of the doses received by aquatic organisms are not 
usually made. One notable exception is that of the environ
mental impact of the discharges from the BNFL plant at 
Sellafield, which has been the subject of several studies 
[18-20]. The assessments made in the past have been based on 
actual environmental concentrations of radionuclides, and thus 
provide a means by which a comparison can be made with the 
generalized modelling approach discussed in section 3.5. The 
most useful data set available is that for fish. The main 
nuclides contributing to the exposure of benthic fish in the 
area were 95Zr-95Nb, 106Ru-106Rh, 137Cs and 141*Ce-lltltPr. 
Measurements of their concentrations in water and surface 
(0-10 cm) sediment (except *37Cs) were available for 23 stations 
up to 32 km from the then Windscale (Sellafield), outfall. In 
order to make such a comparison, the dose factors in Appendix I 
were applied to the nuclide concentrations in water to obtain 
one set of dose rate estimates, and these were compared with the 
original estimates based upon the measured concentrations in 
both water and sediment. The results are summarized in Table 
IV, where the comparison is made in terms of the quotient: dose
rate (dose factor approach)/dose rate (measured water and sedi
ment concentrations) evaluated at each station. It can be seen 
that there is great variation in the quotient (except for ^37Cs) 
and that the dose factor approach gives higher values in three 
cases. This is because the greater part of the radiation dose 
rate to benthic organisms derives from nuclides accumulated by 
the sediments. The dose factor approach overestimates this 
contribution because it assumes a constant nuclide concentration 

with depth, whereas for nuclides with relatively short half- 
lives it is evident that the concentrations will decrease with 
depth, with half-depths of several cm. This would reduce the 
effective estimated for a bulked sediment sample taken from 
0-10 cm (Table IV). The dose factor approach also includes a 
contribution from internal sources, for which station-specific 
data were not available for the original calculations. Thus it
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appears that the dose factor approach can be improved by using a 

more realistic model for the sediment radiation source, and by 
employing site specific values for sensitive parameters, such as 
the K(js. It should be noted that the results of the original 
calculations were confirmed with LiF dosimeters attached to the 
fish in a capture/recapture experiment [18]. The results indi
cated that benthic fish living off Sellafield received a dose 
rate of the order of 0.0035 mSv.h- 1 , well below that at which 
any environmental impact would be expected.

The use of direct dosimetry is clearly the preferred 
approach, but it is not always practical and cannot be applied 
retrospectively. Again, in such cases, it is possible to use a 
simplified model such.as an ellipsoid. This has been employed 
recently to estimate the exposure of black-headed gulls which 
inhabit an estuary close to Sellafield [21].

There are, of course, simpler ways in which dose rates to- 
fauna can be approximately assessed in relation to discharges to 
coastal waters. For example, one can estimate the maximum 
concentration of a nuclide which could be attained by a particu
lar species such that the dose rate to man would not be exceeded 
by its consumption; the maximum dose rate to that species could 
then be calculated. One of the marine animals that is 
frequently the object of public concern is the seal, particu
larly because it consumes large quantities of fish. The maximum 
rate of fish consumption by a (human) critical group in the 
Sellafield (UK) area is currently about 82 kg.a-  ̂ [22] and the 
principal nuclide■accumulated by fish is *37Cs. Thus, at this 
consumption rate, an absolute concentration of some 103 Bq.kg-1 
of ^37Cs would be the limit for ^37Cs in fish to be consumed by 
man. Seals likely to occur in the Sellafield area are the grey 
and the harbour seal. A female grey seal has a body weight of 
about 150 kg, some 40% of which is fat; thus, at a lean weight 
of 90 kg, not greatly different from that of man [23]. Such a 
seal might consume up to 3000 kg of fish a year. If one assumes 
the same dose; per unit intake for both seals and man, this would 
result in an annual dose to the seal of 36 mSv, which is less 
than the annual dose limit for workers. Similar calculations 
can be made f,or external dose rates which could be attained by 
intertidal fauna on the basis of limiting external dose rates 
for man at assumed rates of occupancy.

6. DEEP SEA DISPOSAL OF PACKAGED WASTES

There is one particular means of waste disposal for which 
one could envisage high dose rates being received by marine 
fauna but low dose rates being received by man, and that is the 
disposal of packaged wastes into the deep sea [2]. This is 
because the r^tes of transfer of radionuclides to surface waters
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is so slow that relatively high levels Of short-lived nuclides 
could be introduced into the deep sea which would be of little 
consequence from a radiological protection point of view. There 
are, of course, practical limits to the extent of this occúr- 
ring, such as the dose rates at the surface of containers during 
transportation, the retardation of the release of nuclides by 
the packaging itself, and the effect of dispersion and dilution 
in and around the site. Estimates of dose rates received by 
deep sea fauna at the OECD/NEA site in the NE Atlantic Ocean, as 
a result of past and potential future dumping rates, have in 
fact been calculated using methods similar to those described in 
this paper [24]. The results indicate that the dose rates 
received are actually very low 0.01 mSv.h- ! to molluscs) 
from all dumping in the area to date, and are well within the 
range of dose rates which the local fauna would receive from 
natural background radiation. Indeed the level of background 
radiation in the deep sea is somewhat higher than it is in 
coastal waters for benthic fauna due to the abundance of 
actinide elements in the sediments [25].

Nevertheless, it is prudent to consider the possible future 

dose rates which could be attained as a result of the continued 
use of the same site over a long period of time. For the 
OECD/NEA site, such calculations indicate that no environmental 
damage would be expected if dumping continued, at ten times the 
rate used in the late 1970s, for several years to come [24].

Somewhat different dumping rate criteria are assumed by the 
IAEA in its Definition and Recommendations with regard to 
Radioactive Wastes Unsuitable for Dumping at Sea [26], however, 
because they define an upper limit of dumping which is unaccep
table. This upper limit is based on the premise of a thousand 
years dumping of radionuclides, which are instantaneously 
released, at the same site. The release rate limits are based 
on the dose limit for members of the public, and the IAEA is 
currently examining the implications of potential impact on the 
deep sea environment itself.

7. DISCUSSION

Although it would appear that, in the majority of cases, 
the rates of introduction of radionuclides into the environment 
are limited in such a way that fauna other than man will be at a 
very low level of risk, there have been few attempts to verify 
this assumption. Part of the reason for this has been the lack 
of a generally accepted and easy-to-use method of computing dose 
rates to different types of fauna, plus a lack of suitable 
criteria against which dose rates could be compared. 
Unfortunately this is still the general case, but there are
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methods by which such an onerous task can be reduced to some
thing more manageable. Simple models can be developed, and when 
applied to situations where discharges have been made into 
coastal waters they indicate that the dose rates received by 
marine fauna are well below those which could be inferred as 
causing harm at a population level. This conclusion also holds 
for past dumping of packaged wastes into the deep sea, although 
this particular means of waste disposal is one in which the ICRP 

tenet may not generally hold up in theory and thus environmental 
impact needs to be assessed independently from that of the 
impact on man. There may well be, however, a number of other 
situations in which an assessment of impact on the environment 
itself is necessary - as in accident scenarios - and thus the 
improvement of dosimetry, databases, and dose/effect relation
ships are all deserving of further study. Equally important, 
however, is the need to evaluate the effect which a limited 
degree of harm may have on a population, or ecosystem, in any 
particular case. It is- likely that this uncertainty is as 
approximate as the models and experimental results which are 
used to estimate the effects of radiation.

REFERENCES

[1] INTERNATIONAL COMMISSION ON RADIOLOGICAL PROTECTION,
Recommendation of the International Commission on 
Radiological Protection, ICRPiPublication 26,
Pergamon Press, New York (1977).

[2] PENTREATH, R. J., Principles, practice and problems in the
monitoring of radioactive wastes disposed of into the 
marine environment, Nucl. Energy 2_1 (1982) 235.

[3] LOEVINGER, R., JAPHA, E. M . , BROWNELL, G. L., "Discrete
radioisotope sources", Radiation Dosimetry (HINE, G. J . ,
BROWNELL, G. L., Eds), Academic Press, New York (1956)
693-799..

[4] WOODHEAD, D. S., "Methods of dosimetry for aquatic
organisms", Methodology for Assessing Impacts of 
Radioactivity on Aquatic Ecosystems, Technical Reports 
Series No. 190, IAEA, Vienna (1979) 43-96.

[5] BROWNELL, G. L., ELLETT, W. H., REDDY, A. R., Absorbed
fractions for photon dosimetry, J. Nucl. Med. 9 Suppl.
1 (1968) 27.

[6] ELLETT, W. H., HUMES, R. M., Absorbed fractions for small
volumes containing photon-emitting radioactivity, J. 
Nucl. Med. 12 Suppl. 5 (1971) 27.

[7] INTERNATIONAL COMMISSION ON RADIOLOGICAL PROTECTION, A
Compilation of the Major Concepts and Quantities in Use 
by the ICRP, ICRP Publication 42, Pergamon Press, Oxford 
(1984).



IAEA-CN-51/83 233

[8] HYODO-TAGUCHI, Y., ETOH, H., EGAMI, N. , RBE of fast
neutrons for inhibition of hatchabllity in fish embryos 
irradiated at different developmental stages, Radiat. 

Res. 53 (1973) 385.
[9] HYODO-TAGUCHI, Y., MARUYAMA, T., Effects of fast neutrons

on spermatogenesis of the fish Oryzias latipes, Radiat. 
Res. 70 (1977) 345.

[10] EGAMI, N., IJIRI, K. I., Effect of irradiation on germ
cells and embryonic development in teleosts, Int. Rev. 
Cytol. _59 (1979) 195.

[11] BERGER, M. J . , Distribution of absorbed dose around point
sources of electrons and beta particles in water and 
other media, J. Nucl. Med. J_2 Suppl. 5 (1971) 5.

[12] LOEVINGER, R., BERMAN, M., A schema for absorbed-dose
calculations for biologically-distributed radionuclids, 

J. Nucl. Med. 9_ Suppl. .1 (1968) 7.
[13] INTERNATIONAL ATOMIC ENERGY AGENCY, Sediment Kjjs and

Concentration Factors for Radionuclides in the Marine 
Environment, Technical Reports Series No. 247, IAEA, 

Vienna (1985).
[14] INTERNATIONAL ATOMIC ENERGY AGENCY, Effects of Ionizing

Radiation on Aquatic Organisms and Ecosystems, Technical 
Reports Series No. 172, IAEA, Vienna (1976).

[15] INTERNATIONAL ATOMIC ENERGY AGENCY, Methodology for
Assessing Impacts of Radioactivity on Aquatic 
Ecosystems, Technical Reports Series No. 190, IAEA, 
Vienna (1979).

[16] WOODHEAD, D. S., "Contamination due to radioactive
materials ", Marine Ecology (KINNE, О., Ed.), John Wiley, 
London (1984) 1111-1287.

[17] ANDERSON, S. L., HARRISON, F. L., Effects of radiation on
aquatic organisms and radiobiological methodologies for 
effects assessment, Rep. EPA 520/1-85-016, USEPA, 

Washington DC, USA (1986).
[18] WOODHEAD, D. S., The radiation dose received by plaice

(Pleuronectes platessa) from the waste discharged into 
the northeast Irish Sea from the fuel reprocessing plant 
at Windscale, Hlth Phys. Z5 (1973) 115.

[19] PENTREATH, R. J . , WOODHEAD, D. S., JEFFERIES, D. F.,
"Radioecology of the plaice (Pleuronectes platessa L . ) 
in the northeast Irish Sea," Radionuclides in 
Ecosystems, Vol. 2 (NELSON, D. J., Ed.), USAEC, 
Washington, DC (1973) 731-737.

[20] WOODHEAD, D. S., "Levels of radioactivity in the marine
environment and the dose commitment to marine 
organisms", Radioactive Contamination of the Marine 
Environment, IAEA, Vienna (1973) 499-525.

[21] WOODHEAD, D. S., The radiation exposure of black-headed
gulls (Larus ridibundus) in the Ravenglass estuary, 
Cumbria, UK: a preliminary assessment, Sei. Total
Environ. 58 (1986) 273.



234 PENTREATH and WOODHEAD

[22] HUNT, G. J., Radioactivity in surface and coastal waters of
the British Isles, 1986, Aquat. Environ. Monit. Rep.
18, MAFF Direct. Fish. Res., Lowestoft, UK (1987).

[23] NATURAL ENVIRONMENT RESEARCH COUNCIL, Interactions between
grey seals and UK fisheries, Sea Mammal Research Unit, 
Cambridge (1984).

[24] ORGANIZATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT-
NUCLEAR ENERGY AGENCY, Review of the continued suitabi
lity of the dumping site for radioactive waste in the 
North-East Atlantic, OECD, Paris (1985).

[25] WOODHEAD, D. S., PENTREATH, R. J . , "A provisional assess
ment of radiation regimes in deep ocean environments", 
Wastes in the Ocean, Vol. 3 (PARK, P. K . , KESTER, D. 

R., DUEDALL, I. W., KETCHUM, В. H. Eds), Wiley- 
Interscience, New York (1983) 133-152.

[26] INTERNATIONAL ATOMIC ENERGY AGENCY, Definition and
Recommendations for the Convention on the Prevention of 
Marine Pollution by Dumping of Wastes and Other Matter, 
Safety Series No. 78, IAEA, Vienna (1986).



IAEA-CN-51/83

APPENDICES I and II



A
P
P
E
N
D
I
X
 

I.
 

DO
SE
 

E
Q
U
I
V
A
L
E
N
T
 

RA
TE
 

FO
R 

UN
IT
 

WA
TE
R 

C
O
N
C
E
N
T
R
A
T
I
O
N
:
 

C
O
A
S
T
A
L
 

W
A
T
E
R
S
.
(m
Sv
/h
 

pe
r 

B
q
/
c
u
b
i
c
 

m
)
.

236 PENTREATH and WOODHEAD

I  C N i r » * < 7 » T - i O O c O i n c O V O i n i O O >  
I H  ' * —* —1 —..........................................

TlOi\OvûrNCNJOh"CO^*CO<M'N<rrs><i- 
I H I I H H H I I I I I I I I I  I t r—I r-i  l l l l l l l l  I 
I » 0 ) 0 ) 1  I | ф ф ф ф ф ф ф ф ф ф ф |  ( ф ф ф ф ф ф ф ф ф  
I 1 )M J >  ф Ф Ф О О Ч Г -^CFVCMHOOVOVOCM Ф <üh‘ ‘ í < 0 O ' 0 ' 0 ' 0 f 0 H
lo o  • со см н  to  ю  о  » со о  н  о  оо н  см ю  m  о  о  tn  щ  см см со vo со 
t с м 1п о с о т < * - « з - < г с о с м с о с м  . • г-- г -  » n  <г см ст» о  со см • н  сч m
I  •  .................................................. .  .  .  *  ~  —
ICO «Ч см гЧ «4- Н см

• n  г**
• <т о \ » « с о ................................... см

очсмг^» н  m  ст» «ч н  <*• н  со щ СМ Н

I CMrs^HOOf^ONO O r ^ O O r ^ O C n r ^ r ^ r ^ C M O O O O O O r N . r ^ V O P * « * ^  
I  H  I I  « Ч И Н  I  I  I  I  (  I  I  I  I  I  I  H r l r l H H  I  i  I  I  I  I
I I 0) 0) I I I  ф Ш Ф Ф Ф Ф Ф Ф Ф Ф Ф  I i I I 1 Ф Ф Ф Ф Ш Ш
i <d r-* tr> ф  ф  ф с о < г < г г - ю Ю г Н с о а к с м < м  cd aj a) ф  ш см ю  ч  о  m
I 00 • N  CM СО Щ  CM • M H C O O O O i n v O N i n t n i n 'O C M H O N N 'O M
г  cm m  со co m  < r о  со со н  н  • • см н  • г -  <г со со щ  о  • оэ со o ï

^00. W .  - . W W W W
Д2 с0 100 • г-- см со m  см
4 J  г Ч  I  С М » О  С О  0 0  m  о
cd Ф i ...................................
eq ex i со н см *ч -э- см 

i

N  I ’  %U М-/ 1—1 SAJ W> V Ч SN W W W
• <Or4coocom\£>cMinu"iin-~^.,w 

со со «ч гЧ • « с м н  • N v r c o c n m o * ?
• » • <г <т» • • с о ................................... с м » « »

Ю  < J -  г Ч  < 4  < 4  О  Н  Ш  С О  V O  H  Н  г Ч  С О  | Ч

(Л t С М Г ' - С * О С М » Ч с 0 4 П Г ' - Щ и “)1Л
О  I r i  I  I гН H  H  I I I I I I
С/ 3 I  1 ф ф 1  I  1 Ф Ф Ф Ф Ф Ф
D  |фгчо>фффсо<гсмочсою
hJ  1 0 0  » O C O O M O * ^ C O O V O O % C O
. 4  I С М Ю О г Ч О < Г * 4 - С О  - O N H
о  ............................................... н  • • •
ЗС I со <4 i 4  ON < r  тЧ CM i 4  CM г -

O C O V O V O N C M O N C O C O Í O - J - O O - ^ N ^  
I I I I I H  H  I I I I I I I I I

Ф Ф Ф Ф Ф 1  1 Ф Ф Ф Ф Ф Ф Ф Ф Ф
CM VO O  H  СМ Ф  Ф С П Г '-О О С О Ю Ю О О О О  
О Г^С М С О С О < Г \Г » Г М О О Н С О Г ^Ю 1 П гН < Г  

• 0 4 0 > v £ ) 0 \ r ^ s j - r 4 c 0 c 0 0 0 in  • i4  О  го
о о ..............................................ю » » »

H H U l H O ' H H H l O M H  CM гЧ r4

1 C M N O H C M O í O i O
о 1 H  1 Н Н Н Н  1 1
•H 1 1 ф i 1 1 1 ф ф
Л 1 ф  Г- Ч Ф  Ш  Ф  Ф О 0 Ю
• и 1 0 0  » H C M N c O f O N
ß i с м ш с о с о о > с м < г < о
ф 1 •

P Q 1 со O N  C M  N  C M  H  C M

I с м г * - 0 « 4 с м 0 с о ю о 0 ' 0 и - ) 1 л 0 4 0 ^ ю ю г * * с м о г » . 0 ^ с 0 с 0 4 0 0 4 ^ 0 0 * ^ “ 
I r l  I H H H r l  I I I I I » I » t » I Н И  I  » I t 1 » I » I
I I ф I I I | ф ф ф ф ф ф ф ф ф ф ф |  1 Ф Ф Ф Ф Ф Ф Ф Ф Ф
i фг'чффффсоюг^ о <гюнсою1Лнффсосмоч1лсо*о о н <*
I 00 • i 4  CM Г-» ГО СО Г4-  • ^ ■ C O ( 0 0 0 0 ( M O " O i O i n O « O O N i O N ' i O ^

H С О  Г »  « 4  •  ■ г Ч  i n  • N < f H N ' J O 0 4  » г Ч  C M  C O
♦ ♦ •  < r  С П  •  •  г Ч ......................... C M » » »

00 СМ Г-* CM in  CT\ гЧ r4  ro  CM CO < r CM CO H

I M í s * a \ H C M O 0 0 0 ' C 0 N N ( N 0 ' a \ r 4 0 0 N N O O O 0 \ í 0 N ( ^ 0 0 < ^ 0 0  
U  I H  I I H H r l  I I I I I I I I I I I H r I H r l  I I I I I I I

" - • 4  I 1 0 ) 0 ) 1  < | ф ф ф ф ф ф ф ф ф ф ф |  I I I ф Ф ф Ф ф Ф  Ф
S d O  I Ф N  СО ф Ф Ш М Л  N N  Ю С ^Н О О О З  СМ И О) ф 0) (U < f COOVO \ о н  о

Д  <d i оо • vo см o\ со vo оо • г ^ - г ^ с г - о с о о с м ^ о и п т с л о г ч а ч с о с м ю с о т
и  гЧ I C M in C M O O C n C M < rvO H N C O iO  » » N O  * N  <Г СМ ю  СМ СО СО » »4 со смм< Л) I .  . .  .  .  .  . .ф /Ту . .  ____ I . . . . . . .  /4.1 . . .cd Ф 
СО О* I со *4 СМ N  см СМ

• <Г Ov « • Н ................................... см
со н  «о г -  on тЧ ю  чо гН см со см со см

32
( Л

1 CM Г"» o H CM H co Ю 00 VO U-> 1Л a \ VO VO N CM o r-. o a \ CO VO o co <*
u 1 H 1 H H H H 1 1 1 1 1 1 1 t 1 1 1 H H 1 H 1 1 1 H 1 1 1

•H 1 1 Ф 1 1 1 t Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф I 1 Ф 1 Ф Ф Ф 1 Ф Ф Ф
1 Ф Г-* Ф Ф Ф Ф m p- CM CT\ co VO H 00 т Ч 00 CM Ф Ф H Ф m N Ф o CM o
t 00 » H <r VO o CM M> o co CM H o 00 00 CM CO m VO H co o N m vO co o CM

c I CM m CM VO en o \ CO H CM 1Л r*» • • m co en N -d- o co co Ю 00 CM o \ 00 CM
Ф 1 • . • • . . • г Ч . -Э- ОЧ ' * . • « . • • •
« 1 co CTï 1Л Г-» 0 0 H CM 0 0 CM VO H m i 4 <J\ H H V O H co «3- CM H CO H

I  С М Г > « О \ г Ч С М г Ч Г - С 0 С 0 Г * . С 0 Г - ‘ О » С Т > С 0 Г “* Г » ‘ С М О О О С Т » 0 > 0 \  
( J  I  H  I  I  Н И Н  I » I  I  I  I  I  I  I  I  I  Н Н Н Н  I  I  I  

- - . • Н  I  1 Ф Ф 1  I  | ф ф ф ф ф ф ф ф ф ф ф |  I  I  I  ф  ф  ф  
î ^ o û l  Ф Г > * С М Ф Ф Ф г Н Ю С М \ О О С О « Ч О О г Н С О С М Ф Ф Ф Ф < Г Г > » С М  

. С  «d  I C O  * C O ' Î C O O ( M N 0 4 i n N O C O O N c n i n v û C O C M O N v f  
4-> г Ч  I C M l O H V O O t O X V O O  » Ш  0 0  Ш  ♦ • H N 0 ' N < f i û N ( 0  • 0 \
— — • ............................. * - - - О » ......................................... со »

( О И Н О ^ Н 'О Ю Н  VO
л} ф  .

P Q  P «  I СО H  Ш  N  СО Ч  CN П  N  Н

О  О* О  0 \ 
H  I  r l  I  

I  ф  I  ф
Ф СМ Ф  со 

vo со vo <j- 
iNinnm
СМ̂ ЮЮ

+  +

Ы
Q

р
б

см v D i 0 4 o ^ m < ^ c o o < ^ c o i n i n < ^ » 4 i n i n a \ o  со ю  со s r  
sycMioco^r^j-inimninvo^vovoNNoococooocncoHc^cncn^

C O H I C O I I I I I I I I I I I I I I I I I I C O O I I I I
i i id M ( d u d O ) D O û ' H » H C f l ) t ) U U u ^ ^  i i u
S B Ü 2 W ü ü w S f e ^ O Ü 2 ; Z N W W W W W W W > < > í M N 2 5 a



N
U
C
L
I
D
E
 

FI
SH
 

LA
RG
E 

C
R
U
S
T
A
C
E
A
N
S
 

M
O
L
L
U
S
C
S
 

SM
AL
L 

C
R
U
S
T
A
C
E
A
N
S

IAEA-CN-51/83 237

i o>iovoo%r-»r-^ovoinr»*oooor*-oof4*»fs**o>r***is*-*íí-ioooooir>tovDír)'d‘
U  I I I I I I I I I I t I I I I I I t I I I 1 I I I I I

•H I ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф
x i I CM00CM<J, C M < J -C M C M c 0 O 0 0 0 4 rs-< J -< i - in -< î -O 4 C \ jC M r - i in v O r 4 C M r H
4-> I < 0 ( O l O f O O » < ? » N O » O i O N f O - i U ,) r j O ( û O ' C O N i r t « ^ r l f l O » û « )
й  I CO O ' p"- • H C O O ' i H O i i O O D v O i O H C O r l v O O 'O O ' i X ' I s r f n n
ф  i • • • v n ......................... • •
PQ I 1Л H c o  vo <r н н «ч cm vo vo н со «-h vo н см см co 04 со «-н co 04 <r

1I Оч VO VO о \ г-» Г-- VO VO VO о \ ON 00 г*» 00 г - 04 04 04 04 Г"* 04 со с о со 00

— .U  1 
•rH 11 Ф ф Ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф

>> 0 0  11 О г - гН <3' гН о о о о СП гН см о см СО г-Ч m см VO гН о о со г-* сО
cd i1 с о гН оч СО (N СМ см 00 i n Г-* ON с о 04 гН ю VO Г-» 00 VO со г - < г см < • •о-

4J r-H 11 00 а \ VO • СМ 00 о со о • t n с о m ш гН • гН г*«. см i n о ш Г-Н о СМ VO
<ti ф  i1 « • m • • • • • Г-* • со • • • • • • • • • •

PQ a .  i1 i n гН СО C'J Г-Н гН СМ со VO гН со гН гН с о с о VO ю СО гН VO и со

I 00  f4* Г*- 0 4  I4** Г-*. VO VO Ю Г ' О О С О Г > О О Г ' 0 ( Г ' Г > ^ 1 Л Г > 0 0 1 П 1 Л Ю  
I I I I I  I I I I I  I I I I rH  rH  I I I I I I I I I I I
i а ) ф 0 ( 1 ) < 1 ) < 1 ) ( 1 ) < 1 ) а ) ф ф ф ф  i i ф ф ф ф ф ф ф ф ф ф ф
I < M O r H N C v J O - t f C Û O c n \ Û i n N  Ф « h - H Í C h O O O O c O r N f ^ H H f ^
i o o i n o o c o i o H i o i n v û H c o m v o m a N v O r H i o o o o o N v o c o H i n  
I • m  IT) VO ON CO » N r t O t O C O f ^ i n v O v O H i n C D O O N N C O i M O i n
i m  c m ...................................................................................................
i H N H C f t O '  tncocor**vo»4cM-<fvor-HcMcM<NcorHincoo4-0'

1 00 00 00 04 г-. г - VO vO VO г*. 00 00 Г4» о о f< 04 r*> r-. in 00 00 in m VO
и 1 1 1 1 1 1 1 í ( 1 i 1 1 1 гН гН 1 1 » 1 1 1 4 1 1 1 . I

♦н 1 ф ф ф ф ф ф ф ф ф ф ф ф ф 1 1 ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф
1 < • гН 04 СМ см г*» h - ■<r 00 m 00 04 гН ф ф vO -«a* 04 CM о rH -3- VO 04 CM CM

4-> 1 00 гН 04 о см о m о оо щ см vo о in г - VO VO in о in 04 04 m 04 rH
с 1 г .̂ со ю сМ о • со гН <* m 04 Г-. VO VO vo rH «4" 00 CM 04 VO CM rH Г-* CO
ф 1 in • • • • • t-H « • • « • • • • • • • . • • • • • •

PQ 1 см 00 гН Г » m СО г - со 00 VO гН см < r vO rH см CM rH 00 CO rH 00 00

I COONOOOvr^r-VOvOvOCOOOOOr^OOOxONO^Or^OvOOOOOOr^OO 
C J I I I I I I I I t l t l t l r H r H l t l f H l l t l l l l  

I ф ф ф ф ф ф ф ф ф ф ф ф ф  I I ф ф ф  I Ф Ф Ф Ш Ф Ф Ф
> s o o  i < r r > * a \ c M v o o r « - o o i n < f c \ i o  ф  ф  m  < r  со  ш  n  о  о  i n  n  m
X3 ctJ I O D < f ^ O < r > 0 0 ' i l O N 4 > l 0 4 - t / 1 0 c O v O O f O O N N < i O r H C O
4-»r4 i • rH <r vo со o> .tovovo<j-<j-r--mcnoHr-vocovomrHvor^vo 
(di) l i o ......... H .............................. ,..........CQOul MOrHCOvî сП<ГООС\ 1ЧЭгНгНсО<ГгЧО-СЧ)ЮГ- ' СОгНСОгНсО

I

I 04 00 04 04 Г-- 00 f** г-» vo г - оо 00 г - о о г-. 04 г-. г-*. m m 00 04 m m 40
о 1 1 1 1 1 1 1 1 1 1 1 1 1 1 гН «н 1 1 1 1 1 1 1 t 1 1 1

•H 1 Ф Ф Ф Ф Ф Ф ф ф ф ф ф ф ф 1 1 ф ф ф ф ф ф ф ф ф ф ф
,C I CM 04 •O’ CM rH о Г-. 00 H vo г - 00 vo ф ф Г“» 00 Г-» г * 04 гН VO о •о- г*.
4J 1 i n i n i n о 04 о o m СМ гН о со г*. щ VO 04 00 ГО о ш ш 04 04 щ 0 4 СО
Й I p - 00 ♦ VO Ю 04 • i n г - VO 04 •¿г г - 00 гН • со VO СО 04 00 <1* i n о 04
Ф 1 04 • • rH • • СО • • • • • »
r t I rH rH rH < r m со гН со 00 Г'- гН гН гН VO СМ см гН rv rH VO г*«. с о с о

11 04 о 04 0 4 Г*- 00 г*- г - Г “ со 00 Г4- гН о 0 0 04 00 о 00 00 00 04 00 00 00
и  11 1 гН 1 1 1 1 1 1 1 1 1 1 1 гН гН 1 1 1 гН 1 1 1 1 1 1 1

•Н  11 ф 1 ф ф ф ф ф ф ф ф ф ф ф 1 1 ф ф ф 1 ф ф ф ф ф ф ф
ь о  <i см ф VO сМ 04 Г-Н г ^ о о m 00 гН о ф ф 04 00 0 4 ф СО гН m о о m гН

. с (d i1 m 0 0 VO о гН гН о о VO -3- СО VÍ- VO СМ щ 04 00 <* <* о о со о ш гН 0 4
и rH  11 г*» СМ г-» *£> о ш • m гН СМ гН г* со со • • с о m г - г - f"* о с о гН
« ф  11 • • • • • гН • • • • • • • гН СО • • • • • • • • •

« а  i1 гН «о «н гН гН m со 4П гН со г - гН г*. гН гН h«. сО н гН i n VO г—1

covor'-oa4coin<r<rininrs- <г1Лг^сп<гсог^нм<гю 
04ОООгНОгНгНгНСМСМСМСМ1П04С0с0с0с0<±<3-<Э-1П1П1П1П 
04 rH  *-H »H rH  H r H H H H r H H H N < N H i H « 4 H  rH  rH  rH  rH  rH  rH  rH  

I I I I I I I I I I I I t г-Ч гН I I I I I I I I I I I 
U  D  D ’à  0 0 * 0  ' O ’O  l )  d i l I C 0 ü ) ( 0 r t û ) 6 6 6 3 D D
h t ó p í ^ c u ü ü H M M H H H H o u o t q ü S ü w w w w G

d-
1
5
3
 

1
.
74
0e
-8
 

1
.
2
7
9
e
-
5
 

5
.
3
8
6
e
-
8
 

1
.
4
7
8
e
-
5
 

1
.
4
9
3
e
-
5
 

2
.
6
1
6
e
-
8
 

1
.
4
9
8
e
-

T
b-
16
0
 

1
.
25
9e
-8
 

1.
4 

78
e-
4 

1
.
5
4
6
e
-
7
 

1
.
5
9
4
e
-
4
 

1
.
6
0
5
e
-
4
 

1
.
3
4
7
e
-
7
 

1
.
6
4
4
e
-



2 3 8 PENTREATH and WOODHEAD

wо
СО
D
-Э

§

Çj i1 vo ю Юю 00 00 00 m г>. Г**ю СОm Г-. СОСОСО«íf «4- 1Лh*. f*. Г-- r-. r-. VO
*н 11 0) ф ф Ф ф (1) ф ф ф Ф ф ф ф ф ф ф ф ф ф Ф Ф Ф Ф Ф

1
Ф

t
ФЛ 11 00 со 04 СМ00 <г VO«3-ю ШСМо ст»m г̂ . 00 04 СО04 r4 CMVOCMVOr-.4J 11 ю -4*оч <r о г-. о гЧ Vf ю СОн 00 ю ш г». 00 о 04 Гч <r COо 00 COС 11 гЧ00 СОг>»о\ СОгЧсмо гНсм 00 CNо о\ см со СОVOCOf>. f>»00 VOvr Ю0) 11 • • • • • • • • • • • • • < • • • • • • • • •

PQ 1i1 со
1

со m со смг- •saн а\ СМ*3- н СМсо СО<г со m <г <J\CMCMCMCMCOvn

1i а> Г*н00 Г-- о\ 00 co г- г» г**ÍV СОю 00 сОСОСОsí- <г Юr>. f4»r>. r*. VO
•Н Ii а) ш ф 0) ф 01 <!) ш ф ф ф ф ф ф ф 0) ф ф ф Ф

1
Ф Ф Ф

1
Ф

1
Ф

1
ФЬО ii m о смfv СМо гЧШн о н о со СО<з- СО•4“гЧгЧ о о r-. о CMin

Д <0 1 »л to смсо 00 г-* 00 с «3- о\ г-. СОVOVOсм 00 СМоо о CMr» с COо cm044J t—< 11 н >3- «з-н см смо гНm гНVO00 г> 00 г>. VOГ-* СОSOr>. r-s. г- ЮVO-r
<d 0) 1i • • • • • • • • • • • • • • • • • é • • • •
са а  ii1 со1

гЧ смн г- г- гЧ гЧm н н гНсМгЧ СОсо СОm m CMCMсмCMCMm

1 VOVOVO Ш 00 <т»г**«л г** h*»Гч Г-» с <?■ю to »Л VO VO VO VO VO m

1 Ф ф ф ¿ ф ¿ ф (!) 0) Ф ф ф ф ф ф 0) ф ф ф Ф Ф Ф Ф Ф Ф Ф
i1 СМr l Г - 00 vo N гЧ гЧ гН о о 00 а \ \ û *4* ю гЧ <í- CMCM *3- H о vo CM
i1 -¿ t со со CM fN. 4 f г - VO <*■SOСО о г ^ 04 00 см «о гЧ CM VO VO U*) VO о о
i1 н <г со r - смсо а н см СО о гЧ г*^ < г о 40 г** < г VO < r VO VO Ю vn Ю CM

1 со 
»

гН m со см г*» гЧ г—1 а» VO 00 VO СМ с* 1Л 00 ю VO r4 «-Ч «-Ч H t-Ч CM

1 ю г ^ чэ m 00 о со 1Л <о с-. СО »л г - *4- m VO Ю r*- Г*». r - r*«. VO
и 1 1 i t i 1 pH 1 1 i 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1

•«ч 1 0) а> 0) ф Ф 1 ф ф ф ф ф ф ф ф ф ф ф ф Ф Ф Ф Ф Ф Ф Ф Ф
л » <т> СО m < r о \ 0) СО vo «4- о о о *4* VO н ш о о CO r*. «4 CM r*» CM «4- in
4-> 1 о см щ гН о\ СО о 1Л Н о ю и*) о \ ю г«. со Г-* гЧ CM ON < r 00 VO о r^. CO

11 04 f4 со Г". н о 00 00 ю г^. Гч СО m оо -4* < г ю in Гч г-. Гч г>» г>» VO
О  11 1 1 1 1 гЧ гЧ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

•H  11 ф Ф ф ф 1 1 ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф
>4 ЬО i1 in о гЧ г-. ф ф гЧ VÛ Ю о о о tn СО VO m m т-Ч гЧ о гЧ < f гЧ «о VO

J C cd i1 00 сЧ гЧ Г-'. rv гЧ VO СО h* г ^ VO ш ю СМ СМ с о см 00 о СМ 00 h*. о VO 04
и r—4 11 in 04 о 00 • со г>» СО гЧ СО <г о Г-4» 00 Гч. VO г>. со vo г*«. m о СМ CO <г
cd ф 11 • • • • 04 • • • • • • • • • ■ • • • é • « • • • • •

PQ CX i1 00 гЧ со СО р - «Ч гЧ гЧ гЧ см со СМ СМ СО сО со m <3* m m ю m ю ч г ш

*0
0)
¡3с
•н
4-)
со
и

я
00

I \ £ > Г » \ 0 1 0 0 0 0 С 0 1 Л Ю Г > . Г ^ < Г - 4 - Г ^ . - ^ < Г < 1 - Ю 1 0 1 П Г ^ Г ^ Г > - Г >« . Г^Г- »  
I I I I I I И  I I I I I I I I I I I I I I I I I I I I
I ф  ф  ф  ф  ф  i ф 0 ) О 0 ) ф в ) 0 ) Ш ( 1 ) Ф Ф 1 | ) Ф Ш 0 ) Ф 1 1 ) Ф « 0 )
I 04  СО СМ гЧ гЧ 0 » ' 3 - C O C O O \ ' Û O i O » - i H V Û i n o O ^ H H C M O \ r H C O C O
I * Ú C M n « í O O a 3 \ 0 ( Ú N C M N O \ < n H l O C O < í N V Ú * í f l O ( O O O l O
i movco-<rovor,,'-ovocoocMcor,-.cMcoocMr'-coin<i-cocMo\oo
! .........................................................
* fMCM<rncMr-cMHrHvoHfHrHr«.f-HvDcorofMcomiomm-<j-m 
1

I С Л О О < Л О О О О О О » Ю Г ^ О О ' ^ « - а , Г ^ » Л ' 4 - * 4 - 4 Л Ю ' О Г » . Г * - Г « » Г ^ Г ^ Г » .  
U l l t l l f H H H l l l l l l l l l l l l l l l t t l l  

' —. • н  1 0 ) 0 ) 0 ) 0 ) 1  i « ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф
> 4 Ö 0  I И О С Ю  0) QJ 0 ) Г ^ О О О О сО О сО р Н Ш С Г ( О С М О г Ц < ^ пНСМСО

cd i cJoa\cMmr-4cMomLOvocvicocMvûiHfOcMvo»û<fooh-or*«.ON 
4J rH i >*юо4,-4г4сосог>.<осоа4смсоюсосмсмсмг>.с01п<*осмсо<г
cd о) i • • ..............................................................................................................................................................

P Q . O .  I v Û ^ H H H r « < J - f n H v û < f H H H H C M N ( n N N i n » n i n i n < Î - i n

ч- ч- ч- + ч-

Q
Z
ы
cuси
<

w
а

о

i
i
i
I о\ о  
i m  г»
I гН гН 
I I I
I !>■> 6  
I О Н

1 ЛСЧ i n r s J C O ^ r O O V O C O r ^ C O O ' O C N J r H
Г'.ООг-ИЛСОСПООг-1г-1СМСМСМСМС')<ЧсПС'ПСО«3-1Л«1СОС'1
гчнсоооннсмсмсмсмсмсмсмсмсмсмсмсмсчспммсосм

I I Н И  I I I I i I I I I I I I I I C M C M < V 1 < M < M I
m  « i i en V4 o0f-H лояяидлдд«! i i i i а 
33e-i>5íOHa3EHOLiC4Pípi<e4e-ie-<HOLiDt3!Dt>tDZ



N
U
C
L
I
D
E
 

FI
SH
 

LA
RG
E 

C
R
U
S
T
A
C
E
A
N
S
 

M
O
L
L
U
S
C
S
 

SM
AL
L 

C
R
U
S
T
A
C
E
A
N
S

IAEA-CN-51/83 239

1 m m in on in in VO <r •3“*3- с чЗ* -3 со <г <г <г <г <г
••H 1 ш Ф Ф Ф Ф Ф ф Ф ф 0) ¿ ф ф ш ш ш Ф ф ф ф ф ф
rC I CM rH CM rH CM rH рч о o> о CM on СМ СО гН см г - in гН со I—1
4-1 1 CM CM < r m < r Гч < r so Г*ч о гН см СП о чЗ- о о чз* о ON гН г».
с 1 CO on o \ о \ o m со CM CO m <■ г ^ СП in СМ VO 00 < г со со рч СО
Ф ! vo in Щ <o in so «Н o \ rH rH i—1 1-Н гН гН гН гН СО гН см и гН гН

i

1i m m in сл m ш с h* чЗ1VO <г с <г •3- <3- чЗ- 00 <г >3* чЗ' <г
.—. •*Н 11 ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф

00 11 гН о н о гН m щ о on см 00 00 VO р- о СО о с m 00 чЗ- со
х : cd i1 СМ см <г см <г о VÛ о гН о \ о со со со ON о чЗ- <г 00 со VO
4J Г-Н 11 СО о \ о \ о ю СО см гН см «4" <*■ СО СО см СМ СМ со СО со СО со
cd ф 11 • • • • • ♦ ♦ • • • • • • • • • •
PQ a  i1 VO ш m со щ ш гН 00 гН гН гН гН гН гН гН гН СО гН гН гН гН гН

•чГ <з- < г ON •3- «з- со ш со чз- со СО с о со со со Рч СО со СО СО СО

ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф
vo ю см о СМ 00 СО о СО 00 СО -3- гН о со о чз- ON 00 гН со
ON г». 00 ON ON Г-. Г-. о со .■3- гН с о со VO см о < г СО 00 Рч VO
00 Рч Гч о v o VO см чз- СМ VO гН о о 00 00 СО 00 s r -3- СО СО СО

гН гН гН ON rH «н гН гН «Н гН см см см «Н гН гН со гН гН тН гН гН

i m ш m о щ ш ш VO m -S’ t n m m 5 5 5 9 5 4 5 5 5

и 1 1 1 1 гН 1 1 1 1 1 1 1 1 1 ( 1 1 1 1 1 1 1 I
• н 1 ф ф ф i ф ф ф ф ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф
л 1 со Г-Ч с ф >3“ VO см m 00 CM s r ON N ' O c m c  т и с  ю с
и 1 ON Гч 00 VO ON *3* m m ON о m *3* VO O N C M O C M C O O O O N in -3 -
с 1 00 Рч Рч со VO см ON со сО <r i n о CO Ю  H  CM i n  vo  CM >3- on S i

PQ 1 гН н гН ON rH СМ со m ON rH CO Рч CO 5
. 

3
.

6
. 

9
. 

3
. 

1
. 

3
. 

6
. 

3
.

11 m tn m о in in in Гч in рч. ш m щ in in m ON in in in m m
U  11 1 1 1 тН I 1 1 1 1 t 1 1 1 1 1 1 1 1 1 1 1 i

•*H 11 Ф Ф ф 1 ф Ф Ф Ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф
>N 00 11 VO VO CM ф CM CO CM о 00 со о <г о СМ о см о о гН о VO о

pd cd i1 ON Гч. 00 VO ON o* VO m -з- гН СМ <г «■3* ON о СО о «н VO Рч СО СМ4J rH 11 00 ГЧ. рч о VO m rH о о со ю СО СО о гН см m VO со чЗ- со <3-

cd ф 11 • • • • • • • • • • • • • • • « • • • • «
PQ a  i1 rH гН rH ON rH r 4 C O C M СО со СО СО СО СО СО СО ON со СО СО СО СО

. 1 VO VO VO о VO VO VO VO m чЗ" VO ю vo m VO i n о VO i n VO i n vo
и 1 1 1 1 гН 1 1 1 1 i 1 1 1 1 i 1 1 гН 1 1 1 1 1

• н 1 ф ф ф 1 ф ф ф ф ф ф ф ф ф Ф ф ф 1 ф ф ф ф ф

А i m см СО ф со см сМ гН m m <г чЗ* гН ON рч СО ф чЗ- VO 0 0 ON рч
и 1 СО Рч со m 40 ON гН СО m Рч рч о со СО СМON СМсо 0 0 0 0 VO со

с i m со со чЗ- см СМVO чЗ- rH см VO рч чЗ* VO см о рч рч о ш i n m

PQ 1 см СМ см гН СМ Гч. ON VO гН со сО со см СО СО ON «О ON со со СО

11 vo VO VO о vo VO VO 00 VO 00 VO VO ю VO 99999099

и  11 1 1 1 гН 1 1 1 1 1 1 1 1 1 1 1 1 Н  1 1 1 1 1
----- •Н  11 ф ф ф t ф ф ф ф ф ф ф ф ф ф ф ф 1 ф ф ф ф ф

00 11 00 со VO ф VO см см 40 ON VO о чЗ- о см О  СМ Ф О С М О Ч О О
JG cd ii см VO рч гН ш СО VO VO чЗ* VO см чЗ- чЗ- O N O C O O H V O P 4 C O C M
4 J rH  11 in со СО СМ см гН гН о о ON ш CO со О г Н С М Ш Ю С О ^ - С О - З
cd ф 11 • • • • • • • • • • . . . . . . . .
со Q *  1i см см СМ гН см СМ со СМ СО со СО СО СО со 3 3 9 3 3 3 3 3

+  +

i
I Вi C O W O H N 'iH C s J (O H fN |c O < J - lO V û r '0 \C O O \O H N
I C M C M C M C M C M C M C M C M C M C M C M C M C M C M C M C M C M C M C M C M C M C MI t t I I I I I I I I I I I I I f I I I I I I

I 0 ^ 0 н с и с ц с ц р ц < < < - < 0 0 0 0 0 0 м « 0 0 0 0 0



A
P
P
E
N
D
I
X
 

II
. 

DO
SE
 

E
Q
U
I
V
A
L
E
N
T
 

RA
TE
 

FO
R 

UN
IT
 

WA
TE
R 

C
O
N
C
E
N
T
R
A
T
I
O
N
:
 

DE
EP
 

O
C
E
A
N
.
(
m
S
v
/
h
 

pe
r 

B
q
/
c
u
b
i
c
 

m
)
.

240 PENTREATH and WOODHEAD

i1 CM Г '- ON rH o o co CM co co <r СО ON ON 4П г*. г - см о 00 00 00 <*• «о- Гч. »о- Гч. m
и i1 i—1 1 t rH rH rH 1 1 1 1 ( 1 1 1 1 1 1 гН гН 1 1 1 1 1 1 t 1 1

•H i1 i ш a) 1 1 1 0) ш d) Q) 0) 0) Q) Q) О) 0) 0) 1 I ш 0) 0) ш 0) 0) 0) О) 0)
rC i1 0) r*» 00 Ф 0) 0) ON < r <r m rH СО гН 00 00 CM см 0) ш со гН m Г*. m ю гН СМ «о*

i1 00 CO cg CO in • • . m CM о о 00 vo г . см ю ш <*■ гН • о см Гч. VO
c i1 CM m • 00 m «3- CM CM CO . . . « • » » . г*» «чГ . . Гч ♦ • гН •
<D i1 « rH « . 00 •0- rH •з- ON rH rH СО « • «н см гН СМ СО in

CQ i
i
1 co 
1

CM rH «o ON гН

i1 CM r~- ON rH O o r-« ON 00 r-» co г> ON O n Гч г*. Г-» CM о о о о со г*. Гч. VO г*. vo
U  i1 rH 1 1 rH rH «H 1 1 1 1 1 1 1 1 1 1 1 гН гН гН гН гН 1 1 1 1 1 1

•H  i1 1 0) Q) 1 1 1 0) a> 0) 0) 0) 0) 0) 0) 0) 0) О) 1 1 1 1 1 0) ш О) ш 0) 0)
d û  i1 0) r - 00 0> 0) 0) CO -O" ЧГ CM ON гН 00 vo ю сМ 0) 0) 0> 0) 0) гН < * VO Гч. VO CM

Д (d i1 00 . CO cg 00 m o • 00 rH гН о со см гН СМ m m со VO СМ о . см 00 со ON
4 -i rH  11 CM in . 00 m ■O" * CO • • « . • • г> *3- со m . гН • • • •
n i 0 ) 11 rH • • . CM vo -O’ гН •о* ON гН гН со • • • • гН CJ гН СО rH

PQ CL i1 co CM rH ON rH СО ю

co 1 с м гч о > о с м гн с о с м гч с о < г
О I H  I I H  H  H  I I I I I
</> i ia>Q)i i ia>a>a><ua>
P  I (UrsCh Ш ÛÎ DCOCOCSCON
• J  l o o  • N ^ i o i o c o c o o ' i r i
»J I (М1Л * H O <  . . . . . .
О I • rH • ♦ • CM CM rH CO
¿3 I cn CO <r

I

С0СЛС01ЛГ-'-Г'-(МОС0СТ\О'<Г1Л00<}-С0‘Л 
I I I I I I H  И I I I I I I I I I 

<D a) a) <D a) <D I t 0 ) 0 ) 0 ) ^ 0 ) 0 ) 0 1 0 ) 0 )  
r-ч см co on г», oo a> ф г ^ о -<г ю с о ю о о с о -<г  
ooONvocooNinin<j-m<rvoinvooo •.........................
H O O H H H r H  . . H H N N H i n d m  

On fH

1 C M r - . ON rH C M o c o C M 00 CO < r CO ON ON i n Гч Гч CM o 00 ON ON чЗ* v o ON < r c o m
u 1 rH 1 1 rH rH rH 1 1 1 1 1 1 1 1 1 1 1 iH rH 1 1 1 t 1 1 1 1 i

•H 1 1 0 ) a ) 1 1 1 0 ) 0> 0 ) 0) 0 ) 0 ) a> Q) 0 ) 0 ) 0) 1 1 0 ) 0 ) 0) 0 ) 0 ) 0 ) 0 ) a> 0 )
1 0 ) Г * v o 0 ) 0 ) a) 00 00 Гч. VO VO Гч rH 00 Гч t n H 0 ) 0 ) v o Гч r*. m 00 v o Гч 00 00
1 00 C M C M ON c o 00 c o • rH o o c o * C M VO v n t n чЗ- C M Гч v o m C M o < r c o

c 1 C M i n 00 ON C M • rH • . • rH . « Гч « • « • • • • • •
0) 1 . «H . • • CM cm 00 < r rH « o ON rH rH • • «H rH m Гч 00 CM rH CO m

P Q 1 CO CM f 4 * CM ON «H

и
•H
я
с
0)
CQ

33
СЛ

I C 4 S O N H O J H c n N C O c O ‘ í í O < ^ O M n f > . N N O C O O O \ < í N O í n c O í n  
I H I  I И Н Н  I I t I I I I I I I I rH H  1 r H I I I rH I I I
I 1 0 ) 0 ) 1  I 1 0 ) 0 ) 0 ) 0 ) 0 ) 0 ) 0 ) 0 ) 0 ) 0 ) 0 ) 1  I 0) I 0) 0) 0) I 0) 0) O)
i a) г-» oo a) 0)  a i t n r ^ c M ^ a o e H f H c o m o N c o  o> 0) < r  a x o i n N  o > in m c o
I 00 . f H < r 0 0 O \ V O i H O O \ r > » O O 0 0 i n c M 0 4 t n v 0 c n < r  * »H Г-* VO VO m  00
I CM Щ  • VO O ' ............................................................................Г -  < r  • r>- rH  • • CM • • •

*■"* ♦ • G O C M C M H r - C O r H ^ O N r H C M r H  • • —1 •
i n  t4-

H  n  vû vo m  (
CM

Г» ON • o\ н <r 
CM

I CMr'.ONrHC'lrHr-OOCOr-COr'.ONONCOr'r.CMOOOONONONOONOON
CJ I rH  I I I I I I I I I I I I I

0)0)1 I I 0)0)a)0)Q)0)0>0)Q)0)0) I I I I 0) 0) 0) 
> 4 0 0  I 0) Г -  00 0) Û) 0 )СМ С О С М СМ 1ПГ>..НО О ГНСО СО  0) 0) 0) О) СО Гч

¿3 <0 I 00 * H « Í  С 0 О 1 Ю О О  lO C O tn O C O  • Г* ON Щ  VO CJN CM • Г*. ON
4 J *H  I CM tn  • VO ON ... ..........................CO * • Г*. СО Г -  rH  .  «

00 rH  CM rH  CO Гч rH  ON H H  . . . .  CO VO
co a . i co

I
m  Is* ON rH  CO VO

I
I ф  I <D 

0 ) CO 0 ) «O’
VO in  VO in
OJ * rH  • 

‘  < *  .V O  
cm m

w
q
H
a

cm l o i n v o ^ n n o N o o o O N c o m m o N r H i n m o N O  comco-o* 
^•cMinco^-^-inminm'otnvovor^f^oooooooooNoorHONONONON
r H l C O I I I t l t l l l l l l t l l l l l Q O O N I I I I  

I Cd I f —l c 0 U C O ) 0 ) 0 0 * r ! * H C 3 0 ) 0 ) U U V J i - l V 4  I  I U i - ( ^ 3 p Q
r ^ ^ r t r N M V h , h , r U N 2 % N U ( ß ( y ! M t / l M t ß b 4 S 4 N N ä 2

s
CO i n  «О «О*

a o 2 w o o w a)00*rt*HCd)0)uuvii-iV4 i i u л
^ ü ü Z S S n w w W W m w w ^ ^ n n Sî Z



N
U
C
L
I
D
E
 

FI
SH
 

LA
RG
E 

C
R
U
S
T
A
C
E
A
N
S
 

M
O
L
L
U
S
C
S
 

SM
AL
L 

C
R
U
S
T
A
C
E
A
N
S

IAEA-CN-51/83 241

I I I I I I I I I 1 I I I

I CO O ' CO CO • о  Ю
I . . . . ̂  . f
I l O r l r t l O  H H

N N a \ N r*. CM in 00 00 s r < r in

Ф Ф ф Ф Ф Ф Ф Ф a> Ф Ф Ф
CM m VO rH cn rH CO CO CO 00 00 VO
rH in «Н 00 00 in m Ю CM N < r s r

H s r f—1 rH t n rH CO rH VO r - co

1
U  1 

«H i

9 6 6 9 7 7
 

6
 

6
 

6
 

9
 

9 8 7 8 n  O ' o \ o \ ON r-. CT\ 00 00 00 Г”- 00
l l ' l l l l l l f l l ' l t  
1 Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф  Ф Ф Ф Ф ф Ф ф  ф Ф Ф Ф

>ч 00  11 < O C M 0 4 s i-C M C M C M (O in tn O > C O O ï« 4 - rH  rH VO 00 00 N 00 N  s r CO m
X I  cd 1i o o a ' v o c o c M a o o c o o N i n m i n m «4 Ю rH N CM «n o i n  rH o CM VO
4 - i t - i  1i .................................................................................. • • é • • • » « • • • •
cd ф  i

PQ CX 1

5 1 3 5 2 4 1
 

1
 

2
 

7
 3 6
 

1
 3 rH CO rH co со vo m CO rH vo rH co

I I I I I I I I I I I I I I I I I I I I I I I I I I I
I ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф  
I s r C M H V O c O lO s r c O s r c O r - O 'in C O C M O O V O O O r H O O O 'O 'C O lO f '- r ' .  
I со О  O  • lO O ï H s J - lO r - 'C N jC O r - O J  • ST rH VO Г -  < r  r*» r -  in  o  s r

i m  N  н <ío<Nu)Nri<f^r4rH <t гЧ h  m  h i o o n c o
I
I

1 00 00 Г- o > vo N vo vo VO N 00 00 r - < J \ o r*» O' r** r-» CO m co co s r -d" tn

•H 1 Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф
rC 1 s r c o co vo co co N ao rH r>» rH CO vo vo co vo vo vo N 00 co CO CM CM CM CM
4 J 1 00 CO m • CM r-H o co H rH m СЛ N CM rH sr rH VO « O ' -3- VO CM m o «3-
C 1 • • • rH • • • • • • • • • • • . m • • • • • ♦ ♦
Ф i m n rH sr m rH CO N CM m VO rH rH rH ST rH rH m SJ- co rH vo r» CO

11 00 o \ 00 O ' N r-. VO vo VO 00 00 00 r-* o O O ' O ' O ' о N O ' 00 00 00 N 00
U  i1 1 i 1 1 1 1 1 1 1 1 i 1 1 rH rH 1 1 1 rH 1 1 1 . 1 1 1 1

*-—, •H  1t Ф ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф 1 1 ф ф ф 1 ф ф ф ф ф ф ф
>> o o  i1 m r» VO m VO N «¿r m co vo vo -a- Ф Ф s r vo r - ф СО СО г-. -э- гН см00

-C <d i1 co rH «■сГ CO O ' o CO vo vO s r s r r** m O ' оrH • сО • VO m гН VÛ N vo
u r-H 11 • • rH • • « • m • • • s r VO in • • • • •
cd Ф  ii m r>»m CO -a*rH CO «4*00 CM VO rH * СО s r rH • N СО гН 00 гН СО

PQ O * ii rH см

9 8 8 9 6 8 7 7 6 7 8 8 7 0 О  Г"» O' г< N s r m 8 9 s r m
о 1 1 1 1 1 1 1 1 1 1 1 1 1 1 гН гН 1 1 1 1 1 t 1 1 1 1 i

• н 1 ф ф ф ф ф ф ф ф ф ф ф ф ф 1 1 ф ф ф ф ф ф ф ф ф ф ф
Xi 1 in rH N V O O O O O N in c M C O rs ^ 'O O ф ф см00 СМ гН со00 ^  гН Г“ Na-
4J 1 N H N • vo s r  О  vo N s j rH s r  N  Ш гН • 00 VO СМ Г - O ' 00 • о s r гНtí 1 . . . гН • • • • • • • • • г*-* г-** • • • • • • VO • • •
ф 1 rH vo СМ CO VO rH<O rHCM VO r**H • • СО гН m VO со гЧ VO VO со

PQ t г - VO

11 O ' О O ' ОЧ г-* СО г-» N N N со 00 г- гН о со О) 00 о 00 00 00 о\00 со 00
и 11 1 гН 1 1 1 1 1 1 1 1 1 1 I гН гН 1 1 1 «н 1 1 1 1 1 1 1

♦Н 11 ф 1 ф ф ф ф ф ф ф ф ф ф ф 1 1 ф ф ф 1 ф ф ф ф ф ф ф
>ч 00 1i m Ф Г4» VOсм гН N щ VOш *4- VO ф ф O ' 00 ш ф г>» -d' О* Г- m см O'ja cd ii n 00 г-» • о ш о • гН N sr гН N см ш O' со 00 s r • • N • о 00 гН
■и r-H Ii • см ♦ гН ♦ • • со • • • • • 00 со • • • m со гН • ш • • •
cd Ф 11 гН • гН гН ю гН m гН со N «Н • •rH СО гН • гН -тVOгНсо а  i1 sr N гН Г"»

I

t 6 6 6 6 6 6
i covor-oo'coinsr’-rmm r -  <rinr>*cosrcor'-r4cMsi-tn
i о>ооогног4«4гчс\1оосмсмта4спо')сосп<г<г'3'»л1л1лю
I O ' r H H H H H H H H H r H H r l N N H H r H r H f H H H H H H H  
I * I I I I I I I I » I I I rH  H  I I I I I I I I I I I 
i и 3  3T3 oox) ’О’ОС'О'ОФФ! 1«>юо><оФбббзэ:э 
i н«йа<<оиан(лслннниоиодиййслммм G

d
-
1
5
3
 

1
.
74
e-
8 

2
.
5
6
e
-
5
 

5
.
3
9e
-8
 

2
.
9
5
e
-
5
 

2
.
9
7
e
-
5
 

2
.
8
2
e
-
8
 

2
.
9
9
e
-

Tb
-1
60
 

1
.
2
6
e
-
8
 

1
.
48
e-
4 

1
.
5
5
e
-
7
 

1
.
5
9
e
-
4
 

1
.6
e-
4 

1
.
3
5
e
-
7
 

1
.
6
4
e
-



A
P
P
E
N
D
I
X
 

I
I
,
c
o
n
t
i
n
u
e
d
.

242 PENTREATH and WOODHEAD

(J
1 Ю so Ю VO CO CO p«. >3- P - Ps CO Ю VO CO CO CO •d- ю P* p - Р-Ч рч p - VO

•H 1 Ф Ф Ф Ф ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф ф Ф Ф Ф Ф Ф Ф
X! 1 Ю rH 00 Ю rH CO CO рч *4- CO pv VO рч eg rH ON rH < r P-. ON VO Ю - t f
4-» 1 rH CO о Sj- • CO rH Ю eg VO rH CO • P-. ON rH о CO VO Г*ч p*» VO ON Ю
G 1 « • • CO • • • CO • • • . ON » • • CM
Ф 1 CO VO rH on p - rH CO рч rH VO rH -a- CO Ю <r LO CM CM CM CM 1Л

PQ 1

1i 04 Рч GO r * ON COCOрч рч P«. рч CO to 00 CO CO CO ♦sf <J- Ю р ч рч рч рч VO

•*H i1 Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф ф ф
1

ф
1

ф
00 11 VO to cm ON 00 pN COЮ s r ON p * CO VO VO CM COCM COVO CM p** ч-а- < r vo СМю
cd <1 rH <r H CMCMо rH VO rH VO 00 рч 00 P- VO r* CO . r*» Р-» Рч ю • ч^-

4J r*H 11 • • • • ♦ ♦ • • • • • • • • ♦ • ♦ • • • • CM ю
<d ф  11 CO rH CM rH p*4 Р-Ч rH rH to rH rH rH CNl rH CO CO CO Ю ЮCMсмCM СМ
СQ a, iI

C/3
О
СП
D
хЗ

о
X

I I I I I I I I I I I I I I I I I I < I I I I I I I
« Ц ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф  
i4<j'Vûvûcomcr»comr>.<iH*^-<r<rmvovovDsDvo<3-<rvor^cNj 

♦ • О  • СО (О N  Ю  СО Ю  • СО fO  0 \ Ю  Н  » Í  Ю . С  VÛ \ û  Ю  Ю  •
сО гН  • O n ............................................. .............................................................................................. CM

гН CNJ Г -  H  (П Г> VO en « ‘Î s r H V Û l O s r v O H H H H H

i n s m v O C O O N s i - v O N ^ c O i n v û v f c O ^ r i O l ^ i n r ' N N h . h . ' û  
I I I I I H  I I I I I I I I I I I I t I I I I I I I
o) tu o  m  m  i (к и ш ш ш ф ф ш ф ш о ш ш ш и ш ш ф ш ф
rH VO Ю  CO lO  Ф О > Р «*< ГО » С М Ю < 3 ’ С О Р '*С М О Ч Ю Ю Ю < |-С О С М С М Р -ч а '

• • О 1 л к г 1 г 4 « а - п ( п с о о 1 л о с о 1 л о ^ ю  • ю  чд- см « o\ m
СО U") • • ‘ Г - - .................................................................................. cO • • • VO • ♦

rH ON CM • H P I H r l H f O C O ' T ' î r l ' O U I ' Î  1 Л 1 Л Щ  < r ю
fv

t о>г>»согч‘гНосоооюг«»г>»сптсо<а-<1-<г»люг̂.г«‘р**р*»г̂р̂ю 
C_> I I I I I r-f «—1 l l f l l l l l l l l l l l l l l t l l

'"'-.»H I  d) ai Ф  Ф  I I ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф
>ч60  I ON rH rH CO Q) Ф Ю ч Э -С О Р чЮ Ю Р -С М сО С О сО О О ^О С М -З -С О Р -'С М Р -т

¿ 3 « d  I Ю О Ч О С О Р - г Н р ч С О г Н г О -ч Г О Р - О О Р -Ч О Р -С О  * М Л  > î  o  • со •
4 J rH  I ...........................e n ........................................................................«a- t • . • 1Г) • 1Г)
cd Ф  i c o r i f o c o o \  • г Н Н г Н г Н е д с о с м е д с о с о с о ю  m m i n i n  чг 

(Q  O« t  P-*
I

tc
СЛ

I Ш Г > . \ 0 Ю С 0 О С 0 ‘^ \ 0 Г ' \ 0 ' Т < 1 - ' 0 ч Г С П < Г 1 Л 1 Л 1 Л Г ' Г ' Г ' Г ' Ь ' Г '  
I I I t I I H  I I I I t I I > I t I I I I I I I I I I
I ф  ф  ф  ф  Ф  I ф ф ф ф ф ф ф ф ф ф ф ф ф ф с и ф ш ш ф ф
I VO Ю  Г» rH  VO a > O \< N jrH \O C 0 C 'J in o "> rH V O V O C 0 O \V O « ;J’ C 0 rH C 'ÍO > 'O
I ю  ГО «КО  • СО гН  • Ю  СО C 'J«a, C O C 4 C M C O C 4 P « *C O lO *4 -Ç M  * СО 00
I • • ON • CM VO ♦ С О ...................Ю  • •
I Сч] <Г СО » 0 4  Н Ю  « Ч г Н < О г Н г Н < Г С О С М с О Ю 1 Л 1 Л  ч Г Ю
I Р -
I

1 ONCOO\COOOOOW>f'NCO'J*ír4iO'Í<J-»n»nvOf>*f4 f4 N N N  
U l l t l l H r H r H I I I I I I I I I I I I I I I I I I I  

- • г Ч  I ф  ф  ф  Ф  I I  I 0) 0) О ).О) ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф
►> 0 0  I C S ÍV 0 0 4 C 0  ф  ф  ф г Н Ю Ю 'О С М С О С М 'О г Н ’ч З 'С О 'О 'О ч З - О О Р - С М Р ч Ю

_ _  _  ф  ф  ф - ф  ф ф ш ф ш ф ф ф ф ч / ф ш ф ш ф
►> ЬО I C S ÍV 0 0 4 C 0  ф  ф  ф г Н Ю Ю 'О С М С О С М 'О г Н ’ч З 'С О 'О 'О ч З - О О Р - С М Р ч Ю  

Je «0 I -sT • O N rH lO H C M P-fO C O O N C M C O VO C O C M C M C M P-C O tO 'a-O  • 00 -
I  ♦ СУ* • • гН  СО С О .................................................................................................................................. Ю  • I

- * л‘ I VO гН гН • • - fO r H v O ^ r H r H r H r H C N jC S jc O C N jC s l lO lO lO  сcd ф
PQ О * I

I
гН  Г>* <Г

ы
Q

о
I on  о
I Ю  PN.

• >ч 6 i Q Е-*

U"> CM Ю С М < О ч З - 0 0 4 0 0 0 Р * * С О О » О С М г Н  г*»
Р-СОгНЮСОСО̂ОгНгНСМСМСМСМСМСОСОсОсОчЗ-ЮЮООсО
ННСОСОННСМСЧсдсМСМСМсдсМСдСМСМСМСОСОСОеОСОСМ

i  i  н  н  i  i  i  i  i  i  i  i  i  i  i  t i  j  cm cm cm cm cm i 
Cd I I W и  ЬОгН jÛOrtcd О .С .С .С .С аз I I I I I CX 

K b t ï | S O H K H ( i < ^ O i P Î < £ - ' H H H a . D D D D D Z



N
U
C
L
I
D
E
 

FI
SH
 

LA
RG
E 

C
R
U
S
T
A
C
E
A
N
S
 

M
O
L
L
U
S
C
S
 

SM
AL
L 

C
R
U
S
T
A
C
E
A
N
S

IAEA-CN-51/83 243

о I I I I I I t I I I I I I I I I I I I I I I I
•«H I ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф

I CNJCNj<riO<frv.lOvûCOinr4C\J<J-lO<J-VOOOlOcOCT>C\)r-.
4_> i c o o ' O ' O v o m c o c M c o  •■o, r * . r o  « cm • • <*- • со  r -  co
С  ...............................   • • • • iH • • • ! —I • rH CO «CM • • •
ф  I V O l O i O f O l O ' Û r i O ' H  r i  H  H  rH  rH  rH  i—I rH
pq i

I

i1 t n Ш i n o \ i n t n < r Г4»«O' vo < * <r < r < r 00 <r <r <r < r

♦rH 11 Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф
0 0  11 CM CM < r cm -Э* CO VO rH CM ОЧ rH < r < f < r < r <J\ co «о O ' CO
<0 11 CO O ' o> о VO . CM • CM «3- -o- CO CO CM CM CM CO CO CO CO

+J *-H 11 • • • • • i n . 00 » . . • . • . . cO • . . .
cd Ф  <1 VO m i n со i n rH »4 »-H rH rH rH H rH rH rH «“ I rH rH rH
PQ Q, 11

I

'T«Î'ÎO>«T'ÎÎOIO(0'Î-C0(0c0t0<0(0r,‘c0<0<0c0<0 
I I I I I I I I I I I I I I I I I I I I I I 

Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф  
а̂С000О\ОЧГ>*Г>Г>.00«0-гН<ГСМ00'ОСМС0<Г<ГСЛГ**Г*. 

•r>‘ fs 'O V O V O C M < J , N ' O H O  00 00 CO • <3- CO CO CO
r H ......................................................................... • • • C O ...............................

H H W H r l H H r H H N N  H  H  H  H  H  rH H  H

1ЛЮ1Л01Л1ЛЮЮ1Л<Г1Л1Л1ПЮ1ЛЮ(7ЧЛ'3’1Л1Л1Л 
I I I Г<Н I I I I I I I I I 1 I I I I I I I i 

ф ф ф  I Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф Ф
ел со oo Ф01птю'3,'т1г)чгм''псмс̂<гсоо'ю<т 

• ^  N  Ю  Ю  N  O ' CO • • l o  r~> rr\ • —i ,  i о  in  rvJ ^  пч ^• СП О  СО
• СО • • • • О * rH  • • • щ

• H  СМ СО Ю  СО Г'* СО

» in  vo см ^  оч <г
• \£>............

СО <У» СО Н  СО VO со

I Ю 1 Л 1 Л 0 1 Л 1 Л 1 П М Л М Л 1 Л 1 Л 1 П 1 Л 1 П С Л 1 П 1 П 1 Л 1 Л 4 П  
U  I I I I rH t I I I I I I I I I I I I I ( I I I

* - -» Н  I Ф Ф Ф  I ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф ф  
>ч 0Û • ON 00 00 а>О'Ю̂01П1ПгНСМ<3,<ГО'гНсО1ПгНЮГ'-<ГСМ 
JG со I • r - s . r - . v o v o  » r H o o o o i n c o c o o  • CM • vo с о  < г  с о  < r
4-» rH I rH • « О  « l -Н . . . . . . .  . с о  • а \ ...........................
«d Ф  » г Н гН • гЧ c o c s l f o c o c o c o c o c o  с о  с о с о с о с о с о

I а»
I

л
4J
й
ф
CQ

i vovovoov£>vûvovoio<r\omvomvûioovoiovoinvo
I I I I г-Ч I I I I I  I I I I I I I rH  t I I I I
I Ф Ф Ф  I ф ф ф ф ф ф ф ф ф ф ф ф  I ф ф QJ Ф Ф
i -о- г*» оо ф ю о \ гН с о ю о о г *»г^ о о -о , с о о 4 Ф СО О* Оч Г» <Г
i incocomcMcMvo-orHcgvo .̂гюодосмг о̂ттт
I . . . < r ..............со • • • • r - ..........
I CM CM CM • см r *  O ' < r vo rH со со CM СО СО • СО Oï СО СО СО
I f-H о \

11 \о VOVOо vo VOVO00 VO00 чо VOVOVOVOVOо VOVOVOVOVO
и 11 1 1 1 гН 1 1 1 1 1 1 1 1 1 1 1 1 гН 1 1 1 » 1
•H 11 ф ф ф 1 ф ф ф ф ф ф ф ф ф ф ф ф 1 ф ф ф ф ф
00 11 СОг-. 00 ф VOСОVOг*- m г-. см -о «о о \ Г-Нсо ф гНVOг». «о*см

rC «d i1 ю СОСОгНСМгН н о о о \ tn со со о • см m VOСО<г СО<г
и r-H 11 • • • СМ • • • • • • • • • . СО . • . . • • «
<d ф 11 СМСМсм • см см со смсо СОСО СО со сО СО о \ СО СО СО со со
m а  i1 гН

■ б
I 0 0 0 > О Н С М ^ Н С М С О г Н С М С О ^ - Ю \ О Г ^ С П С О О ч О Н С М  
I C O c O < J , < r ' í - < f < f * í < í ' < r - í < t < t ^ - - í < f ' í , < ) - < Í - i n i n i n  
I CMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCMCM 
I I I I I I I I t I I I I I I I I I I I I I I
i s d 3 9 d 9 6 S B 6 g s a 6
I P 4 ß 4 № ( k 4 № № < < < O Ü O O O O M A O O O O O

IS
 

A
S
S
U
M
E
D
 

TO
 

BE
 

IN
 

E
Q
U
I
L
I
B
R
I
U
M
 

WI
TH
 

TH
E 

P
A
R
E
N
T
.





IAEA-CN-51/48

OCEAN DUMPING 
OF LOW-LEVEL RADIOACTIVE WASTE

D.R. DAVY, R.A. JEFFREE 
Lucas Heights Research Laboratories,
Australian Nuclear Science and 

Technology Organisation,
Lucas Heights, New South Wales,
Australia

Abstract
OCEAN DUMPING OF LOW-LEVEL RADIOACTIVE WASTE.

The failure of the technical arms of international agencies to convince general forums on the 
acceptability of ocean dumping for low-level radioactive waste is attributed to four factors: (i) Belated 
guidance by the ICRP on addressing the effects of waste disposal practices in the biota; (ii) Assessment 
methodology that concentrated on deriving demonstrably conservative doses to humans at the expense 
of realistic estimates for doses to the biota; (iii) Implicit value judgements by technical assessment 
groups on the safety of ocean dumping for marine resources; (iv) Lack of knowledge on most aspects 
of deep-sea biology and related radioecology. After briefly reviewing the major assessments of the effect 
of past and proposed future ocean dumping, it is concluded that there could be an overlap between doses 
to the benthic biota resulting from past dumping practices and those that could affect the biota at the 
community level. The cost of resolving this uncertainty would severely diminish the claimed economic 
benefit of ocean dumping.

1. INTRODUCTION

The practice of dumping low-level radioactive waste in the ocean has been 
under review since 1958 when the Convention o f the High Seas was signed [1].
At that conference a resolution was adopted that in part charged the IAEA to "... 
pursue whatever studies and take whatever action is necessary to assist states ... to 
prevent pollution of the sea by radioactive materials in amounts which would 
adversely affect man and his marine resources".

The role o f the IAEA became clearer in 1975 when the Convention on the 
Prevention o f Marine Pollution by Dumping o f Wastes and Other Matter (called 
the London Dumping Convention (LDC)) came into force [2]. This convention 
listed "high-level radioactive wastes" as a prohibited substance. The IAEA was 
required to define a level o f radioactive waste unsuitable for ocean dumping [3,4].

The UK, for the most part, the USA and to a lesser degree Belgium, France, 
the Federal Republic of Germany and the Netherlands, had dumped low-level 
radioactive wastes into the ocean from the late 1940s. However, it was not until 
1971 that a quasi-international dump site was recognized (the N-E Atlantic site : ~ 
46° N-~ 17° W); it was more accurately specified in 1977 (46° N-16° 45’ W) 
when the OECD established a Multilateral Consultation and Surveillance Mecha- ■ 
nism for sea dumping o f radioactive waste.
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TABLE I. MILESTONES IN THE ASSESSMENT OF OCEAN DUMPING 
FOR LOW LEVEL RADIOACTIVE WASTE

Year Agency Milestone Waste Dumping in Intervening
Period (Bq)

__________________________________ __ ___________ a  ß/ y ___
1958

1961

1970

1975

1977

1978

1980

1985
1986

UN

IAEA

UN

UN

OECD

IAEA

NEA

NEA
IMO

Convention of the High 
Seas [1]
Radioactive Waste 
Disposal into the Sea 
[Ref.21]
Convention on the 
Dumping of Wastes at 
Sea [Ref.22]
London Dumping Con
vention [Ref.2] 
Multinational Consul
tation and Surveillance 
Mechanism [Ref.23] 
Revised Definitions 
and Recommendations 
Concerning High Level 
Wastes Unsuitable for 
Dumping at Sea 
[Ref.3,4]
Continued Suitability 
of the NE Atlantic 
Dump Site [Ref.5]
As above [Ref.6]
Panel o f Experts Re
port [Ref. 10]

7.4 x 10»

9 .1 x l0 13

6.7x l013

4 x l0 13

1.2x10м

1.3xl014

8.9 x 1013-

1 .5 x l0 14 1.2 x lO 16*

1.7xl015*

4 .8 x l0 15

3 x l0 15

9.6x1015

l.OxlO16

* includes 3H.

Thus, since the mid-1970s, there have been three ongoing international 
reviews o f ocean dumping, each having a strong technical arm. Table I sum
marises these developments and lists the more significant Technical Reports 
issued by these agencies. Table I also lists the cumulative levels of 
radioactive wastes dumped by the OECD member states.

With so much discussion, it might be expected that an international 
consensus would have developed. In fact the reverse seems to be true, with the 
opposing sides becoming more rigid in their attitudes and less likely to concede 
that there is any technical merit in their opponents’ point of view. This is 
particularly evident from meetings of the LDC, where first the proposed Kiribati 
and Nauru amendment, the subsequent moratorium and then the Spanish 
resolution led in 1982 to a moratorium on ocean dumping o f radioactive waste 
with a general expectation that ocean dumping will not be re-established for some 
years, if ever. The hardening of attitudes is also evident at the technical level.
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For example, in 1980 NE A reviewed the continued suitability of the NE Atlantic 
dump site [5] and concluded that it would be suitable for the receipt o f wastes 
during the next five years at annual rates comparable with those reached in the 
past. However, if the prevailing annual dumping rates were to be exceeded by a 
factor of ten it would be desirable to reconsider the suitability of the site.
Although the NEA’s 1985 review [6] reached essentially the same conclusion, 
this was only after a formal reservation by the expert from Denmark (Annex VI) 
was rejected by the remainder o f the expert group.

Much o f the growing criticism o f technical assessments on ocean dumping is 
focussed on its potential effects on marine resources. At the 10th Consultative 
Meeting o f the LDC an intergovernmental panel was formed to "examine or 
undertake studies and assessments" on, among other things, "whether it can be 
proven that any dumping o f radioactive wastes and other radioactive matter will 
not harm life and/or cause significant damage to the marine environment".

The present paper asserts that the failure by technical assessment groups to 
convince opponents to their point of view stems from four factors:

Belated guidance by the IGRP on addressing the effects o f waste disposal 
practices on the biota;
NEA and IAEA assessment methodology that concentrated on deriving 
demonstrably conservative doses to humans;

Implicit value judgements by technical assessment groups on the safety of 
ocean dumping for marine resources;

Lack of knowledge on most aspects of deep-sea biology and related , 
radioecology.

2. ICRP GUIDANCE

The early recommendations [7] o f the International Commission on Radio
logical Protection (ICRP) implied that if  you as a Consumer o f marine products 
were protected from the harmful effects of radiation then, by extrapolation, the 
biota would also be protected since it is o f concern at the community rather than 
the individual level. This reasoning is no doubt valid for discharges to surface 
waters but it is false if  the disposed waste is physically isolated from the 
biosphere. Ocean dumping approaches this situation; the temperature, density 
and salinity gradients, the stratification o f ocean currents and sediment sorption 
processes all help to minimise the quantity o f radioactivity reaching significant 
components o f the food Web exploited by man. These same processes maximise 
the quantity o f radioactivity to which benthic organisms are exposed near the 
dump site. In contrast to the shallow water situation, these benthic organisms are 
not a significant part of man’s food web. This primary contrast between shallow 
water and deep ocean disposals was made clear by the ICRP but not used to 
qualify the general statement on the protection of the environment.

Unfortunately, the general statement on the safety of the biota was carried 
across into technical discussions on ocean dumping over a period o f quite some
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years. This is quite surprising, given the equal importance placed on ‘man’ and 
his ‘marine resources’ in the 1958 Convention of the High Seas [1].

The ICRP subsequently qualified its general statement by suggesting that it 
would be ‘prudent’ to give some thought to protection of the biota, but again 
ocean dumping was not mentioned specifically.

3. NEA AND IAEA MODELLING

Despite the charter from the Convention of the High Seas, both the NEA and 
the IAEA concentrated their modelling development on human exposure routes 
and then addressed this model to the protection of the marine resources. This had 
two primary consequences.

First, in order to lean on the conservative side in estimates of human 
exposures, parameter values were set on the more dispersive side o f the best 
estimate from, for example, studies by the UNEP Joint Group of Experts on the 
Scientific Aspects o f Marine Pollution (GESAMP). Clearly this strategy is 
contrary to the position taken if the model were being developed for estimating 
potential harm to the marine resources. Second, if an average value was adequate 
(and conservative) for estimating human exposures then this value was used, 
whereas this would not be the case in a model for protection o f the marine 
resources.

Examples are now given of how the model and associated parameter values 
used by the NEA overestimate doses to humans and underestimate doses to the 
biota.

3.1. Benthic boundary layer of oceanic waters

The model assumes a 75 m thick layer o f water that is vertically well mixed 
but with slow vertical exchange between this layer and the overlying one. The 
main evidence for this comes from the measurement of unsupported M2Rn in near 
bottom waters [8]. This study planned for the collection o f water samples for 
mRn analysis at nominal heights of 2, 10, 20, 50 and 100 m above the sea bed. 
However, at the seven sites examined, only one sample (Site 29) was collected at 
2 m above the ocean floor. Whereas die general trend was for decreasing “2Rn 
concentrations with height above the sea floor (and hence an estimate for ~Kv = 
22.4 crtf.s1), the only site for which 2 and 10 m results are available showed an 
increase. This was attributed to a lateral injection of material from adjacent 
abrupt topography, i.e. particles which originated from the side walls of the valley 
and entered the vertical profile via lateral movement along density gradients.

Thus a well mixed vertical zone of 75 m thicknesss is a demonstrably 
conservative assumption for estimating doses to humans, but for the model to be 
conservative in estimating doses to benthic organisms, a true boundary layer 
current o f perhaps a few metres thickness is assumed. The average water 
concentration seen by the benthic organisms would be a factor o f 10 or more 
higher in the second model. The existence of a true boundary layer is supported
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by work on suspended sediments [9] which suggests that carbonate-rich particles 
are trapped within the bottom few metres and are unlikely to migrate towards the 
overlying water.

3.2. Distribution of radionuclides within organisms

The dosimetric model used by the IAEA and NEA generally employs 
biological concentration factors applicable for the whole animal, i.e. any localized 
concentration in an organ o f the animal is analytically spread over the weight of 
the whole animal. The inadequacy of this practice has been raised on many 
occasions (see, for example, Section 1.4 of [10], and Section 7.1 of Annex П [6]). 
An indication of the underestimation in organ dose (but not necessarily the same 
order o f magnitude in terms of harmful effects) arising from the averaging 
procedure is indicated by published results on bioaccumulation factors for 
particular organs. For example, the factor for “Co in the liver of fish ranges from 
5 to 70, depending on the chemical form of the cobalt which, fo r241 Am, was 104 
for the body wall of polychaetes. Resolution of the significance of these 
underestimations requires organ distributions across the whole range o f deep-sea 
benthic organisms - a formidable task. Priority should be placed on radionuclides 
which, on a specific activity basis, are significant waste components and are 
strongly absorbed on marine sediments but have a daughter product which is not. 
Plutonium/americium-241 is particularly important since Am is known to have a 
high (averaged) bioaccumulation factor (~ 104 in polychaete [11]) and is also an 
alpha emitter. Strontium/yttrium-90 is another important case.

3.3. Value judgements

A crude index of the importance formerly placed on protection o f the marine 
resource is the amount o f discussion devoted to the topic in the two NEA reports 
on the continued suitability o f the N-E Atlantic dump site. This was about 0.5% 
in the 1980 report and 4% in the 1985 report.

The following extract [5] exemplifies the general position adopted in these 
reports:

"In the case of all the activity dumped over several decades remaining in the 
sediments o f a very restricted area, the partial or complete destruction o f the local 
benthic fauna cannot be excluded. However, such areas would be inhabited by 
only a very small fraction o f the total population of benthic oganisms and it is 
improbable that any radiation effects would be distinguishable from the natural 
mortality in the total population".

Text o f this sort neither constitutes nor reflects the results of a technical 
assessment.

4. DEEP-SEA BIOLOGY

It has been suggested that the deep ocean ecosystem may or may not be 
particularly sensitive to ionising radiation [12]. At present the evidence to
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support either contention is extremely limited. Past assessments for the NE 
Atlantic dump site rely heavily on work carried out on shallow water species. 
There are aspects of the biology of the deep-sea which may increase the 
biological effect of radiation at the dump site. Three o f these are outlined below. 
They indicate that caution should be exercised in accepting extrapolation of 
results from shallow water even if  it is used only to provide a perspective against 
which to assess the significance of the predicted increment of exposure due to 
low-level waste disposal in the deep ocean.

4.1. Deep-sea biology

The benthic fauna of the north-east Atlantic dump site consists predominant
ly of polychaetes, sipunculids, bivalve molluscs, nematodes, foraminiferans, 
copepods and nauplii. The greatest meiofaunal and macrofaunal biomass is 
present in the upper 3 cm o f the sediment [6]. Among deep-sea benthic fauna, 
living both in and on the sediments, deposit feeding on detrital particles, faecal 
material and animal carcasses seems to be the dominant dietary mode [13]. A 
community o f organisms with this predominant type of feeding behaviour and 
living close to the sediment surface may have an enhanced intestinal exposure to 
alpha-emitting radionuclides adsorbed onto the surface sediment.

4.2. Low fecundity

The majority o f data relating to the effects of radiation on the fecundity of 
aquatic organisms has been obtained from organisms that have high fecundity; 
these fish are the most radiosensitive. However, the deep-sea benthic fauna 
includes many invertebrate forms that produce few and relatively large eggs that 
hatch into advanced young [4,13], live 2-7 times as long as and attain greater 
body size than related epipelagic species. Such attributes are characteristic of 
organisms that are slow to recolonize environments after perturbances [14,15]. 
Hence radiation effects may be more pronounced in a community characterized 
by organisms with these life-history attributes.

4.3. Prolonged larval life

Long-lived larvae are produced by some invertebrates of the deep-sea 
benthos and in deep-sea cephalopods [16]. Because of the probable greater 
sensitivity of the embryonic phase of the life cycle, which has been identified in 
fish for whom radiosensitivity tends to decrease with increasing development, 
these types of organisms with a prolonged embryonic phase that remains near the 
sea bed may be more susceptible to the effects o f radiation.

5. EFFECTS ON THE BIOTA

As put in Ref. [10], the objective for radiation protection of the marine 
resources is to ensure the survival of local populations of a species. This would
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be achieved by preventing significant damage to the total reproductive capacity of 
the species or population and the relevant harmful radiation effects on those 
which would significantly reduce fertility, fecundity and the survival of offsprings 
to reproductive maturity. Criteria to achieve these objectives have not been 
developed and there are, as yet, no comprehensive data to support any dose limit 
recommended for the protection of the environment.

As discussed in the preceding sections, development of the criteria requires 
two research strands; first, dispersion and dosimetric models which are appropri
ate for consideration of the biota and, second, dose-effect models for fertility, 
fecundity and offspring survival for the deep-sea organisms.

At the population level there is resilience to physical and chemical changes 
in the animals’ habitat. There is a measure o f adjustment at the behavioural, 
physiological and genetic levels which contribute to the survival o f the popula
tions. Unlike the species which make up most of the world’s fisheries, those 
species living in the deep sea are thought to lie towards the lower end o f the 
spectrum of biological resilience. This is because physical conditions in the 
deep-sea habitat are both extreme (temperature, density, oxygen concentration) 
and relatively stable, and the species living there are closely adapted to those 
extremes [10].

Ideally the dose response characteristics should be determined for the 
deep-sea biota. It is difficult a priori to list priority for different classes of  
organisms. On the one hand molluscs, polychaetes, will receive higher doses but 
on the basis o f results for their shallow water cousins, are less sensitive to 
radiation than are fishes. Further, egg releases by molluscs are generally buoyant 
and would be removed from the regions with the higher dose rate. The important 
parameter for them then is the effect o f bioaccumulated alpha emitters (e.g.
“ Am). On the other hand pelagic fishes, which are more radiosensitive, would 
occupy regions with the higher radiation fields on only an opportunistic basis.
For them the priority area for investigation would be fecundity studies on live 
breeders - a suggestion made often in the past (see for example Ref.[17]).

On the basis o f the comprehensive review o f the effects o f irradiation on 
aquatic organisms by Woodhead [18] and subsequent unpublished experimental 
work by him, the NEA [6] concluded that the fecundity of fish populations is 
unlikely to be affected by dose-rates o f less than 1 mGy/h.

For the site oceanographic box (40 km x 120 km x 75 m) the average dose to 
molluscs due to pre-1982 dumping and future dumping at the same rate is reported
[6] to be 8 and 10 |J.Sv/h. Bearing in mind that the averaging over the site box, 
and its 75 m thickness in particular, could underestimate the doses to the benthic 
biota by at least a factor of 102 and that bioaccumulation factors o f  103-10* into 
organs important in determining fecundity are to be expected, then it is clear that 
doses to the benthic organisms could overlap those believed, on the basis of work 
on species from shallow waters, to affect fecundity.

This conclusion is conditional on there being dump sites. A dumping 
practice that widely dispersed the waste would be better if effects on the biota 
were of prime consideration but this could raise other difficulties in terms of 
broad acceptability.
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More recently deliberations on the effect o f ocean dumping on deep-sea 
biota have concentrated on the doses delivered to benthic organisms as a result of 
naturally occurring radionuclides, in particular that from 210P o . By comparison 
with the doses calculated by the NEA, these naturally occurring doses are much 
higher (Ц-Sv/h versus nSv/h) [19] but in order for this reasoning to be complete, 
the following steps are necessary:

Measure the organ distribution of 210Po in benthic biota and calculate the 
doses for a significant number of ocean basins.

Seek, through taxonomic studies and diversity indices, correlation between 
natural irradiation regimes and uniqueness of particular basins.

Measure the organ distribution o f 241 Am, ^N p, “Co, “Y, “’Pu, M0Pu in the 
same range o f benthic organisms and calculate the doses expected to arise 
from ocean dumping through the use of realistic models.

Compare both the doses and the effect.

So far only the first step has been addressed1, although the second has been 
incorporated into the proposed research programme for the IAEA marine 
laboratories on two or more occasions over the past decade.

6. CONCLUSIONS

The methodology employed by the UK Department o f the Environment 
(UKDOE) to analyse the best practical approach for the disposal of waste streams 
arising from the UK nuclear industry, indicated that there was minimal cost 
advantage for ocean dumping o f several waste streams compared with terrestrial 
disposal routes [20]. Presumably this comparison assumed the suitability o f the 
NE Atlantic dump site without first undertaking further significant research.

If the position advanced in our paper is accepted, then the reverse would be 
true; a large amount of quite expensive research in radioecology and marine 
biology is needed, even though it might not guarantee that ocean dumping would 
be ecologically acceptable.

Perhaps the approach to ocean dumping was wrong from the start. Rather 
than regarding ocean dumping as a cheap and convenient disposal route for a 
hotch-potch o f waste arisings, it should have been regarded as a special disposal 
route for specific waste products which, irrespective of the details of the terrestrial 
disposal route, have a significant collective dose for humans. The UKDOE has 
suggested this sort o f approach for 14C wastes. In this case, the deep-sea 
characteristics are being put to advantage with respect to man without an 
accompanying disadvantage to the marine biota. The same cannot be said for 
plutonium wastes.

1 At the time o f preparing the manuscript, the report on the IAEA meeting o f the 
Technical Committee on evaluation o f impact on marine biota of dumping of 
radioactive waste, 22-26 June 1987, Vienna, was not available.
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DISCUSSION

(Discussion held on the papers in Session 7)

Paper IAEA-CN-51/59

E. PALACIOS: You said that in order to limit the probability of human intru
sion into high level radioactive waste repositories it is necessary to maintain long 
term records of their location. Bearing in mind that the Roman Catholic Church is 
the only organization that has succeeded in maintaining continuous records for the 
relatively short period of some 1500 years up to the present, would you agree that 
the overall safety of such installations cannot realistically be based on administrative 
controls projected far into the future, and that a more suitable approach would be to 
avoid locating them in existing or potential mining or oil drilling areas, or to stipulate 
a minimum repository depth of several hundred metres (for example, 500 metres or 
more)?

P. LEBRUN: The two criteria you have mentioned are taken fully into account 
in France. First, subsoil areas containing resources of major significance must be 
avoided. Second, a layer of earth some 150 to 200 metres thick must protect the 
repository from possible disruption or intrusion, particularly human. At the same 
time, while I agree that very long term safety cannot be based upon the indefinite 
maintenance of storage records, France has deemed it both necessary and reasonable 
to adopt a 300 year official control period: we feel that this is a worth while protection 
factor while the activity of the wastes is at its highest. The same period is envisaged 
for the surface storage of short lived low or medium level radioactive wastes. I should 
also point out that it has been respected, indeed surpassed, by France in respect of 
a large number of mines and quarries (those in the Paris area, for example).

Paper IAEA-CN-51/103

J.J. COHEN: To perform an ALARA assessment of Synroc, one must first 
evaluate the differential costs and collective doses arising from alternatives such as 
borosilicate glass, etc. I believe that after 10 years of research on Synroc, you must 
have at least a cursory evaluation of these values. Could you please comment on this?

D.M. LEVINS: To obtain reliable cost estimates for Synroc production it is 
necessary to operate an engineering scale plant for some time so that processes and 
equipment can be refined and then optimized. Operation of the recently commis
sioned Synroc demonstration plant will allow us to accumulate engineering data and 
operational experience that can be used in the design and costing of a radioactive 
plant. To date, our estimates of comparative costs have been based on preliminary 
sizing of equipment and hot cells. They suggest that the cost of Synroc production 
should be somewhat less than that of borosilicate glass. My paper (see Table I) 
contains estimates of relative source terms from groundwater leaching of Synroc,
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borosilicate glass and spent fuel. These data can be applied, in a generic way, to a 
comparison of safety among waste form alternatives. However, determination of 
collective dose from disposal activities must always be carried out on a site specific 
basis. Assessment of a specific repository was outside the scope of my paper.

A. TURRICCHIA: If one looks at the leaching resistance of Synroc, as deter
mined on laboratory samples of polished slices of rock, one might easily come to the 
conclusion that there could not be a better material for immobilizing radioactivity. 
However, with such a good material (theoretically, at any rate), is it not true that the 
leached radioactivity will be determined by the small fraction of material which does 
not fully undergo the sinterizing process, such as the material at the periphery of the 
canisters? It would therefore seem important to evaluate the behaviour of the final 
product as a whole.

D.M. LEVINS: We have carried out leaching tests on cores taken from 
different regions of engineering scale, hot pressed bellows, and have found the 
quality to be fairly uniform and comparable with laboratory samples. I agree that it 
is necessary to carry out large scale leach tests on the complete Synroc/bellows 
system (including bellows that have been deliberately split to allow leachant access). 
Equipment for leach testing of 300 mm diameter bellows is being fabricated at 
present.

Paper IAEA-CN-51/48

Y. NISHIWAKI: Since its inception, the IAEA has been attempting to define 
a lower limit for radioactive waste in connection with sea dumping. However, in 
view of the difficulty of securing international agreement on radioactive content, it 
has been the practice to define radioactive waste in terms of its origin: in other words, 
all wastes originating from a controlled area are considered radioactive, regardless 
of their radioactive content. The IAEA recommendation to the London Dumping 
Convention (LDC) was formulated in the course of advisory group meetings under 
the chairmanship of R.M. Fry of Australia. I had the pleasure of serving as the Scien
tific Secretary at that time, when I was a member of the Agency’s Division of Nuclear 
Safety and Environmental Protection. The recommendation pointed out that all 
materials contain some radioactivity. When there is a high level of radioactive fallout, 
ordinary wastes are contaminated and can sometimes end up with higher radioactivity 
than the extremely low level radioactive waste from a controlled area. And yet the 
LDC allows ordinary wastes to be dumped, not as an exempted material, but simply 
because they are not defined as ‘radioactive waste’, in spite of their radioactive 
content. In this respect, the LDC is not consistent, and I think it may therefore be 
necessary to define a ‘de minimis’ level — a lower limit of radioactivity below which 
waste is considered not to be radioactive. I described some of these difficulties in an 
invited paper that I presented at an IAEA Symposium some years ago, and I shall 
send you a copy.

D.R. DAVY: Thank you. Australia has set a ‘de minimis’ level of radioactivity 
in wastes suitable for disposal in territorial waters.
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General

R.J. PENTREATH: I would like to ask any member of the International 
Commission on Radiological Protection present if the Commission has any plans to 
consider environmental impact in the future, and also whether or not the United 
Nations Scientific Committee on the Effects of Atomic Radiation is moving in this 
direction.

R.J. BERRY : Unfortunately, D.J. Beninson is out of the room, and I would not 
wish to speak on behalf of all my ICRP colleagues. I can say, however, that the 
ICRP, as constituted at present (even including all the members of its four standing 
committees), does not have the breadth of expertise to enable it to comment on radia
tion hazards to all biota. The general principle still holds, though, that a system which 
affords adequate individual protection to man will adequately protect all other 
species, if not every member of every other species.

M.J. FRISSEL: I would like to make a comment on ocean dumping. Until a 
few years ago the Netherlands allowed the sea dumping of low level radioactive 
waste. The government, however, then reversed its policy on dumping — a decision 
which I had supported as a member of the committee set up to review the matter. 
Many people are afraid of radioactive waste, and it is therefore a bad example on the 
part of a government to dump radioactivity into the sea, particularly since other 
concerns might take the view that this gives them carte blanche to do likewise with 
other types of waste. That would be very unfortunate, as pollution of the seas and 
oceans should obviously be avoided at all costs. A basic difficulty in this connection 
is that health physicists do not speak a language that the general public can under
stand, and are therefore unable to convince the public that there are cases in which 
radioactive wastes may be dumped safely. As long as this communication problem 
remains, the dumping of radioactive waste, whether radioecologically justified or 
not, will remain socially unacceptable.

A. VUORINEN: I would like to make two comments. First, the multibarrier 
concept mentioned by C.J. Hardy is an important element within the broader 
principle of in depth defence within nuclear safety. The same principle is surely use
ful when considering high level waste disposal, and gives rise to the ‘inherently safe’ 
requirement which, in the case of a nuclear power reactor, involves self-protection 
properties to prevent core damage as far as possible. In high level waste disposal, 
the potential danger lies in the waste matrix. Thus, the stability of the waste matrix 
is of key significance when one is seeking to prevent the escape of long lived radio
active isotopes into the biosphere. However, the demonstration difficulties and 
calculational uncertainties involved will make it very difficult to gain public 
acceptance for this type of solution unless it can convincingly be shown that the solu
bility of the basic matrix will remain very low for a very long time — even after 
failure of technical barriers.

Second, it is useful to remember that over the past 60 years of organized inter
national radiation protection work, estimates in relation to the harmfulness of ioniz-



258 DISCUSSION

ing radiations to man have altered by a factor of about 100 (many experts now 
believing, apparently, that all doses might be harmful). That is why we should be 
careful when applying our present day risk factors and dose limits to conditions that 
will exist after thousands or tens of thousands of years. A better starting level for high 
level waste disposal criteria can be found in nature. It is morally questionable for us 
to introduce significant changes in natural radiation conditions which are otherwise 
practically permanent. The solution we are seeking is probably close to the ICRP 
recommendations. The general public would probably accept annual changes of
0.1 mSv locally and 0.01 mSv globally. Uncertainties, of course, always call for 
careful consideration and extra margins.
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Abstract

RADIOLOGICAL IMPACT OF THE UNITED KINGDOM NUCLEAR FUEL CYCLE.
A suite of mathematical models has been used to calculate collective doses to the populations of 

Europe and the United Kingdom from discharges from UK civil nuclear sites occurring in selected years 
between 1970 and 1986. The collective doses peak for discharges occurring in 1975. Sellafield 
discharges are responsible for the majority of the collective doses arising from discharges in the 1970s. 
Collective doses from current discharges are much lower, corresponding to reduced levels of liquid 
discharges from Sellafield. The annual average individual doses around Sellafield are also the highest, 
but they are becoming smaller as Sellafield discharges decline. The annual individual doses around other 
coastal sites amount to only a small fraction of a per cent of the dose from natural sources.

1. INTRODUCTION

The National Radiological Protection Board (NRPB) has recently 
published a report on the radiological impact of routine discharges from 
civil nuclear sites in the United Kingdom [1]. It contained details of the 
collective doses arising from discharges occurring between 1970 and 1984 and 
estimated discharges occurring up to 1989. At the time the report was 
written 1984 was the most recent year for which published discharge data 
were available. In raid-1985 British Nuclear Fuels pic (BNFL) introduced 
additional effluent treatment plant at their Sellafield reprocessing 
facility. This new effluent treatment plant included the Site Ion Exchange 
Plant (SIXEP). Details of discharges from Sellafield in 1986, the first 
complete year of SIXEP operation, have recently been published [2]. The 
purpose of this paper is to update and extend the earlier study on the 
radiological impact of routine discharges from UK civil nuclear sites. 
Recently published discharge data and changes to the calculated dose per 
unit intake values for the actinides and caesium radionuclides [3] are taken 
into account and the levels of individual dose around nuclear sites are also 
examined. The latter are particularly important as a means of giving a 
general perspective on the radiological impact of nuclear sites.

The paper describes how a suite of mathematical models has been used to 
calculate collective dose commitments1 and collective dose commitments

1Throughout t h i s  re p o r t e f f e c t i v e  dose e q u iv a le n t has been a b b re v ia te d  to  
dose . The in d iv id u a l doses are th e  sum o f  th e  com m itted dose e q u iv a le n ts  
a r is in g  from  an in ta k e  o f  a c t i v i t y  in to  th e  body in  a g iven  y e a r , and the  
dose e q u iv a le n t from  e x te rn a l i r r a d ia t io n  in  th a t  y ea r .
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truncated at 500 years to the European population2 from discharges occurring 
in 1970, 1975, 1980, 1984 and 1986. For discharges in 1975, 1984 and 1986 
more detailed calculations have been carried out, including the distribution 
of collective dose in time, an estimate of the impact on the population of 
the UK and an estimate of the doses to typical individuals living in the 
vicinity of the nuclear sites.

2. NUCLEAR INSTALLATIONS

The nuclear fuel cycle in the UK includes, at the moment, 14 nuclear 
power stations operated by the Central Electricity Generating Board (CEGB) 
and the South of Scotland Electricity Board (SSEB) . Fuel cycle facilities 
are provided by BNFL at their sites at Springfields (fuel fabrication), 
Capenhurst (uranium enrichment) and Sellafield (reprocessing). At 
Chapelcross BNFL operate Magnox reactors, together with a processing plant 
which came into operation in 1980. Supporting research and development is 
undertaken at United Kingdom Atomic Energy Authority (UKAEA) establishments. 
Separately considered under this heading are the Harwell Laboratory (reactor 
operation), the Dounreay Nuclear Power Development Establishment (fast 
reactor operation and fuel reprocessing) and the Atomic Energy Establishment 
Winfrith (operation of a steam generating heavy water reactor). There are 
also UKAEA facilities at Springfields and Sellafield but, because the same 
facilities and pipelines are used, their discharges are included in those 
from the BNFL plants.

3. DATA AND METHODS

3.1 Discharge data

The NRPB maintains a database of discharges from UK civil nuclear 
sites. Discharge data for this assessment were taken from the database. 
Details of the discharges between 1970 and 1984 are available as an NRPB 
memorandum [4]. Discharges of radiologically significant radionuclides from 
UK civil nuclear sites in selected years are given in Table I. At the time 
the calculations were done, the 1986 discharge data for the power stations 
and UKAEA sites had not been published. Discharges from these sites do not 
vary very much on a yearly basis and for the purposes of discussion the 
doses calculated for the 1984 discharges are assumed to apply to the 1986 
discharges.

3.2 Methodology

3.2.1 Collective dose calculations

The small amounts of radioactivity discharged to the atmosphere or to 
the aquatic environment during routine operation of nuclear installations 
may cause radiation exposure of the general public by a variety of pathways. 
In most cases the activity concentrations in environmental materials are too 
low for measurement to form a reliable basis for estimating public exposure 
and so in this assessment mathematical models are used. These models are 
described in more detail in Ref. [1]. Briefly, the behaviour of
radionuclides in European coastal waters is represented by a compartment 
model. This describes the flow of water on the European continental shelf

2Europe is taken to include Greenland, Iceland, Scandinavia and all European 
countries, including the western USSR up to SO°E. This represents a 
population of 700 million compared with one of 55 million for the UK.
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TABLE I. DISCHARGES OF SELECTED RADIONUCLIDES FROM UK 
CIVIL NUCLEAR SITES IN SELECTED YEARS

Site Nuclide
Discharge in year (TBq)

197S 1984 1986

All Magnox 13 7Cs 12.1 5.62 (1)

*‘C 6.85 6.85 (1)

" sPu 0.028 0.039 (1)

All AGR 137Cs N/A 0.008 (1)

“C N/A 9.25 (1)

”sPu N/A <0.004 (1)

Sellafield 13 7Cs 5240 434 17.9

“C 8.0 7.7 8.0

”9Pu 44.2 8.3 2 (2)

UKAEA 13 7Cs 27.2 23.7 (1)

“C 0.43 0.45 (1)

2 3 9 p u 0.92 0.20 (1)

Notes

(1) Discharges in 1986 are taken to be approximately equal 
to 1984 discharges;

(2) Estimated 239''2,,0pu discharge. Derived from total Pu(a) 

discharge and 1981-1984 average 23*Pu : 23’ '  2 "“Pu isotope 
ratio.

N/A: not applicable.

by a system of 15 regional marine compartments. For coastal sites, 
dispersion in the immediate vicinity of each discharge point is modelled 
using a local marine compartment which is interfaced to the coastal model. 
These local compartments typically represent areas of 10 km2 . The routes of 
human exposure which were c o n s idered included the consumption of 
radionuclides incorporated into sea foods, external irradiation from 
radionuclides bound to beach sediments and those arising from the transfer 
of radioactivity back to land via sea spray. Two of the sites, CEGB 
Trawsfynydd and the UKAEA Harwell Laboratory, discharge into fresh water 
systems. For these sites specific models have been used [1].

For discharges to the atmosphere, a Gaussian plume model is used to 
represent the dispersion of activity as it is blown downwind. Depletion by 
deposition on to the ground is taken into account. The movement of 
radionuclides through the terrestrial environment is represented by models
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which allow for the resuspension of deposited radionuclides and their 
migration through soils and food chains to man. In the case of very mobile 
radionuclides (3H, “C, 129I and esKr), the appropriate global dispersion

models have been used [1].

3.2.2 Individual dose calculations

The models used for calculating collective doses also provide 
concentrations of radionuclides in environmental materials at various 
distances from the discharge point. The doses to typical individuals living 
near nuclear sites can be calculated by selecting appropriate habit and food 
consumption data and by using calculated radionuclide concentrations in 
environmental materials near the site. The habit data and pathways assumed 
in this assessment are those characteristic of an adult in a typical coastal 
community and have been used in calculations for all the coastal sites 
considered in this assessment. The data have been used previously by NRPB 
in calculating doses and risks to local communities from Sellafield [5] and 
Dounreay [6] discharges; they are described in detail in Ref. [6]. In 
calculating doses from marine discharges, the following assumptions were 
made: fish are taken from the regional marine compartment closest to the
point of discharge (the regional compartment with the highest radionuclide 
concentration), and molluscs and crustaceans are taken in equal quantities 
from the local compartment and the closest regional marine compartment. 
Furthermore, it was assumed that a quarter of the individual's terrestrial 
foodstuff came from land contaminated by sea spray arising from the local 
compartment. For exposure from atmospheric discharges, it was assumed that 
the individual, on average, occupied a place 5 km from the discharge point 
and that 25% of the individual's terrestrial foodstuff came from within 5 km 
of the site. The doses to this typical individual from atmospheric and 

marine discharges were summed.

In this assessment no attempt has been made to calculate doses to 
typical individuals around the two inland sites (Harwell and Trawsfynydd) 
because habit data for inland sites are more variable and the use of generic 
data is not appropriate.

4. RESULTS AND DISCUSSION

In this paper it is only possible to give a résumé of the results of 
the calculations; in particular, the individual nuclear power stations and 
the various UKAEA sites will not be considered separately. A complete 
description of the results is given in Ref. [7].

Collective dose commitments and collective dose commitments truncated 
at 500 years to the population of Europe are shown in Table II. A 
comparison between the two quantities given for each year and discharge site 
enables the long-term contribution from long-lived radionuclides to be 
separately identified. Table II shows that both the collective dose 
commitment and the truncated collective dose commitment peak for discharges 
in 1975. Most of these doses are due to liquid discharges from Sellafield. 
A steady reduction is seen after 1975, despite the commissioning of 
additional nuclear generating capacity. This is largely due to decreased 
levels of liquid discharges from Sellafield (Table I). For discharges in 
1986, the power generation plants and the fuel cycle facilities contribute 
approximately equally to the collective doses to the population of Europe 
(Table II). Furthermore, atmospheric discharges become more significant for 
discharges in the 1980s (Table II).

Caesium-137 (largely discharged from Sellafield) is the dominant 
contributor to the collective doses arising from discharges in the 1970s
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TABLE III. COLLECTIVE DOSE COMMITMENTS TO THE POPULATION OF THE UK FROM 
DISCHARGES IN SELECTED YEARS FROM UK CIVIL NUCLEAR SITES (man-Sv)

Site
Truncation time 

(a)

Discharge year

1975 1984 1986

All M a g n o x ^ 500 2.8 2.6 -

- 6.4 6.2 —

All AG R (b) 500 0 2.1 -

«» 0 6.9

Sellafield 500 2.9 x 10г 3.9 x 10* 8.4

- 2.9 x 10г 4.3 x 10‘ 1.3 x 1 0 1

Springfields 500 2.9 x 10'1 1.3 х IO’1 -

«• 4.0 1.6 —

Capenhurst 500 3.1 x 10"2 2.5 x 10‘г -
«• 3.1 x 10"г2.5 x 10‘г -

Chapelcross 500 8.7 x 10*г9.7 x 10'1 -
m 1.9 x 10'1 1.1 —

UKAEA sites 500 5.3 4.7 -

- 5.5 5.0 —

Total liquid 500 2.9 X  10г 4.2 x 101 1.1 x 101
m 3.0 X  10г 4.4 x 101 1.4 x 101

Total atmospheric 500 5.4 7.9 8.3
«• 1.3 x 10* 2.0 x 101 2.0 x 10*

Total 500 3.0 x 10* 4.9 x 10* 1.9 x 101

- 3.1 х 10г 6.4 x 10* 3.4 x 10‘

For footnotes (a) and (b) , and note see Table II.

and, for example, 60% of the European collective dose commitment from 1975 
discharges arises from discharges of this radionuclide. For discharges from 
the early 1980s onwards, the long-lived, mobile radionuclide, “C, becomes 
increasingly more important (1"С is discharged mainly by the power stations 
and Sellafield). Discharges of this radionuclide contribute about 85% to 
the European collective dose commitment from 1986 discharges. Consequently, 
as can be seen from Table II the collective doses from discharges in the 
1980s are delivered over longer time periods than those from discharges in 
earlier years.

For three years (1975, 1984 and 1986) collective dose commitments and 
collective dose commitments truncated at 500 years to the population of the 
UK were calculated (Table III). In general, the collective doses to the UK 
population follow the same trends as those to the European population 
(Table II). One notable point is that the fraction of the European 
collective dose commitment delivered to the UK population is significantly 
lower for 1986 discharges when compared with 1975 discharges (Tables II and 
III). This again is due to the dominance of 1UC for discharges in the 
1980s.

The doses to a typical member of a coastal community in the vicinity of 
each site are shown in Table IV. The individual doses in the year of
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TABLE IV. COMMITTED DOSES TO TYPICAL INDIVIDUALS (Sv/a)

Site
Discharge year

1975 1984 1986

All M a g n o x ^ 4.4 x 10‘7 3.8 x 10*7 -

All AG R (b^ 0 1.2 x 10'7 -

Sellafield 5.2 x 10-* 1.1 x 10'* 2.3 x 10's

Sprihgfields 2.3 x 10‘s 1.6 x 10’s -

Capenhurst 1.8 x 10*' 1.5 x 10‘* -

Chapelcross 4.6 x 10'7 9.7 x 10"7 -
UKAEA sites 7.9 x 10‘* 5.8 x 10*4 —

For footnotes (a) and (b), and note see Table II.

(c) Average over sites.

discharge are given; the doses in subsequent years from that discharge will 
be lower because activity levels in the vicinity of the nuclear site will be 
diminished by processes including dilution, dispersion and radioactive 
decay. The doses to people near Sellafield are the highest; they peaked for 
discharges in 197S, but have since progressively decreased. For Sellafield, 

Springfields and the UKAEA sites liquid discharges are the most important 
contributors to the individual doses, but for all other sites atmospheric 
discharges dominate. With the exception of doses around Sellafield in the 
1970s and early 1980s, the doses range from a few microsieverts down to 
nanosievert levels. It is worthwhile to point out that the committed doses 
to these individuals from each year's intake of natural radionuclides (in 
this context mainly 210Po) in sea foods is about 30 pSv (calculated from 
data given in Ref. [8]). The average annual individual dose in the UK frpm 
all natural sources is about 2 mSv.

The dominant contributor to the doses calculated in this assessment are 
discharges from the reprocessing plant at Sellafield. It is interesting to 
look in more detail at the doses from these discharges. Considering only 
the doses to the population of the UK, the collective dose commitment peaked 
at around 290 man Sv for discharges in 1975, but fell to about 43 man Sv for 
discharges in 1984. The introduction of a new effluent treatment plant led to 
a further threefold reduction in collective dose commitment, to a value of 
about 13 man-Sv for 1986 discharges. These reductions are largely due co 
decreased liquid discharges of caesium radionuclides. These radionuclides 
accounted for 75% of the collective dose commitment from 1975 Sellafield 
discharges, but only 5% for 1986 discharges. The dominant contributor to 
the collective dose commitment from 1986 Sellafield discharges is “C 
(largely discharged to the atmosphere), which accounts for 47% of the total. 
For doses to the typical person near Sellafield the overall picture is 
similar, with decreases from a peak of 520 ySv for 1975 discharges to 
110 ySv for 1984 discharges and then 23 ySv for 1986 discharges. However, 
in other respects the situation is different in that for all years 2 33Pu 
from liquid discharges is the dominant contributor via mollusc consumption 
(discharges of 23,Pu peaked around 1973 and have since fallen). Moreover, 
atmospheric discharges of all nuclides contribute only about 8% of the total 
dose to the individual from 1986 Sellafield discharges.
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NUCLEAIRE DU CEA
Leur apport à la sûreté des installations nucléaires 
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Abstract-Résumé

THE CEA’s TESTING CENTRES FOR NUCLEAR SAFETY EQUIPMENT: THEIR
CONTRIBUTION TO THE SAFETY OF NUCLEAR FACILITIES AND STAFF PROTECTION.

The Institute for Radiation Protection and Nuclear Safety (IPSN) of the Commissariat à l ’énergie 
atomique (CEA) has set up testing centres for equipment connected with the safety of facilities and staff 
protection. These centres, established in order to co-ordinate the resources of the CEA and of its 
subsidiaries, particularly in relation to testing, are responsible, each within its own field of activity, for 
the following main tasks: (1) approval of equipment, calculation techniques and processes; (2) partici
pation in national and international standardization work; (3) specialized training activities; (4) centrali
zation and dissemination of available information. So far, three centres have been set up and are playing 
an important role in radiation protection and nuclear safety through their work in relation to: (1) the 
quality of equipment and materials, calculation techniques and processes, ensuring in particular that 
products are adequate to meet the needs expressed; (2) operational quality, through participation in staff 
training and by ensuring that the feedback of experience is taken into account; (3) the quality of the 
actions undertaken in accident and post-accident situations.

LES CENTRES DE QUALIFICATION D ’EQUIPEMENTS DE SECURITE NUCLEAIRE DU 
CEA: LEUR APPORT A LA SURETE DES INSTALLATIONS NUCLEAIRES ET A LA PROTEC
TION DES TRAVAILLEURS.

L’Institut de protection et de sûreté nucléaire (IPSN) du Commissariat à l’énergie atomique 
(CEA) s’est doté de centres de qualification pour les équipements liés à la sûreté des installations et à 
la protection des travailleurs. Ces centres, créés pour coordonner les moyens du CEA et de ses filiales, 
notamment dans le domaine des essais, ont pour missions principales, chacun dans son domaine d’acti
vité: 1) l’homologation d’équipements, de moyens de calcul et de procédés; 2) la participation à la 
normalisation nationale et internationale; 3) les actions de formation spécialisée; 4) la centralisation et 
la diffusion de l ’information disponible. A ce jour, trois centres ont été mis sur pied et jouent un rôle 
important pour la protection et la sûreté nucléaire en agissant: 1) sur la qualité des équipements et 
matériels, moyens de calcul et procédés en vérifiant notamment l’adéquation des produits aux besoins 
exprimés; 2) sur la qualité de l’exploitation en participant à la formation du personnel et en assurant 
la prise en compte du retour d’expérience; 3) sur la qualité de l ’intervention dans les situations acciden
telles et postaccidentelles.
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1. LA QUALIFICATION DES OUTILS DE LA SECURITE NUCLEAIRE 
AU CEA

La pratique de qualifier par des essais de différents types les matériels, codes 
de calcul et procédés n’est pas une nouveauté et il y a longtemps que des installations 
d’essais de toute nature effectuent à la demande de concepteurs-réalisateurs ou à la 
demande d’utilisateurs les essais en question.

Le Commissariat à l’énergie atomique (CEA) a développé pour les besoins de 
la recherche nucléaire un grand nombre d’installations qui lui ont permis de valider 
des procédés et des codes de calculs. Les résultats de ces travaux sont mis en œuvre 
par l’industrie nucléaire et l ’utilisateur — l’exploitant nucléaire, au sens de la 
réglementation française — est soumis aux règles très strictes imposées par les 
pouvoirs publics pour la délivrance des autorisations réglementaires.

Le CEA, à la fois metteur au point de matériels, codes ou procédés et exploitant 
d’installations nucléaires d’essai ou de production, a jugé nécessaire de se doter des 
outils nécessaires pour coordonner les moyens déjà en place et répondre ainsi sans 
engager de dépenses importantes aux exigences de plus en plus précises de qualité 
et de démonstration de l’obtention de la qualité. Compte tenu de l’objectif fixé, c’est 
l’Institut de protection et de sûreté nucléaire (IPSN) qui s’est chargé de l’opération.

La création de centres techniques de qualification s’est effectuée progressive
ment, au fur et à mesure des besoins et des possibilités. Les missions principales de 
ces centres (qui sont explicitées au chapitre suivant avec leur domaine d’activité) 
recouvrent les objectifs suivants:
— homologation d’équipements, de moyens de calcul et de procédés,
— participation à la normalisation nationale et internationale,
— actions de formation spécialisée,
— centralisation et diffusion de l’information disponible.

Un aspect fondamental du mode d’action de ces centres est qu’ils agissent pour 
le compte du groupe CEA (le CEA et ses filiales) et avec les moyens du groupe CEA. 
D’autre part ils ne visent à qualifier que les caractéristiques des équipements, codes 
ou procédés, en rapport avec la sécurité nucléaire.

Les moyens propres des centres de qualification sont très réduits, pour chacun 
d’eux: deux ingénieurs et un secrétariat à temps partiel. Mais ils s’appuient en tant 
que de besoin sur les laboratoires du groupe CEA et sur les experts des unités qui 
font appel à leurs services. La démarche des unités du groupe CEA est d’ailleurs 
purement volontaire et c’est principalement par leur efficacité que les centres de 
qualification se sont imposés.

2. LES CENTRES TECHNIQUES DE QUALIFICATION

Trois centres de qualification sont actuellement opérationnels avec chacun leur 
domaine d’activité.
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FIG. 1. Le Centre technique d'homologation de l'instrumentation de radioprotection (CTHIR).

2.1. Le Centre technique d’homologation de l’instrumentation de 
radioprotection (CTHIR)

Il a été créé en 1981 après une période de réflexion d’environ deux ans. Son 
domaine d’activité est l’instrumentation de radioprotection: appareils de détection, de 
mesure et d’alarme à poste fixe, mobiles ou portés par le personnel dans les installa
tions nucléaires, appareils de surveillance de la radioactivité dans l’environnement, 
équipements de centralisation des informations recueillies.

Pour apprécier l ’aptitude des instruments de radioprotection à assurer leur 
fonction, le CTHIR:

— définit les essais permettant de vérifier les caractéristiques et les performances 
des appareils en s’appuyant sur les textes normatifs et les spécifications particulières 
définies pour ces appareils,

— fait exécuter les essais conformément à des modes opératoires agréés,
— analyse les résultats obtenus et délivre le cas échéant un certificat 

d’homologation,
— fait prendre les mesures nécessaires pour assurer la conformité des appareils 

de série aux prototypes soumis à ses investigations.
En ce qui concerne l’organisation générale de son action (fig. 1), le CTHIR est 

en liaison notamment avec:
— un comité d’instrumentation de la radioprotection représentant les utilisateurs, 

pour définir les besoins du groupe CEA;
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— un comité consultatif en matière de politique industrielle de l’instrumentation 
de radioprotection, qui définit la politique industrielle du groupe CEA en la matière;

— des laboratoires d’essais du groupe CEA agréés par lui et actuellement en 
cours d’accréditation par le Réseau national d'essais1 ;

— les industriels fabriquant des matériels.
Une procédure précise le rôle des divers intervenants et les conditions dans 

lesquelles une homologation peut être délivrée.
Compte tenu de son expérience en la matière, le CTHIR participe largement aux 

travaux de normalisation nationaux et internationaux, en particulier ceux effectués 
dans le cadre du sous-comité 45B de la Commission électrotechnique internationale 
(instrumentation pour la radioprotection).

2.2. Le Centre technique de référence en ventilation et épuration (CETREVE)

Le domaine d’activité de ce centre, créé en 1982, est axé sur la ventilation et 
l’épuration et comprend notamment:
— la conception générale de la ventilation,
— la filtration à très haute efficacité,
— le piégeage des iodes et des composés volatils,
— la préfiltration et filtration électrostatique et les applications spéciales,
— la fonction de la ventilation en cas d’incendie,
— la ventilation et la détection de la contamination,
— les enceintes de confinement,
— l’épuration des gaz de procédé.

Le CETREVE prononce des homologations de matériels ou de codes de calcul 
dans des conditions voisines de celles du CTHIR. De plus il a développé des actions 
de formation spécialisée et de diffusion de l’information particulièrement 
importantes.

Les sessions de formation d’une semaine animées par le CETREVE, au nombre 
de cinq à six par an, s’adressent aux ingénieurs et techniciens chargés de la concep
tion, de la réalisation, de l’exploitation ou des essais des circuits de ventilation et 
d’épuration. Cette formation très pragmatique vise, d’une part, à assurer la qualifica
tion du personnel en place, et, d’autre part, à faciliter la reconversion de nouveaux 
agents. Ne réunissant qu’un petit nombre de participants à la fois, elles permettent 
en outre des échanges d’informations et constituent un excellent canal pour le retour 
d’expérience.

En ce qui concerne l’information, le CETREVE est la cheville ouvrière de 
l’élaboration d’un guide de ventilation des installations nucléaires rédigé par une 
équipe constituée de représentants de l’ensemble de la profession. La première

1 Le Réseau national d’essais gère un système d’accréditations de laboratoires d’essais basées sur 
la valeur et la qualité des prestations d’essais de ces laboratoires.
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édition a vu le jour en 1982 et a été suivie d’une seconde édition, revue et complétée, 
en 1987. Ce guide recense les solutions techniques disponibles, laissant aux 
utilisateurs le soin de choisir celle qui répondra le mieux au problème posé. Le 
CETREVE va développer maintenant un guide de l’épuration en s’inspirant des 
mêmes principes.

2.3. Le Centre technique d’homologation des équipements de protection, de
manipulation, de détection et de sécurité (CTHPMDS)

Ce centre est le dernier en date puisque créé en 1985. Son domaine d’activité 
est plus vaste et plus diversifié que celui des autres centres et concerne notamment 
le confinement, les blindages, l’instrumentation de sécurité, les couvre-faces et les 
vêtements de protection, les télémanipulateurs et leurs équipements associés et les 
transferts de matières radioactives.

Le CTHPMDS procède, comme les autres centres, à des actions d’homologa
tion dans des conditions un peu différentes compte tenu de sa spécificité. En effet, 
seules sont généralement disponibles des notices des constructeurs et des méthodes 
générales d’essais à adapter aux besoins particuliers. Il y a donc lieu de rédiger 
d’abord des spécifications techniques du matériel à homologuer après une enquête 
approfondie sur les besoins, puis de définir des méthodes d’essai et des critères de 
jugement pour vérifier l’aptitude du matériel à satisfaire les besoins exprimés.

Pour ce faire, le CTHPMDS s’appuie sur:
— une commission centrale regroupant des représentants des centres d’études 

nucléaires et des établissements du groupe CEA qui définit un programme 
d’homologation,

— des groupes de travail sectoriels qui rédigent les spécifications techniques,
— des laboratoires d’essais.du groupe CEA, reconnus par le centre technique.

Le CTHPMDS agit par ailleurs en liaison permanente avec les constructeurs
concernés.

Notons, pour en terminer avec les caractéristiques particulières de ce troisième 
centre, qu’il est l’aboutissement d’une action de normalisation et de standardisation 
des équipements de protection et de sécurité au CEA menée depuis une vingtaine 
d’années et gérée par la commission centrale déjà citée. La nécessité d’une formalisa
tion des actions de qualification a été plus vivement ressentie avec la sortie de la 
réglementation .française en matière de qualité des installations nucléaires (1984).

3. APPORT DES CENTRES DE QUALIFICATION A LA SURETE
NUCLEAIRE ET A LA RADIOPROTECTION DES INSTALLATIONS

3.1. Qualité des équipements, moyens de calcul et procédés

La pratique française en matière de qualité des installations nucléaires repose 
sur la mise en œuvre du code de bonne pratique de l’AIEA intitulé Assurance de la
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qualité pour la sûreté des centrales nucléaires (Collection Sécurité, n° 50-C-QA). 
Cette pratique a été confirmée par le texte réglementaire français précité.

Ce règlement précise que l’exploitant d’une installation nucléaire doit montrer 
que la qualité définie pour les équipements importants pour la sûreté a été obtenue 
et qu’elle est maintenue.

Le certificat d’homologation, délivré après des essais indépendants, dont la 
qualité est elle-même attestée, est un élément essentiel de cette démonstration. 
Toutefois l’expérience a montré que même sur de très bons équipements des actions 
correctives étaient nécessaires sur des points particuliers et que l’étude du fonctionne
ment en situation réelle constituait un complément indispensable aux essais de qualifi
cation. Pour intégrer et assurer l ’efficacité de ces actions, le certificat 
d’homologation n’est accordé qu’un an après les essais de qualification proprement 
dits.

Il n’est pas dans l’intention des centres de qualification d’homologuer tout le 
matériel de sécurité utilisé au CEA mais en priorité les nouveaux matériels 
développés, et ensuite les matériels déjà en usage mais pour lesquels il y a des doutes 
sur le maintien à niveau d’une fourniture, ou en raison de la prise en compte de 
nouveaux critères.

3.2. Qualité de l’exploitation

La qualité de l ’exploitation d’une installation repose sur un grand nombre de 
facteurs: parmi eux, l’adéquation aux besoins des équipements liés à l’exploitation, 
la formation du personnel et le retour d’expérience.

La formation du personnel nécessite plusieurs composantes. Les centres de 
qualification n’interviennent en la matière que dans leur domaine propre, c’est-à-dire 
principalement l’utilisation et la maintenance des équipements de sécurité. A l’excep
tion des sessions du Centre de référence en ventilation et épuration qui sont gérées 
par le centre lui-même — mais avec l’appui de formateurs issus de toute la profes
sion — ces actions sont très ponctuelles. Le principe est de former de préférence des 
formateurs. Par exemple, avec la Compagnie générale des matières nucléaires 
(Cogéma), un système de formation a été mis au point au profit des opérateurs 
manipulant les dispositifs de transfert blindés de déchets extraits des cellules de haute 
activité. L’enseignement est entièrement assuré par des agents de la Gogéma, mais 
le centre de qualification a participé à la formation des moniteurs, à la définition du 
programme de formation et a fourni la documentation. Des rendez-vous périodiques 
permettent un suivi et le retour d’expérience.

Ce dernier point est aussi un souci constant des centres de qualification qui 
développent des relations avec les constructeurs et avec les utilisateurs et favorisent 
les contacts entre constructeurs et utilisateurs, et entre utilisateurs.

Les résultats de cette concertation se traduisent dans les publications des centres 
dont nous avons donné des exemples ainsi que par le soutien apporté à l’effort norma
tif national et international.
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3.3. Qualité de l’intervention en situation accidentelle et postaccidentelle

Le CEA — et notamment son Institut de protection et de sûreté nucléaire — est 
un appui technique des pouvoirs publics en cas d’accident, entre autres par les 
moyens d’intervention dont il dispose.

Ces moyens doivent être opérationnels sans délai lorsque leur utilisation 
devient nécessaire, qu’ils soient déjà sur place au moment où l’accident survient (par 
exemple, pièges à iode, détecteurs d’irradiation ou de contamination à large gamme) 
ou qu’ils soient utilisés par les équipes d’intervention (instrumentation de 
radioprotection, moyens de téléintervention et de téléopération, dispositifs de protec
tion individuels, etc.).

Les différents centres de qualification sont concernés et l’on peut citer, à titre 
d’exemple, les actions suivantes:

3.3.1. Pour le CTHIR

On a procédé à l’homologation des équipements suivants:
— chambre d’ionisation y  (CHFG) avec une étendue de mesure allant jusqu’à 

107 rad-h-1;
— télédébitmètre (TELETECTOR) mesurant jusqu’à 103 rad-h"1;
— capteurs pour la mesure de l ’irradiation y  et neutrons (CIEP et CINN) avec 

une gamme de mesure de 10'1 à 103 rem-h'1;
— balise a  à filtre séquentiel (BFSA) et /3 (BFSB) pouvant mesurer de 0,1 à 

104 LDCA2 (plutonium 239 pour les a  et strontium 90 pour les /3).
Une balise de chantier pour l’intervention est en cours d’homologation.

3.3.2. Pour le CETREVE

Les filtres et les pièges à iode font depuis longtemps l’objet d’une procédure 
spécifique appliquée sous la seule responsabilité des fournisseurs. Une procédure 
d’homologation comme décrite ci-dessus va leur être appliquée, qui intégrera d’une 
part des essais plus complets (par exemple, tenue des filtres pendant un incendie) et, 
d’autre part, la mise en place d’un système d’assurance de la qualité.

3.3.3. Pour le CTHPMDS

Un certain nombre d’engins de téléintervention et de téléopération vont être 
soumis à des essais de tenue sous rayonnement pour des doses de rayonnement 
pouvant atteindre de 106 à 107 rads. Des vêtements de protection de types divers, 
adaptés à l’intervention, vont également être soumis à l’homologation.

LDCA: limite dérivée de concentration d’un radionucléide dans l ’air.
2
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4. CONCLUSION

Une structure légère a été mise en place au CEA pour coordonner et améliorer 
l’efficacité des moyens de qualification des équipements de sécurité nucléaire;

Cette structure est à la disposition des exploitants du CEA et ses actions 
reposent principalement sur les laboratoires du CEA tout en maintenant des contacts 
étroits avec les industriels. Un aspect du système à souligner est qu’il fonctionne sur 
la base du volontariat des participants, tout en mettant en œuvre des procédures et 
des moyens techniques qui garantissent la qualité des interventions.

En facilitant la maîtrise de la qualité des équipements de sécurité nucléaire, les 
centres de qualification de l’IPSN du CEA apportent leur contribution à la sûreté 
nucléaire et à la radioproteciton des installations, notamment pour l’exploitation et 
pour les interventions dans des circonstances accidentelles et postaccidentelles.
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Abstract

EXTENSIVE RADIOLOGICAL MEASUREMENTS MADE AT THE ANGRA-I NUCLEAR 
POWER PLANT DURING STARTUP.

Integrated tests carried o u t on the  Angra-I Nuclear Power P lant (626 MW, PWR) at 
Angra dos Reis, Rio de Janeiro, form ed part o f  a comprehensive test program m e to  which 
the p lant was subm itted  before authorization  fo r comm ercial operation. These tests included 
operation at zero pow er, w ith subsequent power escalation u n til nom inal power was reached. 
The paper reports on the results obtained from  system atic neu tron  and gamm a dose rate 
m easurem ent made inside and outside o f the reactor containm ent a t d ifferent pow er levels 
during the  startup  phase of the plant.

1. INTRODUCTION

Systematic neutron and gamma dose rate measurements were made inside 
and outside the reactor containment o f  the Angra-I Nuclear Power Plant 
(626 MW, PWR at Angra dos Reis, Rio de Janeiro. These were done at different 
power levels (0, 3, 30, 50, 75, 90 and 100%) during the startup phase o f the 
plant (1981 to 1984).

For this purpose, 210 measuring points were selected within the contain
ment (32), the safety, fuel element and auxiliary buildings (150), outside and 
along the building complex (13) and alongside the fence of the plant area (15). 
Within the buildings, the measuring points were paint marked on the floors and 
their exact positions recorded in the layout drawings o f each building.
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% power level

FIG. 1. Results o f  the gamma/neutron radiation survey made inside the reactor containment 
o f  Angra-I at different power levels during startup [.?].

2. PURPOSE OF THE MEASUREMENTS

The purpose o f the measurements was to show compliance o f  the actual 
plant dose rates w ith those calculated in the safety report and to  perm it detec
tion o f any deviation from the reported values. They were made so that the 
necessary radiation protection actions could be taken in the event o f higher 
dose values being observed than those calculated during startup operations.
At the same time, the monitoring programme should enable health physics 
personnel to  become acquainted w ith the plant and radiation fields already at 
low power levels, as well as with the health physics instrum entation (survey 
meters, etc.) used in the early stages o f plant startup. Also, the data accumul
ated were o f interest as basis and reference data for future measurements
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% power level

FIG. 2. R adiation fie ld  profiles fo r  various buildings and external areas o f  Angra-I during  
pow er escalation.

within the framework of the routine health physics programme at full power 
and during plant maintenance. In addition, they should serve to observe 
radiation field intensity buildup due to the m alfunction of equipment, 
leakages, shielding defects or removal o f  shields, and as a consequence o f an 
increase in radioactivity in various parts or structures of the plant, e.g. filters 
or pipelines, and contam ination.

3. INSTRUMENTATION

Different instrum ents were chosen during startup in order to  m atch the 
variety o f  measurements. The instrum ents used were portable gamma dose 
rate meters, such as Studsvik 2414 A and Berthold LB 133, and Studsvik 2002 D 
for measurements of the neutron dose equivalents. An Eberline 6112 Teletector 
was employed to  assess radiation fields o f high intensity in areas which, because 
of the intensity o f the radiation field, could not be entered or where access was 
difficult.
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FIG. 3. Cross-section o f  Angra-I.

4. BACKGROUND MEASUREMENTS

Radiation background measurements were made before plant startup; these 
have been reported on elsewhere [ 1 , 2 ].

5. RESULTS AND DISCUSSION

A significant am ount of dose rate data were accumulated from reactor 
startup. These were collected, interpreted and used together w ith the data 
obtained by the operator during startup.
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The containm ent results are shown numerically in Table I and graphically 
in Fig. 1 [3]. Data for the various buildings and external areas during power 
escalation are given in Fig. 2.

Some of the data obtained reveal considerable scatter as a result of 
measurements being made under rather hostile ambient conditions (high 
tem perature and hum idity) and exposure conditions w ithin the containm ent 
(a cross-section of the plant is shown in Fig. 3) as well as in some parts of the 
safety and north  auxiliary buildings, particularly at elevated power levels.
Care had to  be taken to  minimize the accumulated personal doses.

Higher neutron and gamma dose rates were found at elevations of 
-3 .2 3  m (basement), 3.85 m (ground floor) and 21.00 m (operation floor), 
mainly at locations near the excess letdown (Hx) and steam generator 
rooms, as well as in areas close to  the core top. At the operation floor level a 
neutron/gam m a dose rate ratio (H7 /Hn) of lower than 1.0 was obtained; in some 
cases it was even as low as 0 . 1 .
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Abstract

RADIATION PROTECTION AT THE INSTITUTE FOR NUCLEAR RESEARCH AND NUCLEAR 
ENERGY: ORGANIZATION AND RESULTS.

The organization of radiation protection at the Institute for Nuclear Research and Nuclear Energy 
is based on national laws and international recommendations for radiation safety. Work with different 
radiation sources is controlled by a number of regulations and documents issued by the Institute. General 
as well as specific documents are issued for different groups. Personal irradiation is controlled by means 
of Agfa-Gevaert dosimetric film inserted into a photodosimetric cassette designed and produced at the 
Institute. Personnel irradiation data show good application of the ALARA principle in the general 
organization o f radiation protection. Most of the staff received a dose of less than 1 mSv, and none 
above the annual permitted dose of 50 mSv.

1. INTRODUCTION

The official start o f general and individual dosimetry control at the Institute for 
Nuclear Research and Nuclear Energy (INRNE) was in 1961 when the research reac
tor IRT-2000 was put into operation. A radiation protection department was founded 
to control the safe operation of the reactor as well as a radiochemical laboratory for 
research and the isotope production connected with this work. Later, the rights and 
obligations of this department were increased to cover the whole Institute.

2. ORGANIZATION OF GENERAL RADIATION PROTECTION

At the moment, the work being done with radioactive isotopes and other sources 
of ionizing radiation at the INRNE is organized on the basis o f national laws and 
regulations and also takes into consideration the recommendations of international 
organizations such as the International Atomic Energy Agency and the International 
Commission on Radiological Protection [1 ,2 ].
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Some examples of national documents are: the law on nuclear safety and radia
tion protection, the permissible levels for radiation protection, regulations for the 
work being carried out with radioactive materials and other sources of ionizing radia
tion, and regulations for the working conditions and rights of the staff dealing with 
ionizing radiation.

Internal regulations and instructions are based on these documents, as well as 
the many years of experience gained from the organization of radiation protection. 
They are divided into the following groups.

2.1. G eneral regulations and  instructions

(1) Basic regulations, which include general rules for the work being done with 
ionizing radiation sources, a list of the administrative groups which have access to 
these sources, the rooms in which work with specifically listed sources only is 
permitted, and the duties of each group and each person with access to the radiation 
sources.
(2) Emergency instructions which list the possible accident cases, as well as the 
general rules and actions necessary for notification and mitigation.
(3) Regulations for initial and periodic instruction and control of the knowledge of 
radiation safety required by personnel for working with radiation sources.
(4) Regulations for ordering, receiving, transporting, storing and moving the 
radioactive sources within the INRNE area.

2.2. Regulations for the adm inistrative groups

On the basis of the various documents issued by the Institute, each group listed 
in the general regulations has to prepare its own regulations and instructions; these 
are of a very much more distinctive character and concern the specific working condi
tions of each research group. They include: the working place, the behaviour of 
personnel, the type of radioactive isotope permitted in these places and its activity, 
the storage site, the necessary documentation connected with these sources and the 
process of work with them, the manner in which the work process should be carried 
out to avoid accidents, the possible accidents connected with the working process and 
the behaviour of each member of the group under accident conditions.

All the regulations and instructions are confirmed by the Radiation Protection 
Department and signed by the Director of the Institute as well as an inspector from 
the Ministry of Public Health. They are updated periodically.

By order of the Director of the Institute one person responsible for radiation 
protection and another for storage of the radioactive isotopes are appointed from 
within each group. They assist the Radiation Protection Department and monitor that 
no violation of the general and group instructions and regulations takes place within 
each group. Their names are listed in these documents.
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The general and specific department regulations oblige the groups to maintain 
the following documentation:

(1) A journal for the receipt, use and consumption of the radioactive sources and 
their disposal as waste
(2) A journal for the movement of radioactive isotopes within a group or between 
groups (the latter only with the permission of the Radiation Protection Department)
(3) A journal of the work effected daily by each group with the ionizing radiation 
sources
(4) A journal for instruction (initial, periodic, certain type of work, etc.) and 
control of the knowledge of radiation safety required by personnel, which both the 
instructed and the instructor have to sign
(5) A journal for the control of radiation safety in which the authorized dose asses
sor notes the radiation safety conditions in the group’s area and makes recommenda
tions during the periodic and extraordinary check-ups.

The individuals in each group are only allowed to work with ionizing radiation 
sources after they have successfully passed an examination on radiation safety 
requirements before a central commission, which comprises the head of the Radiation 
Protection Department, the head of the group in which the person is working and a 
representative from the Labour Protection Department. Permission is then given to 
carry out independent work. The person has to place his signature in the journal, 
verifying that he is familiar with the requirements necessary for working with 
ionizing radiation sources. He thereby assumes official and judicial responsibility for 
any violation on his part.

Owing to the great variety and number of radioactive isotopes used, special 
attention must be paid to their storage and transportation. To order the necessary 
isotopes, each group has to present a properly justified request to the Institute’s 
commission. This request has to be confirmed by the Radiation Protection 
Department.

All isotopes arriving at the Institute are received by an authorized member of 
the Radiation Protection Department. After filling in a special permit (Table I) as 
well as data in the journals, the authorized dose assessor gives the isotope to the 
person responsible for isotopes within the group and accompanies him until it is 
stored in the group’s storage area. The key for this depot is kept by the Radiation 
Protection Department.

The person responsible for isotopes in each group is also in charge of the stan
dard sources necessary for calibration of the apparatus as well as some sealed low 
activity sources with which his group works. For this type of work the dose rate 
distribution in the room behind the biological shield has to be measured so that the 
maximum absorbed dose can be evaluated. These sources are stored in iron cases in 
a room specially set aside for this purpose.
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For work with high activity sources, a special permit has to be filled in (Table I) 
accompanied by a report covering the experimental procedure from the radiation 
safety point of view. The necessary additional procedures, that have to be carried out 
before and during the experiment under the supervision of the dose assessor on duty 
have to be added to the permit.

Work with open type sources (classes I, П and III) is carried out in radio
chemical laboratories. These sources are also stored in the group’s depot and are 
given to the person responsible for isotopes after the same permit has been 
completed. The dose assessor on duty has to carry out checks during these experi
ments. The form which registers the amount of radiosotope used is filled in; it is then 
signed by three people, one of whom is the dose assessor on duty. The unused quan
tity is returned to the depot, and the amount used is recorded in the isotope journal. 
An inventory of the isotopes available at the Institute is carried out every 2 years.

The dose assessor supervising the different types of radiation has at his disposal 
the necessary dosimetric, radiometric and spectrometric apparatus (Table II).

3. RADIATION MONITORING OF PERSONNEL

Individual radiation control is the most important feature of general dosimetric 
control. The information obtained is used to evaluate the quality of general control 
and to improve the radiation conditions of the work place. It is also necessary that 
correct dose estimations and medical diagnoses be made during check-ups of the 
personnel working with ionizing radiation sources in order to establish the norm on 
the basis of a comparison with the permissible dose. Individual control is also neces
sary for the few cases of irradiation that occur in unexpected situations [3]. None of 
these tasks requires accuracy of measurement to within several per cent as, for exam
ple, with radiotherapy. For this reason, it would be better if the funds provided for 
unnecessary improvement to personnel dosimetry systems were to be invested in 
improving general radiation control and decreasing the irradiation of the staff.

Individual dosimetric control at the INRNE is performed by photographic film 
dosimeters and a pocket ionization chamber.

The photographic film dosimeter consists of dosimetric film (Agfa-Gevaert 
DOS-2) inserted into a photocassette developed and produced at the INRNE (see 
Fig. 1(a) and (b)) [4]. It has four working fields, and because it has Pb, Al, Cd and 
Sn filters, the cassette permits differential measurement of the radiation dose from 
beta rays with an energy of up to 1 MeV, gamma rays of up to and over 0.1 MeV 
and thermal neutrons. The estimated dose from fast and moderate energy neutrons, 
which anybody in the reactor hall can receive, is negligible [5]. In the ionization 
chamber, which is of the DK-02 type with a direct reading register, the gamma ray 
dose (within the dose integral) ranges from 0 to 2 mSv. The ionization chamber is 
checked and recharged weekly; the dosimetric film is replaced every 3 months. For 
more rapid collection of individual radiation data, personnel in selected groups are
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АО

FIG. 1. Individual photodosimetric cassettes: (a) general view; (b) scheme o f four working fields [4] 
(in mm).

supplied with thermoluminescence dosimeters: CaFe:Mn and LiF type detectors are 
used with a cassette (2600-65) and a measuring device (TLD-2800), all produced by 
the firm Victoreen in California, USA. These dosimeters are able to estimate 
separately the irradiation from gamma rays and thermal neutrons. Simultaneously, 
it is possible to develop dosimetric films of interest very rapidly by means of an extra 
set of standard films.

The standard dosimetric films are irradiated midway through the control period 
with 0.25, 0.50, 0.75, 1.0, 2.0, 3.0, 5.0, 10.0, 20.0 and 30.0 mSv of 226Ra. The 
blackening density of all the films (standard and working), which are simultaneously
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FIG. 2. Card fo r registering all the radiation doses during the year.

FIG. 3. Card for registering the total radiation dose throughout the entire length o f service.
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1975 19B0 1985 196ft (years)

FIG. 4. The share (in %) o f staff who received irradiation doses o f  0-1, 1-5, 5-15, 15-50 and more 
than 50 mSv during the period 1961-1987.
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TABLE IV. TOTAL DOSE/MAXIMUM PERMISSIBLE DOSE WITH AGE AND 
THE ACCUMULATED DOSE OF THE PERSONNEL CONTROLLED

Total dose received _
----------------------------------------------  (A)
Maximum permissible dose with age 

Accumulated dose of personnel controlled 

(%)

developed, is measured by a densitometer (Gretag-D-200). The radiation dose of 
each person is estimated by a graph drawn from the standard dosimeters and is 
recorded on the cards of each staff member: one card for registering all the radiation 
doses received during the year (Fig. 2), and another for the total dose received during 
the entire length of service (Fig. 3). The graph of the year’s doses should not exceed 
that o f the well known equation D =  0.05 (N-18), where N is the age of the person 
and D is the dose in sievert.

To facilitate the procedure of individual control, the staff is divided in three 
groups: group A, which includes the reactor operating staff and specialists working 
in the radiochemical laboratory; group B, which comprises those persons working 
with ionization radiation sources in the various buildings of the Institute; and 
group C, which consists of those persons working with radioactive isotopes as well 
as those in the reactor hall.

The percentage staff in these three groups who received irradiation doses of 
0-1 , 1-5, 5-15, 15-50 and more than 50 mSv in the periods 1961-1969 and 
1981-1987 is given in Table III. Data for 1961-1987, but representing the sum of 
the three groups, are given in Fig. 4. The data show that most of the staff received 
an annual dose of less than 1 mSv; their share over the last decade is nearly 100%. 
Over the whole period no persons have received a dose above the annually permitted 
dose of 50 mSv.

The potential for dose accumulation in employees working under special condi
tions of irradiation can be seen in Table IV. The ratio between the total individual 
dose received during the whole period of employment and the maximum permissible 
dose level for a given age shows that most of the staff received less than 1 % of the 
maximum permissible dose with age; radiation accumulation greater than 1 0 % has 
not been observed [6].

Although the number of activities connected with ionizing radiation is increas
ing as well as the number of persons involved in these activities, an evident decrease 
in the annual irradiation of the staff in all groups can be seen. This is mainly because 
of the radiation safety precautions that are being taken during the work process and 
because of the growing quality of application of the ALARA principle.

1 1-5 5-10 10

78 21 1 0
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DISCUSSION

(Discussion held on the papers in Session 8)
Paper IAEA-CN-51/26

P.E. METCALF: To what extent were the models used in calculating doses due 
to discharges verified by environmental monitoring?

G.A.M . WEBB: A very large suite of models and many items of data were 
used. We try to verify continually as the models are developed rather than in one 
overall exercise, and for this purpose we make comparisons with measurements in 
the environment, experiments in the environment and experiments in the laboratory, 
in all cases using our own data and data from other organizations and government 
research programmes.

P.E. METCALF: What is the implied cost per man-sievert of the measures 
implemented in order to reduce discharges from nuclear installations in the United 
Kingdom?

G.A.M . WEBB: I do not believe the implied cost is useful. The decision was 
taken partly in order to reduce critical group doses in relation to limits, and partly 
as a general strategy adopted by the industry at the behest of government depart
ments. If we wanted to make sense of a derived figure, we would need a clear separa
tion into alpha, beta and other terms, not a single figure.

J.O. SNIHS: I am not quite clear whether you used global integration for 
estimating the collective dose from 14C. Global integration would increase the rela
tive contribution of 14C to the total collective dose commitment. In Sweden, for 
example, it is about 99%. How much would it be for UK reactors?

G.A.M . WEBB: We used global dispersion and transfer models, but only 
included the collective doses to the UK or Western European populations, not the 
world population. This was in order to clarify the overall comparative doses to these 
specified populations. If we had included the collective dose commitment to the 
world population, the source related comparison would be more heavily weighted 
toward the long lived radionuclides, especially 14C.

A.O. BULL: In a number of countries with North Sea coastline, there is 
increasing concern about discharges into the sea. My experience has been that it is 
very difficult to inform the public and local authorities in Norway’s coastal areas 
about the facts. It seems that the more detailed the information provided, the greater 
the public’s fear will be. May I ask G.A.M . Webb for advice on how to tackle this 
information problem?

G.A.M . WEBB: If I knew the answer to that question I would gladly give it. 
All I can tell you is what we try to do, which is to give full information so that we 
cannot be accused of concealment, to make comparisons with standards (especially 
international standards), and to compare with natural levels — but, as a general rule, 
not to imply that if levels are less than natural then everything is fine.
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J.M . COSTELLO: The reduction in dose commitments from reprocessing at 
Sellafield is overestimated. The high doses in the mid-1970s were caused by corro
sion of spent fuel in storage, not by its reprocessing. What increase in dose commit
ments is expected from commissioning of the Thermal Oxide Reprocessing Plant 
(THORP) with foreign fuels in the early 1990s, together with operation of the 
Windscale Vitrification Plant?

G.A.M . WEBB: My paper was about the consequences of the discharges, not 
the causes. It is well known that the main cause of the caesium discharges in the 
mid-1970s was fuel corrosion. To estimate the consequences of THORP would 
require a further paper; mine only dealt with discharges up to 1986.

S. PIERMATTEI: In calculating the collective dose committed to Europe, did 
you, with respect to diet, use the same parameters as those used for the UK 
population?

G.A.M . WEBB: Yes, we used standard parameters for collective dose calcula
tions for both the UK and European populations. We used different and more 
pessimistic parameters to assess the individual doses.

L. PERSSON: Sweden’s fossil fuel cycle may imply as many as 1000 extra 
cancer deaths per year, as compared with the very low figure for the nuclear cycle 
(<? 1). Have you tried to estimate the detriment from the fossil fuel cycle and com
pared it with the nuclear fuel cycle in the UK?

G.A.M . WEBB: Overall comparisons between the risks involved in different 
energy generation mechanisms are very complex. We have enough trouble making 
meaningful comparisons between acute effects, cancer induction and long term 
genetic effects in the radiation protection field alone; when it is a question of compar
ing these with the rather less familiar consequences of fossil fuels, the problem 
becomes very difficult. I am, moreover, not convinced that we have enough data to 
make a proper comparison yet. In the UK, the National Radiological Protection 
Board is strictly concerned with radiological protection, whereas such a broad study 
would involve the Health and Safety Executive, Environment Departments and prob
ably the Department of Energy. We have looked at the radiological consequences of 
the natural radiation emissions from coal fired power stations, but on a single site 
basis rather than as a country wide study.

A.R. WILLIAMS: It is my view that a comparison between the risks of nuclear 
power and fossil fuelled power production is essential, since the trend in world 
consciousness is towards greater integration of all human activities, and such a com
parison can be of great value in helping the public to gain a rational understanding 
of the risks of nuclear power. Although it may be difficult to stretch our limited 
resources to cover the extra work involved, I would certainly urge my colleagues to 
pursue these ideas, because the nuclear industry is really at the forefront o f research 
on the environmental impact o f human activities, and we are in a strong position to 
influence the way world thinking develops in this field.
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Paper IA E A -C N -51 /17

B. BOSNJAKOVIC: You have described an impressive and efficient organiza
tion — in fact several organizations — involved in the testing and standardization of 
nuclear safety equipment. Could you estimate the effect of such a system on radiation 
exposure? Or is the main impact of an economic nature, i.e. lower costs in relation 
to the production, testing and implementation of nuclear safety materials?

P. LEBOULEUX: The organization of which I spoke was established in 
response to the evermore exacting demands imposed by nuclear safety regulations in 
the area of installation quality. Improvements to the quality of protection instrumenta
tion and equipment are naturally aimed at reducing the exposure to workers to radia
tion. It is not, however, possible to determine precisely the impact made by this 
particular organization, since its work falls within the framework of a general effort 
aimed at reducing exposures; but the fact that its work includes equipment normaliza
tion and standardization means that it can be taken to have economic significance. 
Its establishment represents the outcome of several years’ work in this area on the 
part of the Commissariat à l ’énergie atomique.
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Abstract

DEVELOPMENT OF INTERVENTION LEVELS FOR THE PROTECTION OF THE PUBLIC IN 
THE EVENT OF A MAJOR NUCLEAR ACCIDENT -  PAST, PRESENT AND FUTURE.

Since the mid-1950s nuclear energy has played an increasing role in meeting the world demand 
for electricity production. Although during this period incidents and accidents have occurred, in most 
cases their effect was confined to the plant. Three accidents, however, were sufficiently serious as to 
involve off-site consequences for the public. The experience from each of these accidents contributed 
significantly to the development o f current emergency response criteria and planning arrangements at 
the national and international level. The paper summarizes these contributions as they relate to the 
development of intervention levels for the protection of the public in the event of an accidental release 
of radioactive materials to the environment. It indicates the various measures taken by those countries 
that were affected by the release from the Chernobyl accident and reviews the subsequent actions by 
the relevant international organizations to provide more comprehensive guidance on applying the princi
ples of intervention and developing derived levels, particularly those aimed at controlling the consump
tion of contaminated foodstuffs, or their movement in international trade. Finally, it considers the 
prospects for developing a more harmonized intervention approach based on the guidance now being 
completed at the international level.

1. BACKGROUND
For over 35 years nuclear energy has made a significant 

contribution to meeting the increasing world electricity 
demand, with a current installed net nuclear capacity of 
298 GU(e) and a total operating experience of 4600 reactor 
years II]. No human enterprise can, however, be entirely risk 
free and, although the nuclear industry has developed and 
implemented standards of safety that many other high technology 
industries have yet to emulate, it has also recognized that no 
matter how low the probability of a failure leading to a 
significant accident might be, the possibility can never be 
entirely eliminated. Although incidents and accidents have 
occurred at plants both within and outside the nuclear fuel
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cycle during this period, with few exceptions their effects 
have been confined to the plant; only a small number have 
involved any consequential need to implement off-site 
measures. Three of these, at Windscale (which was not a 
nuclear power plant), Three Mile Island, and Chernobyl have had 
a significant impact at the national and international level on 
the development of emergency preparedness and response 
arrangements, including intervention criteria, for the 
protection of the public.

In an accident the source of exposure is, by definition, 
not under control and, therefore, the system of dose 
limitation, recommended by the International Commission on 
Radiological Protection (ICRP) 12] and incorporated into the 
Basic Safety Standards for Radiation Protection (BSS) issued by 
the International Atomic Energy Agency (IAEA) in 1982 [3], does 
not apply. Any consequent exposure can be limited in extent, 
if at all, only by some form of intervention. However, the 
principles underlying the system of dose limitation can form 
the basis for planning this intervention. In particular, two 
of the three components of the system, namely 'justification' 
and 'optimization' have important roles in aiding intervention 
decisions; the third component, dose limits, is not, however, 
relevant. The aims of intervention levels are quite different 
from those of dose limits. The dose limits recommended by the 
ICRP are meant to apply to the sum of the doses from a 
specified combination of sources, a combination which, among 
others, does not include exposures from nuclides present in the
environment due to accidents. Intervention levels relate
specifically to the course of action or protective measures 
being considered; the nature and timing of their introduction 
will depend on the prevailing circumstances, including the
extent of the potential hazard (Table I). The projected levels 
of risk at which they are introduced can be defined 
quantitatively in terms of radiation dose, and are referred to, 
alternatively, as intervention levels of dose, emergency 
reference levels (ERLs) or Protective Action Guides. Their 
establishment is an important prerequisite in emergency 
planning, as it is upon these levels that any decision to 
implement protective measures during an accident should be 
based. The levels are usually specified in terms of dose
equivalent, this being considered the suitable dosimetric 
quantity for expressing the stochastic risk to the individual. 
Should an intake of radioactive material be involved, then the 
quantity ’committed dose equivalent' or 'committed effective 
dose equivalent' is more appropriate. The levels can also be 
expressed in terms of environmental concentrations and levels 
(e.g. S v s -1, Bq-s-пГ3, Bq-m-2, Bq-kg-1,...)
(Table II). These 'derived intervention levels' represent the 
practical expression of the intervention levels of dose and can
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TABLE I. EXPOSURE PATHWAYS, ACCIDENT PHASES AND PROTECTIVE MEASURES FOR WHICH 
INTERVENTION LEVELS HAY BE ESTABLISHED

Potential exposure pathway Accident phase Protective measure

1. External radiation from 
facility

2. External radiation from 
plume

Early

3. Inhalation of activity 
in plume

4. Contamination of skin 
and clothes

Sheltering 
Evacuation. 
Control of access

Sheltering 
Evacuation 
Control of access

Sheltering
Administration of stable 

iodine 
Evacuation 
Control of access

Sheltering
Evacuation
Decontamination of persons

Intermediate

S. External radiation from 
ground deposition 
activity

6. Inhalation of 
resuspended activity

7. Ingestion of 
contaminated food and 
water

Evacuation
Relocation
Decontamination of land 

and property

Late

Relocation
Decontamination of land 

and property

Food and water controls

Note: The use of stored animal feed to limit the uptake of radionuclides
by domestic animals in the foodchaln can be applicable in any of the 
phases.
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TABLE II. USEFUL QUANTITIES FOR DERIVED INTERVENTION LEVELS

Derived quantity Relevant exposure 
pathways

Relevant protective 
measure

External gamma 
dose rate 
(Sv.s-1)

Time integral of 
radionuclide 
concentration in 
(Bq*s-m-3)

Ground deposits 
of radionuclides 
(Bq-m-2)

Concentration of 
radionuclides in 
foodstuffs, pasture 
or drinking water 
(Bq-kg-1)

External gamma irradiation 
from plume and from 
deposited material

Inhalation of plume 
stable iodine

External beta irradiation 
from plume

External beta irradiation 
from deposition on skin

External beta and gamma 
irradiation from deposited 
material

Inhalation of resuspended 
material

Ingestion of foodstuffs 
or drinking water

Evacuation, sheltering, 
relocation

Sheltering, evacuation. 

Sheltering, evacuation 

Sheltering, evacuation 

Evacuation, relocation

Evacuation, relocation

Restrictions on 
production or 
consumption

be determined for the range of potentially important
radionuclides that could be released to the environment in the 
event of a nuclear accident (Fig. 1).
2. POST-ACCIDENT IMPACTS
2.1 Post-Uindscale

Although reference values to relate environmental
radiation monitoring results to potential dose were in use
prior to the development of the nuclear power industry, these 
were primarily concerned with military or civil defence 
situations, rather than with the normal protection of the 
public, including protection against contamination of the food 
chain. It was the fire in the No. 1 plutonium production
reactor at Uindscale in 1957 [4] with its resultant release of
740 TBq of iodine-131, together with other fission products, 
that first highlighted the need for establishing pre-determined 
criteria upon which to base the introduction of measures for
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Relevant Derived 
accident intervention 
phase level (O IL )

C loud 
gamma 
dose rate

Exposure
pathw ay

External 
gam m a dose 
fro m  cloud

I
N

T

E

R

M
E

D
I

A

T

E

1

T im e  integral 
of the nuclide 
concentration 
in air

G am m a dose 
rate above a 
contam inated 
surface

Deposition 
concentration 
of nuclide 
on  the ground

fl

Deposition 
concentration 
o f nuclide 
o n  pasture

C oncentration 
of nuclide 
in foodstuffs

Inhalation 
of cloud

External bets 
dose to  skin 
f ro m  cloud

Externat beta 
dose fro m  
deposits on  skin 
and clothing

External gamma 
dose fro m  
deposited 
nuclide

Inhalation of 
resuspended 
material

Ingestion of 
animal produce

Ingestion of 
foodstuffs

Processes to be m odelled/data

Release
prognosis

Metabolism  
of inhaled 
nuclide

D eposition of 
airborne material 
o n to  skin 
and clothing

M igration of 
nuclide 
aw ay from  
contam inated 
surface

Resuspension 
of deposited 
material

Transfer of
deposited
nuclides
through
fo odchain

Variation 
w ith  tim e 
o f th e  nuclide 
concentration 
in a foodstuff

Dosim etric 

models for 

external 
radiation 
and for 
internally 
incorporated 
nuclides

M etabolism  
of ingested 
nuclide

O I L  = IL / D C F
where D I L  is the derived intervention level

IL  is the intervention level of dose, and
O C F  is a dose conversion factor w h ich  relates the

tw o  quantities via the processes/models shown

Intervention 
level of 
dose

Individual 
habits end
characteristics, e.g.
-a g e
-  breathing rate
-  d ietary intake
-  tim e  spent 

indoors
-sh ie ld in g  

pro vided  by 
buildings

-  agricultural 
practices

-f o o d  
preparation 
and processing

In te r v e n t io n  

level o f  

dose

FIG. 1. Processes that need to be modelled in establishing derived intervention levels fo r  single 
nuclides.

the protection of the public in the event of an accidental 
release of radioactive materials to the environment. Following 
the Windscale accident, the United Kingdom Medical Research 
Council developed and published recommended ERLs of dose for 
the whole body, and for specific organs, together with 
guidance for determining the derived levels in air, milk and on 
pasture for a range of fission products [5]. The intervention 
level concept was subsequently adopted and extended at various 
national levels and by the relevant international
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organizations. A summary of the intervention and derived 
Levels applying in various countries at the time of the Three 
Mile Island (TMI) accident is given in IAEA Safety Series 
No. 55 [6].

2.2 Post-Three Mile Island
In contrast to the Windscale accident, the meltdown at 

the Three Mile Island - Unit 2 - nuclear power plant in 1979
did not lead to any significant contamination of the off-site 
environment 17]. However, it did result in a greater awareness 
of the potential for large off-site releases, arid over the next 
several years prompted a review of the existing guidance on the 
principltes of intervention for the protection of the public and 
its further development at the national and international 
level. The initial concept of a single fixed value of dose at 
which to consider the introduction of a particular protective 
measure began to give way to the more realistic and flexible 
one of a dose range within which to consider taking action. 
This led to the now more generally agreed concept that there is 
a lower level of dose above which the need to introduce 
relevant protective measures should be considered (and below 
which the risks associated with their introduction are 
generally considered to outweigh those associated with the 
radiation dose) and a higher level of dose at which the 
measures should almost certainly have been taken. Where the 
predicted dose lies between these two levels, any decision on 
whether or not to implement a particular protective measure 
must weigh up the potential risks and social costs that its 
introduction would involve against the radiological risk that 
would otherwise pertain.

By the end of 1985 guidance on emergency planning and 
preparedness, together with the principles and procedures for 
setting intervention levels, had been developed and published 
by the Commission of the European Communities (CEC) (1982) [8], 
the ICRP (1984) [9], the World Health Organization (WHO) (1984)
[10] and the IAEA (1985) [11]. The basic principles for
planning intervention in the event of an accident had been 
formulated by the ICRP as:

Serioiis non-stochastic effects should be avoided by the 
introduction of protective measures to limit individual 
doses to levels below the thresholds for these effects;
The risk from stochastic effects should be limited by 
introducing countermeasures which achieve a positive 
net benefit to the individuals involved; and



IAEA-CN-51/85 311

TABLE III. PRIMARY INTERVENTION LEVELS OF DOSE (mSv) . RECOMMENDATIONS OF 
RELEVANT INTERNATIONAL ORGANIZATIONS AS AT APRIL 1988.

Whole body or Single organ,
Type of Advisory effective dose preferentially

intervention organization equivalent irradiated
Lower Upper Lower Upper

Sheltering ICRP 5 50 50 500
IAEA 5 50 50 500
WHO 5 50
CEC 5 25 50 250

Stable iodine ICRP 50 500
administration IAEA

WHO
CEC

50 500 
5 50 

50 250

Evacuation ICRP 50 500 500 5000
IAEA 50 500 500 5000
WHO 100 1000 -

CEC 100 500
(1000 - skin)

300 1500
(3000 - skin)

Relocation ICRP 50 500 Not anticipated
IAEA 50 500 Not anticipated
WHO >B/G 50 _

CEC - - -

Control on ICRP 5 50 50 500
food IAEA 5 50 50 500

WHO - - -

CEC ~ - -

Source of data: Refs [8-11],

The overall incidence of stochastic effects should be 
limited, as far as reasonably practicable, by reducing 
the collective dose equivalent.
The published guidance also included recommended 

numerical values for the upper and lower levels of dose on 
Which to base the introduction of the key protective measures 
(sheltering, prophylaxis and evacuation) applicable to the 
early and intermediate phases of an accident (Table III). 
Although no internationally agreed values for derived 
intervention levels existed, the guidance identified the 
environmental measurements or materials for which they were 
needed, and the units to be used. Collectively, this guidance 
represented a general international consensus on the principles 
for establishing intervention levels for the protection of the
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TABLE XV. CRITERIA IM THE USSR FOR TAKING DECISIONS ON MEASURES 
TO PROTECT THE POPULATION IN THE EVENT OF A REACTOR ACCIDENT

Nature of exposure Level of exposure 
A___________В

External gamma radiation (mSv)

Thyroid exposure due to intake of 
radioactive iodine (mSv)

250

250-300

750

2500

Integrated concentration of iodine-131 
in air (kBq/day/litre)

Children 
- Adults

1480
2600

14 800 
26 000

Total intake of iodine-131 with food 
(kBq) 55 550

Maximum contamination by iodine-131 of 
fresh milk (kBq/L) or of 
daily food intake (kBq/day)

Initial iodine-131 fallout density on 
pasture (kBq/m^)

3.7

26

37

260

If exposure or contamination does not exceed level A, there is 
no need to take emergency measures that involve the temporary 
disruption' of the normal living routine of the public. If 
exposure or contamination exceeds level A but does not reach 
level B, it is recommended that decisions be taken on the basis 
of the actual situation and local conditions.

If exposure or contamination reaches or exceeds level B, it is 
recommended that emergency measures be taken to ensure the 
radiation protection of the public: (1) The public should
immediately seek shelter indoors; (2) Time spent outdoors 
should be restricted; (3) On the basis of the actual 
situation, rapid evacuation should be organized; (4) The use 
of contaminated products in food should be banned or limited;
(5) Fairy cattle should be switched to uncontaminated pasture 
or fodder.

Source of data: Ref. [13]

public in the event of a nuclear accident. However, the 
setting of intervention levels for particular circumstances 
remained the responsibility of the competent national 
authorities. At the time of the Chernobyl accident a number of 
countries had specified intervention levels for use in 
conjunction with the emergency response arrangements applying 
to their major nuclear installations, such as nuclear power 
plants; several countries, including the USSR (Table IV), had 
developed and published derived intervention levels for a range 
of radionuclides [12-14].
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2.3 Post-Chernobyl
The accident at the Chernobyl nuclear power plant on 

26 April 1986 has had a major impact on the overall approach to 
emergency response planning, both at the national and 
international level, particularly as a result of the transport 
of radioactive material over long distances within the Northern 
Hemisphere and its subsequent inhomogeneous deposition over 
very wide areas [15]. Although a number of bilateral and 
multilateral agreements [16] relating to potential accidental 
transboundary releases of radioactive materials existed where 
nuclear power plants were located close to the border between 
neighbouring countries (e.g., Sweden-Denmark,
Czechoslovakia-Austria) or within economic regions (e.g., the 
Council for Mutual Economic Assistance and the CEC), the type 
of accident which could disperse readily measurable amounts of 
radionuclides across large areas of Europe, with detectable 
amounts over much of the Northern Hemisphere, had not been 
taken into account in any international guidance or national 
emergency response arrangements. Existing national monitoring 
arrangements and the published guidance of the international 
organizations were aimed, primarily, at responding to 
relatively well defined releases originating from sources at 
specific locations within national borders, rather than to the 
transboundary consequences from contaminants originating from 
outside the country.

Those countries which were directly affected due to
deposition required a considerable effort during the initial 
assessment stage to identify the radionuclide composition and 
to define the areas where the contamination level was 
sufficiently high as to warrant some form of protective
action. The reactions of national authorities varied widely,
ranging from simple reinforcement of their normal environmental 
monitoring programmes without the introduction of protective 
measures, to the banning of specified foodstuffs and, in one 
case, the provision of stable iodine as a precaution against 
excessive thyroid uptake of radioiodines [17]. These 
differences in approach between countries, particularly with 
regard to the levels at which the protective measures were 
introduced, cannot be explained either by the variation in 
contamination levels or the predicted radiological
consequences, or by local differences in living or food 
habits. Certainly, a number of additional factors appear to 
have influenced the decision, the more important of which were 
of a political or economic nature (such as the proximity of 
elections, compensation for agricultural products, etc.) rather 
than meeting radiation protection objectives. Moreover, there 
was a considerable misinterpretation of the existing radiation 
protection guidance; for example, mixing the rationale upon
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FIG. 2. Variation in derived intervention levels: Analysis o fD IL values applying in 31 countries at 31 
May 1986 (,34Cs and I37Cs).

which intervention levels are based, with that relating to dose 
limits. Figure 2 illustrates the range in derived intervention 
levels adopted by some 31 countries for caesium-134 and 
caesium-137 for foodstuffs. This wide variation in response by 
national authorities, together with a lack of consistent and 
understandable advice to the public (particularly with respect 
to the potential contamination of food and the environment, and 
any resultant radiation doses and effects), undoubtedly caused 
much additional and unnecessary confusion and anxiety in a 
number of countries [18].

The immediate problem of advising on protection against 
radionuclides moving into the food chain identified an urgent 
international need for comprehensive guidance on principles, 
evaluation procedures and the setting of specific values in 
various environmental materials and foodstuffs at which 
controls on their use or consumption may need to be 
introduced. In 1985, the IAEA had commenced preparation of a 
Safety Series document giving guidance on the setting of 
derived intervention levels in foodstuffs and environment 
materials. Following the Chernobyl accident, this draft was 
revised to take into account some of the lessons learnt and to 
provide a more practically oriented document, including 
tabulated data for setting levels for a range of fresh and 
preserved foodstuffs. It was published in December 1986 as 
Safety Series No. 81 [19].
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3. REVIEW OF INTERNATIONAL GUIDANCE

3.1 The need for review
At the time of the Chernobyl accident, the published 

intervention guidance was mainly directed towards the 
introduction of protective measures in the early and 
intermediate phases of an accident, when the main concern is 
avoiding non-stochastic effects and limiting the extent of 
stochastic risk to individuals. However, even in a major 
nuclear accident involving the release of large quantities of 
radioactive material into the atmosphere, the need for 
protective measures to limit the individual risk (e.g. 
sheltering, use of prophylactics, evacuation) will be 
restricted to within relatively short distances —  probably not 
more than a few tens of kilometres —  from the release point. 
Conversely, because the released radioactive material will be 
diluted in the atmosphere and subsequently dispersed over wide 
areas, the major part of the collective dose to populations 
resulting from such an accident will, in general, be incurred
over much greater distances. At these distances, the
individual dose levels will be sustantially below those of 
concern for non-stochastic effects or for significant 
individual stochastic risks. Nevertheless, the competent 
national authorities in those countries which lie along the 
route of the dispersed radioactive material may still consider 
it prudent to attempt a further reduction of the individual 
stochastic risk, and of the collective dose detriment for their 
populations, by introducing protective measures such as 
controls on food supplies and drinking water.

To avoid future repetition of the confusion which arose 
from the widely varying response actions, particularly the 
major differences in the levels at which protective measures 
were initiated, several of the international and 
intergovernmental organizations were requested by their 
governing bodies to, inter alia: (1) review the adequacy of
existing guidance on the application of intervention dose 
levels, together with the criteria upon which numerical values 
of derived intervention levels are based; (2) supplement this 
guidance with numerical values of derived intervention levels 
(particularly for foodstuffs); and (3) seek better
international harmonization on the rationale for establishing 
derived intervention levels, particularly for the purpose of 
assisting international trade. Over the past 18 months, 
considerable progress has been achieved in each of these areas 
and there has been close co-ordination between the relevant
organizations concerned, in particular, the IAEA, the WHO, the 
Food and Agriculture Organization of the United Nations (FAO), 
the Nuclear Energy Agency of the OECD (NEA) and the CEC. The
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actions taken by each of these organizations to meet its 
particular responsibilities are summarized in the following 
sections.

3.2 International Atomic Energy Agency
An IAEA Advisory Group met in February 1987 to review 

the current guidance published by the Agency on intervention 
levels, taking into account the Chernobyl experience. It 
concluded that, although the basic principles for the 
protection of the public, as set out in IAEA Safety Series 
No. 72 [11], remained valid, the supporting guidance had been 
developed more in the context of intervention within the
general vicinity of an accident rather than for application to 
an accident having an impact over long distances, upon large 
populations and extending over long periods of time. The
Advisory Group therefore clarified and amplified several parts 
of the existing guidance and identified areas where further 
guidance needs to be developed. The main areas addressed were:

The criteria upon which to base the introduction of
protective measures to reduce the stochastic risk to the 
individual and to limit the stochastic health detriment 
for the exposed population (i.e. the collective dose 
equivalent);
The need to exclude exposures resulting from sources 
other than the accident itself when determining the
level of exposure at which to introduce protective 
measures ;
The need to take into account the special requirements 
of population groups that may be at particular risk
(such as pregnant women and those having exceptionally 
high dietary intake of particular foodstuffs which may 
be contaminated) when determining the level at which 
protective measures should be introduced;
The measures that may be necessary for controlling
persons who are not exposed to radiation in the normal 
course of their employment, but who may receive 
significant exposure due to their particular emergency 
response duties (e.g. firemen, ambulance, police, etc.) 
or because of the accidental contamination of their 
working environment; and
The criteria, based upon optimization principles, for
developing a longer term, internationally harmonized
approach to the trading problems which may arise in the 
event of any future nuclear accident involving the 
widespread contamination of foodstuffs.



IAEA-CN-51/85 317

For determining whether protective measures to reduce
the collective dose equivalent to the population would be 
warranted, the Advisory Group developed guidance on the 
application of the ICRP optimization principles for examining 
the balance between the detriment avoided by the introduction 
of a protective measure and the direct costs of its 
introduction. For the case of food contamination, preliminary 
optimization calculations by the Group indicated that the 
optimum value of dose for introducing the protective 
measures is likely to lie between 1 and 10 mSv from food 
consumed in any one year; it is relatively independent of the 
accident sequence, the specific radionuclides involved and the 
size of the population likely to be affected by the protective 
measure. This level is consistent with the guidance already 
given in Safety Series No. 72, which recommends a value of 
5 mSv as the level of dose below which the introduction of 
protective measures would not be warranted. The Advisory Group 
also noted that for the purposes of determining interim
intervention levels for application to the international trade 
in foodstuffs, an individual radiation dose level of 5 mSv per 
year would not be inconsistent with their preliminary
calculations and conclusions.

It was strongly recommended that those responsible at 
the national level for translating intervention dose levels 
into derived limits for regulatory purposes should exercise 
care to avoid incorporating pessimistic assumptions which might 
well lead to a substantial departure from basic radiation
protection standards, to major inconsistencies in protection 
practice, and to unnecessarily restrictive and costly 
protective measures. For example, when setting derived 
intervention levels for application to international trade in 
foodstuffs, it should be borne in mind that, usually, only a 
fraction of the total food basket is imported and that of this 
imported fraction only a limited amount is likely to come from 
the contaminated area. Generally, therefore, a derived 
intervention level need apply only to a percentage of the total 
food intake.

On the basis of the recommendations of the Advisory 
Group the IAEA is planning to publish a technical document in 
1988 giving additional guidance in support of Safety Series 
No. 72 [11]. A revised edition of Safety Series No. 72 is 
expected to be published in 1989, taking into account the 
comments received on the IAEA-TECDOC, together with any

Strictly speaking, the optimum value of the 'committed 
effective dose equivalent'.
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recommendations made by the ICRP resulting from the current 
review by an ICRP Committee 4 Task Group of the guidance given 
in its Publication 40. In its revised guidance, the IAEA aims 
to develop a consistent approach for application to the three 
very different post-accident situations which may prevail, 
namely: (a) the situation in the immediate vicinity of the
accident site; (b) the situation where a country is affected 
by direct deposition of radioactive materials; and (c) the 
situation where the sole contribution to the radiation doses 
received within a country is via imported foodstuffs or other 
imports. For situation (a), the main emphasis will be placed 
on preventing the acute effects of an accident (caused by 
exposure to external radiation and by the inhalation of 
radioactive material) and on limiting the risk of late effects 
(such as cancer) for individuals (as opposed to the population 
as a whole). In situation (c), the main emphasis will be 
placed on limiting the risk of adverse effects for the exposed 
population as a whole. In situation (b), which is intermediate 
between situations (a) and (c), it will be necessary to consider 
the risk of adverse efects for individuals and for the popula
tion as a whole.

Because the guidance given in Safety Series No. 81 [19] 
on the determination of derived intervention levels will need 
to reflect these revisions, this will also be revised and
broadened to include those situations where the main exposure 
pathway is via imported foodstuffs rather than direct
deposition. Derived intervention levels will also be developed 
for other potential exposure pathways, particularly those 
within the immediately affected area of the accident, such as 
roads, land surfaces, buildings and contaminated clothing.
3.3 World Health Organization

The prime concern of the WHO is health, and this is 
reflected in its activities relating to derived intervention 
levels. In April 1987, a WHO Expert Group reviewed various 
approaches for setting derived intervention levels for 
foodstuffs and prepared draft guidelines which were
subsequently distributed to governments for review. After
taking into account the comments received, the guidelines were 
further reviewed and finalized by a Task Group in 
September 1987.

In preparing the guidelines it was recognized that it 
would not be possible to obtain universal consensus on what 
constituted an 'acceptable* health detriment, or to set values 
for derived intervention levels in foodstuffs purely on the 
basis of optimizing the costs of the radiation (i.e. health) 
detriment and the imposed protective measures. An important
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initial decision, therefore, was the level of exposure,
expressed in terms of the absorbed dose, upon which the derived 
intervention levels should be based. The Task Group 
recommended that 5 mSv be used as the reference level of dose 
for this purpose. This is in line with the recommendations
made by the ICRP on the accidental contamination of food [9], 
and with guidance published by the WHO and the IAEA [10, 11], 
in which a dose equivalent commitment of 5 mSv in the first 
year following an accident was selected as the level below 
which control measures would not be warranted. In practice, 
the individual dose in subsequent years is likely to be 
considerably less than that received in the first year, and no 
lower dose levels, or derived intervention levels, for 
subsequent years are recommended. Should, however, a
particular situation result in no significant dose reduction in 
the second or third year, it would be for the competent 
authorities to decide on any necessary action, based upon the 
specific circumstances.

At a level of projected dose of 5 mSv, the predicted 
risk for fatal cancer over a lifetime (50 years) is 10“^
[2]. This degree of risk is not significantly different from 
that associated with exposure of populations in different parts 
of the world merely as a result of the natural background 
radiation and its variation. It is also comparable with the 
level of exposure indoors due to inhalation of naturally 
occurring radon and its daughters, which in some areas exceeds
10 mSv. Although the degree of risk predicted for an exposure 
of 5 mSv is two or three orders of magnitude greater than that 
achieved through current controls for normal operations at 
nuclear facilities, it was considered that a similar degree of 
control is not practicable in an accident situation, when the 
authorities are faced with the need to take quick remedial 
action, which, in itself, should not give rise to undue cost or 
detriment to health. For the thyroid, an effective dose 
equivalent of 5 mSv would imply a dose equivalent to this organ 
of 16 7 mSv when it is irradiated alone. Given the potential of 
the thyroid to concentrate iodine, and the incidence of 
non-fatal cancer following thyroid irradiation, this dose is 
considered to be too high. A thyroid dose of 50 mSv was 
therefore recommended to take account of these factors.

Rather than place sole reliance on individual protection 
criteria, it was considered that an assessment of the total 
societal detriment should also be made to determine whether it 
can be reduced by setting a lower level of individual dose at 
which to intervene. The societal detriment is dependent upon 
the number of persons exposed and hence the collective dose. 
If the basic ICRP radiological protection principle of keeping 
doses "as low as reasonably achievable" (ALARA) is applied,
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then this societal detriment would be reduced to the point 
where any further reduction could not be justified. This point 
is determined by applying the optimization technique developed 
by the ICRP, in which monetary costs are assigned both to the 
radiation detriment and to the imposed protective measure. The 
value of intervention level at which the sum of both of these 
costs (and hence the total negative impact upon society) is a 
minimum can then be calculated. Provided this calculated value 
is less than the previously chosen reference level of dose 
(5 mSv), it should be used as the new basis for determining the 
derived intervention level values. Conversely, if it is not 
less than the reference level of dose, the latter value would 
be retained and used. By applying the approach developed by 
the IAEA Advisory Group, as discussed in Section 3.1, the 
optimization procedure was also used to verify, in a general 
sense, that the choice of 5 mSv as the reference level of dose 
was realistic in economic terms.

The reference level of dose can be translated into 
corresponding radionuclide concentrations in foods (Bq/kg), 
from a knowledge of the average food consumption patterns 
within the country or region of concern. This information is 
expressed in terms of annual consumption for the major food 
groups such as cereals, vegetables, meat, etc. The WHO 
guideline values were calculated by compiling global 
information on food consumption patterns; data from 
approximately 130 countries provided the basis for establishing 
eight different regional food consumption patterns. Using the 
maximum regional consumption in the different food groups, a 
hypothetical global diet was constructed for foods consumed in 
quantities greater than 20 kg per person per year. This value 
was chosen as the cut-off level, since for foods consumed in 
lesser quantities extremely high contamination is necessary to 
reach the reference level dose. For calculation of the WHO 
guideline values for derived intervention levels, a consumption 
of 550 kg of food and 700 L of drinking water per person per 
year was assumed.

While it is not possible to predict which radionuclides 
will be discharged to the environment when developing generic 
response arrangements, those most likely to be of concern are: 
strontium-90, iodine-131, caesium-134, caesium-137 and 
plutonium-239. Although the presence of each of these 
radionuclides in food will produce a somewhat different dose 
when ingested in equal quantities, the radionuclides can be 
divided into two broad groups. Within each group, the 
differences are sufficiently small to allow the establishment 
of a single generic set of derived intervention levels. The 
first group includes all of the actinides, such as 
plutonium-239, for which a general dose per unit intake of
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TABLE V. WHO GUIDELINE VALUES FOR DERIVED INTERVENTION LEVELS IN FOODSTUFFS
(Bq/kg)

Class of 
radionuclide

Cereals Roots & Veg. 
tubers

Fruit Meat Milk Fish Drinking
water

High dose 
per unit 
intake 
factor 
(10-6 Sw/Bq) 35 50 80 70 100 45 350 7

Low dose 
per unit 
intake 
factor 
(10~8 Sv/Bq) 3500 5000 8000 7000 10 000 4500 35 000 700

10~6 Sv/Bq has been prescribed, and the second embraces the 
remainder of the other above mentioned radionuclides, such as 
the radio-caesiums, for which the general dose per unit intake 
has been set at 10~® Sv/Bq. These two dose per unit intake 
factors were used in the calculation of the guideline values.

As one cannot predict which foods will be contaminated 
by which radionuclides in the event of an accident, the WHO 
guideline values are based on the premise that only one 
radionuclide is involved and only a single food group is 
affected. The guideline values so calculated are presented in 
Table V. In any given accident it is likely that more than one 
radionuclide will contaminate foods in more than one food 
group. To provide for this eventuality the methodology 
includes a general additivity formula which apportions derived 
intervention values to accommodate multiple food contamination, 
thereby ensuring that the total dose does not exceed the 5 mSv 
reference level. While the guideline values would adequately 
protect the general population, additional values are provided 
for milk and water consumed by infants; they are based on an 
assumed annual consumption of 275 kg each per year and cover 
four radionuclides. These values are presented in Table VI and 
were considered necessary since the infant diet is restricted 
to only a few foods and because the dose per unit intake for 
strontium-90 and iodine-131 is higher in the infant.

The guidelines are intended to apply at the point of 
consumption and to the form in which the food is consumed.
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TABLE VI. WHO GUIDELINE VALUES FOR 
DERIVED INTERVENTION LEVELS IN MILK AND 
WATER FOR INFANTS®

Radionuclide Value (Bq/L)

Strontiura-90 160 1/

Iodine-131** 1600 2/

Caesium-137 1800 2/

Plutonium-239 7 1/

a Based on an assumed annual
consumption of 275 kg each of milk 
and water.

b Based on a mean life of 11.5 days
and an organ dose of 50 mSv to the 
thyroid.

1/ Applies to milk and water.

2/ Applies to milk only.

Owing to the complexity of the food web, and because most 
people obtain the components of their diet from different 
areas, only a fraction of the food consumed is likely to be 
contaminated at a level corresponding to the level of 
contamination prevailing in the area in which they live. By 
applying the dose control criteria described above, the 
resulting mean doses are likely to be significantly lower than 
the chosen reference level of dose. In practice special, less 
restrictive, levels may need to be considered for minor 
foodstuffs such as spices, herbs and tea, where vast quantities 
would need to be consumed before they made a significant 
contribution to the 5 mSv individual dose level.

The WHO guidelines are aimed at assisting public health 
decision makers who are not specialists in radiation protection 
to exercise responsible judgment. The WHO considers that the 
guideline values would be of particular use to countries that 
do not have a nuclear power programme and have not, therefore, 
developed expertise in this area. They are also intended to
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provide a basis for developing advice, to the FAO when setting 
control levels for contamination in foodstuffs moving in 
international trade. The subject of the Task Group Report was 
referred to the January 1988 meeting of the WHO Executive Board 
with a view to elaborating a draft resolution for submission to 
the next World Health Assembly. It is anticipated that the WHO 
will publish the guidelines by mid-1988 under the title 
'Derived Intervention Levels for Radionuclides in Food 
Guidelines for Application After Widespread Radioactive 
Contamination Resulting from a Major Radiation Accident' [20].

3.4 Food and Agriculture Organization of the United Nations
The FAO has a general concern with promoting and 

advising on food quality and consumer protection. In 
December 1986, in response to requests from several FAO Member 
States for advice on actions which would need to be taken with 
regard to the radionuclide contamination of foods, particularly 
those moving in international trade, FAO convened an Expert 
Consultation Group which developed and recommended 'Interim 
International Radionuclide Action Levels for Foods' (IRALFs) 
[21]. The term 'interim* was used to provide for periodical
review and possible revision in the light of the experience and
further knowledge gained. In developing these levels (e.g. for 
iodine-131, 400 Bq/kg; for caesium-137, 500 Bq/kg in the first 
year and 100 Bq/kg in subsequent years), a relatively 
conservative approach was adopted in order to provide wide 
margins of safety and to be applicable internationally as 
widely as possible to minimize unnecessary interruptions to 
international trade. A committed effective dose equivalent of 
5 mSv for thé first year of exposure and 1 mSv for succeeding 
years was used (50 mSv and 10 mSv, respectively, to specific 
organs such as the thyroid), and the contaminated food item was 
assumed to represent 100 per cent of the total intake of the 
consuming individual. In the absence of other relevant 
guideline levels, the FAO proposed that IRALFs be applied to 
international shipments of food. It also considered that their 
application would, inter alia, help to protect the welfare of 
agricultural and fisheries communities that might otherwise be 
affected by such interruptions. The development of the FAO 
IRALFs was not intended to preclude the use of derived 
intervention levels in emergency situations or the development 
of such levels by the WHO and other relevant international 
organizations. .

Following its, distribution to all FAO Member States, the
Report was discussed at the 20th Session of the Food Additives
and Contaminants Committee of the Codex Alimentarius Commission
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in March 1987. 2 However, as the WHO had not at this stage 
completed its preparation of guideline values for derived 
intervention levels, the Report was submitted to the 17th
Session of the Codex Alimentarius Commission in June 1987 for
•information only'. As the result of an FAO/WHO 
Inter-Secretariat meeting in March 1988, a joint proposal on 
the levels of radioactive contamination of foods moving in 
international trade was agreed for submission to the Codex
Alimentarius Commission Board in July 1988. It is expected 
that these proposals will be widely distributed to FAO/WHO 
Member States before the March 1989 meeting of the Codex 
Alimentarius Food Additives and Contaminants Committee, which 
will consider the proposals together with any comments 
received. The final proposals could then be adopted for 
official publication at the July 1989 meeting of the Codex
Alimentarius Commission. The proposed levels (and the initial 
IRALF values) are shown in Table VII in comparison with the 
derived intervention levels adopted by the WHO and the CEC.
3.5 Huclear Energy Agency of the OECD

Following the Chernobyl accident, the NEA carried out an 
independent assessment of its radiological impact together with 
a critical review of the emergency response in NEA Member 
Countries. The results are published in a NEA report, 'The 
Radiological Impact of the Chernobyl Accident in OECD 
Countries', which was prepared under the aegis of the NEA 
Committee on Radiation Protection and Public Health (CRPPH) and 
on the basis of information provided by those OECD countries 
which are Members of NEA [18]. The review represents a first 
step towards identifying those areas to which attention must be 
given in order to learn from the reactions and experience 
resulting from the Chernobyl accident.

The NEA has also established a CRPPH Expert Group on
Intervention Levels for Nuclear Emergencies to review the 
emergency responses and corresponding primary and derived
intervention levels adopted in its Member Countries, examine 
the potential for achieving generic derived intervention
criteria, and provide guidance towards enhancing the 
international harmonization of such intervention levels. The 
group has endeavoured to identify the key parameters

The Codex Alimentarius Commission is the competent 
international body for developing harmonized food 
standards, including limits on food additives or 
contaminants, aimed at the health protection of 
consumers and facilitating international trade.
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TA B L E  V I I .  COMPARISON OF INTERNATIONALLY PROPOSED/AGREED 0ERIVE0 
FOR APPLICATION TO THE CONTROL OF FOODSTUFFS

INTERVENTION LEVELS

WHO FAO (IRALF) Jo in t WHO/FAO Proposal CEC
Foodstuff Level Foodstuff Level Foodstuff Level Foodstuff Level

Cereals 3500
(35)

Sr-90 750
Roots and 5000 A ll Sr-90 70 Hi Ik and AM 1-131 2000
tubers (5 0) infant except

1-13! 400 foods S r-90 100 dai ry AI 1
Vegetab1es 8000 products other

(8 0) Cs-134 350 nue1i des 1250
(80)

F ru it 7000 Cs-137 500 A ll other
(70) (50) foods S r-90 1000

Heat 10 000 Total Dairy
(100) ganvna 1000 products Sr-90 125

(10) 1-131 500
Milk 4500

AI 1
(45) other

nuclides 1000
Fish 35 000 (20)

(350)

Drinking 700
water (7 )

M ilk for Sr-90 160
infants 1-131 1600

Cs-137 1800

AI I other 
nuclides 4500 

(7 )

Water for S r-90  160
infants

A11 other 
nue I i des 700 

(7 )

Levels fo r beta/garma e m itte rs : Bq/kg o r 8q/L
Levels fo r actin ides are  shown in brackets

influencing the decision making process involved in managing 
accident situations and has considered the potential for better 
harmonization of the radiation protection criteria which govern 
the decisions to implement protective measures, including the 
possibility for harmonized numerical values. It has also 
considered the potential for applying the optimization process
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in the development of generic intervention levels, and provided 
an input to the work of the WHO Task Group in its development 
of guidelines for derived intervention levels. The NEA Report 
is expected to be published in 1988 [22].

3.6 Commission of the European Communities
Following the Chernobyl accident, levels for protection 

against iodine-131 were recommended by the CEC early in May 
1986. At the end of May, the CEC Council of Ministers agreed 
on maximum contamination levels for caesium-134 and caesium-137 
in agricultural produce imported from outside the European 
Community; it also agreed that the levels to be used for
Inter-Community trade would not be lower [23]. Under Article 
31 of the EURATOM Treaty, provision is made for an Expert Group 
to advise the CEC on radiation protection. In 1987, using a 
simplified food basket and grouping of isotopes, this Expert 
Group recommended a system of easily applied levels which could 
be used in any future accident. This would serve as a 
temporary measure until a detailed examination of the 
particular situation had been made in order to determine the 
need for controls more appropriate to the specific
circumstances. On the basis of the Expert Group's 
recommendations, the CEC formulated a proposal for a Council of 
Ministers regulation laying down a two-stage system of maximum 
permitted radioactivity levels for foodstuffs, drinking water 
and animal feedstuffs which can be speedily introduced in the 
event of abnormal radioactivity levels or of a nuclear accident 
[24].

When taking its decision on the CEC's proposal, the 
Council decided that the values previously agreed upon by the 
Council (e.g. in the case of caesium-134 and caesium-137,
370 Bq/kg for milk and infant foods, and 600 Bq/kg for other 
foodstuffs) should remain in force for a further two year 
period. It also adopted a Regulation laying down the
procedures for a more permanent system which would provide for 
the automatic introduction of maximum permitted levels of 
radioactive contaminants in foodstuffs and feedstuffs which may 
be placed on the market following a nuclear accident, or any 
other radiological emergency, involving food contamination. 
These levels were based on the advice of the Expert Group and 
are shown in Table VII. Once the emergency system has been 
triggered, the levels would apply for a maximum period of three 
months, during which time the CEC, having taken the advice of 
the Expert Group, could set limits specific to the particular 
circumstances of the accident. The Council Regulation was
published in the Official Journal of the European Communities 
on 30 December 1987 [25].
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Much of the public confusion and concern that followed 
the Chernobyl accident resulted from the inconsistent approach 
between countries, and in some instances within countries, in 
interpreting or applying the radiological criteria on which the 
introduction of protective measures should be based. The lack 
of published guidance on the application of the intervention 
principles and the setting of derived intervention levels, 
particularly for situations where the major concern is directed 
towards limiting the collective dose, was undoubtedly a 
contributory factor. The progress made over the past 18 
months, as reviewed in this paper, indicates that much has been 
done to redress these omissions and there is now considerable 
common ground underlying the recommendations and guidance 
currently being developed by the relevant international and 
inter-governmental organizations. Not only is there a broad 
consensus on the principles that apply for setting the 
intervention levels of dose, but there is also good agreement 
on many, although by no means all, of the factors to be applied 
when determining derived intervention levels, particularly for 
application in any optimization process.

Without doubt, the most important areas requiring 
further guidance relate to the trading and consumption of 
contaminated foodstuffs. When considering the possibility of 
future harmonization, however, it is essential to distinguish 
between the levels that must be established for the purpose of 
implementing protective measures aimed at avoiding or 
minimizing health consequences (either to individuals or to 
population groups) and those which are necessary for minimizing 
any disruption in international trade. Although the basic 
principles of intervention should be common to both, any 
control regime established for the purpose of international 
trade has to be readily understood and easily implemented by 
those who are not specialists in radiation protection. A 
single level (rather than a range) at which to take action, 
based on a minimum number of radionuclides and foodstuff groups 
(such as the procedure now being jointly developed by the FAO 
and the WHO) would seem best suited for this purpose. The 
penalty for any simplified generic approach to specifying 
action levels is that it may be necessary to assign more 
conservative values to some of the input factors than would be 
warranted on strict radiological protection grounds. Even so, 
the resulting enhanced cost of the protection may well be 
considered an 'acceptable' sacrifice when compared with the 
benefits offered by a harmonized control for contaminated 
foodstuffs moving in international trade.

In contrast, the harmonization of derived intervention 
levels on which to base the introduction of measures for the

4. FUTURE HARMONIZATION
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protection of the public, particularly with regard to the 
consumption of foodstuffs, may not be so readily achieved. 
Although the guidance and levels shortly to be published by the 
WHO (Tables V and VI) have been developed in conjunction with 
other international and inter-govemmental organizations, not 
all countries or inter-governmental organizations may be 
prepared to adopt the recommended levels if they differ 
significantly from those already in use, particularly where 
these have been incorporated into national legislation. Even 
where a broad degree of harmonization can be achieved, 
sufficient flexibility must always be incorporated to take into 
account circumstances which are specific to the nature of the 
accident and of the particular area v/here the protective 
measures may need to be introduced. Work on developing the 
principles for the protection of the public in the event of a 
nuclear accident and setting the levels at which to implement 
them has come a considerable distance since the Windscale 
accident. Although we have yet to reach the goal of a fully 
harmonized intervention system, the progress and extent of 
international agreement already achieved indicates that the way 
is open.
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Abstract-Résumé

THE SETTING IN THE EUROPEAN COMMUNITY OF DERIVED INTERVENTION LEVELS 
FOR FOODSTUFFS CONTAMINATION FOLLOWING A NUCLEAR ACCIDENT.

This paper presents an account of the work carried out between May 1986 and May 1987 by the 
Expert Group established within the framework of the Euratom Treaty with the task of proposing levels 
o f radioactive substances in food products above which the EEC should envisage import restrictions.

L ’ETABLISSEMENT DANS LA COMMUNAUTE EUROPEENNE DE NIVEAUX D ’INTERVEN
TION DERIVES POUR LA CONTAMINATION DES PRODUITS ALIMENTAIRES A LA SUITE 
D ’UN ACCIDENT NUCLEAIRE.

Ce mémoire présente l ’historique des travaux menés entre mai 1986 et mai 1987 par le Groupe 
d ’experts établi dans le cadre du Traité d ’Euratom en vue de proposer les niveaux de substances 
radioactives dans les produits alimentaires au-dessus desquels des restrictions d’importation dans la CEE 
devraient être envisagées.

INTRODUCTION

Après l’accident de Tchernobyl en 1986, la Commission des Communautés 
européennes fut rapidement confrontée avec le problème du commerce international 
des produits alimentaires contaminés. Elle demanda donc l ’avis du Groupe d ’experts, 
établi dans le cadre de l’Article 31 du Traité Euratom, sur les niveaux de substances
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radioactives dans les produits alimentaires au-dessus desquels des restrictions 
d ’importation dans la Communauté devraient être considérées comme appropriées. 
A la fin de mai 1986, le Groupe recommanda un niveau d ’intervention dérivé 
provisoire pour la contamination des produits alimentaires par les isotopes du césium, 
basé sur les Normes sanitaires fondamentales d ’Euratom et les guides précoces sur 
les niveaux de référence d ’urgence. La valeur recommandée fut 1000 Bq/kg et fut 
dérivée entraînant un équivalent de dose efficace engagé au cours de la première 
année de 5 mSv pour le groupe de la population le plus exposé, et une contamination 
des aliments consommés dans cette année de 5%  de la valeur entière du niveau 
d ’intervention dérivé.

Le 30 mai 1986, le Conseil des ministres de la Communauté économique 
européenne adopta un Règlement avec les niveaux maximum admissibles suivants 
pour le césium, applicables à l ’importation d ’aliments dans la CEE:

— 370 Bq/kg pour le lait et les produits alimentaires destinés spécifiquement aux 
enfants pendant les 4 à 6 premiers mois de la vie;

— 600 Bq/kg pour tous les autres produits concernés.
Ces valeurs reflètent le climat psychologique prévalant à cette époque et furent 

influencées dans un large degré par des considérations commerciales, économiques 
et politiques.

Ce règlement, qui fut initialement valable jusqu’au 30 septembre 1986, a 
depuis été prorogé trois fois; il prendra fin maintenant le 22 décembre 1989.

En même temps, ayant fourni son opinion préliminaire sur la valeur du niveau 
d ’intervention dérivé pour les nucléides du césium, le Groupe de l ’Article 31 
commença d ’examiner en détail les problèmes des niveaux d ’intervention pour les 
produits alimentaires et de proposer des niveaux d ’intervention dérivés pour tous les 
nucléides importants, devant être appliqués dàns le cas d ’un accident futur. Le 
Groupe se réunit de nombreuses fois pour considérer les documents préparés par un 
groupe de travail ad hoc. Un rapport final fut soumis à la Commission en mai 1987. 
L ’approche adoptée par le Groupe dans ce rapport est décrite ci-dessous, ainsi que 
les discussions relatives à celle correspondant au Règlement général de la CEE de 
décembre 1987.

1. POLITIQUE DE BASE

1.1. Problèm es alim entaires

Le contrôle radiologique des produits alimentaires à la suite d ’un rejet acciden
tel de substances radioactives dans l ’environnement pose deux types très différents 
de problèmes. Le premier et le plus urgent concerne l ’utilisation d ’aliments produits 
et parfois consommés dans le voisinage de l ’accident. Des décisions doivent être 
prises en un ou deux jours, pour autant que la zone affectée puisse être définie et que 
des produits alimentaires de substitution puissent être fournis. Le second type de
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problèmes est relatif à la distribution à long terme à partir de zones locales ou 
régionales, ou de zones plus largement dispersées dans lesquelles un contrôle 
immédiat n’est pas nécessaire, mais où une contamination mesurable existe. Dans le 
contexte de la Communauté économique européenne l ’accent a été mis sur le second 
type de problèmes et sur le mouvement des denrées alimentaires entre les Etats 
membres, ainsi qu’entre la Communauté économique européenne et d ’autres pays.

1.2. Contrôles alimentaires
En se basant sur l’hypothèse conventionnelle et prudente que toute dose de 

rayonnement reçue par l ’homme entraîne un accroissement du risque à long terme, 
la consommation de produits alimentaires contaminés implique un certain risque. Il 
est donc nécessaire de prendre des décisions pour le contrôle alimentaire, en tenant 
compte des risques sanitaires. Cependant il est également nécessaire de prendre en 
considération les aspects économiques et sociaux et d ’établir un équilibre adéquat 
entre l ’importance des risques sanitaires et les coûts des interventions de protection. 
U est également fondamental que les autorités compétentes maintiennent la confiance 
du public dans le système de protection radiologique qui permet une utilisation ration
nelle et bénéficiaire des installations radiologiques et nucléaires.

1.3. Circonstances normales et accidentelles
Depuis sa création il y a trente ans, le Groupe d ’experts européens prévu par 

l ’article 31 du Traité de Rome a adopté comme politique de base de suivre les recom
mandations de la Commission internationale de protection radiologique (CIPR). Dans 
ses recommandations générales, la CIPR établit une distinction essentielle entre des 
circonstances normales où les sources de rayonnement sont sous contrôle et des 
circonstances où les sources de rayonnement ne sont pas sous contrôle. Par défini
tion, un accident radiologique ou nucléaire correspond à une situation où la source 
de rayonnement ou de radioactivité a échappé au contrôle. Dans le cas de sources 
contrôlables, l ’autorité compétente établit des limites d ’exposition pour le public au- 
dessous desquelles il est impératif de se maintenir. Par contre, dans le cas où la 
source a échappé au contrôle et où la radioactivité est transférée à l ’homme au travers 
du milieu ambiant et de la chaîne alimentaire, l ’autorité compétente ne peut pas fixer 
la limite a priori. Dans les situations accidentelles, la CIPR recommande d ’utiliser 
des niveaux de référence permettant à l’autorité compétente de prendre des décisions 
adéquates.

1.4. Niveaux de référence
Les niveaux de référence ne sont en aucun cas des limites, mais font partie 

comme elles des normes de protection radiologique. Ils sont choisis en fonction du 
type d ’action que l’autorité compétente est amenée à entreprendre. Dans le cas d ’un



334 JAMMET et al.

accident, les niveaux de référence sont établis en fonction de chaque action 
particulière. C ’est ainsi que certains niveaux, appelés niveaux d ’exemption, sont tels 
qu’au-dessous de leur valeur aucune action n ’est à envisager. D ’autres au contraire 
sont tels qu’au-dessus de leur valeur une intervention appropriée est en général à 
mettre en œuvre.

Dans le cas particulier des actions à mener concernant la consommation de 
produits alimentaires contaminés par des substances radioactives à la suite d ’un acci
dent, il convient d ’établir des niveaux de référence. Ces niveaux de référence sont 
les uns des niveaux d’exemption, les autres des niveaux d ’intervention.

1.5. Niveaux de référence dérivés

Ces niveaux de référence correspondent à une certaine valeur d’exposition 
radiologique de la population, consécutive à l’ingestion de produits alimentaires 
contaminés accidentellement pas des substances radioactives. Ils sont exprimés en 
sieverts au cours de l’année suivant l ’accident. Comme il n’est pas possible d ’une 
façon pratique et générale de mesurer directement la dose reçue par les personnes du 
public, on est amené à établir des niveaux de référence dérivés concernant la contami
nation radioactive des produits alimentaires.

La tâche du Groupe d ’experts européens a donc consisté à proposer, d ’une part, 
des niveaux de référence pour l ’exposition radiologique du public, et, d ’autre part, 
des niveaux de référence dérivés pour la contamination radioactive des produits 
alimentaires.

2. NIVEAUX DE REFERENCE

2.1. Définitions

Le Groupe d ’experts européens, pour établir les niveaux de référence, devait 
tenir compte des recommandations de la CIPR (Publication 40, 1984) ainsi que des 
recommandations de la CEE elle-même (1982). Fort heureusement, ces recomman
dations étaient semblables. Elles proposaient deux niveaux de référence pour l’expo
sition des personnes du public du fait de la contamination radioactive des produits 
alimentaires à la suite d ’un accident.

Le niveau de référence inférieur a la signification d’un niveau d’exemption; au- 
dessous de sa valeur il n ’y a aucune action à entreprendre et le commerce des denrées 
alimentaires doit être parfaitement libre de toute entrave. Le niveau de référence 
supérieur a la signification d’un niveau d’interdiction; cela signifie que les autorités 
compétentes doivent interdire la consommation des produits alimentaires. Entre les 
deux niveaux, des mesures appropriées doivent être envisagées qui sont affaire de 
jugement pour l’autorité compétente (dilution alimentaire, retard à la commercia
lisation, etc.).
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2 .2 . Valeurs des niveaux de référence
Le Groupe d ’experts européens a proposé les valeurs suivantes pour ces 

niveaux. Le niveau inférieur d ’exemption: 5 mSv; le niveau supérieur: 50 mSv; il 
s’agit de l’équivalent de dose efficace engagé jusqu’à l’âge de 70 ans résultant de la 
consommation des produits alimentaires contaminés pendant la première année 
suivant un accident. Pour le cas spécial de l ’iode 131 qui délivre la quasi-totalité de 
la dose à la thyroïde, le niveau inférieur a été fixé à 50 mSv et le niveau supérieur 
à 500 mSv; il s’agit de l’équivalent de dose engagé à la thyroïde.

Pour les années postérieures à la première année suivant l’accident, le Groupe 
d ’experts européens avait initialement proposé des niveaux de référence divisés par 
un facteur 5. Il est ensuite revenu sur cette décision, car l’expérience acquise après 
Tchernobyl a démontré que la dose reçue au cours de la première année était beau
coup plus importante que celles reçues au cours des années ultérieures. Par ailleurs, 
le Groupe d ’experts européens a estimé que les valeurs des niveaux de référence 
étaient applicables sans tenir compte des sources préexistantes d ’exposition incluant 
d ’éventuels accidents antérieurs. Les niveaux de référence peuvent donc être les 
mêmes pour tous les accidents.

2.3. Justification des niveaux d’exemption
La justification des valeurs proposées pour les niveaux de référence est basée 

sur les considérations suivantes. Bien qu’il ne s’agisse pas de limites, les niveaux sont 
comparables pour une année à la limite annuelle de 5 mSv recommandée par la CIPR 
et adoptée par la Communauté européenne. La limite de 1 mSv s’applique comme 
moyenne annuelle sur la totalité de la vie, ce qui est rationnel dans les circonstances 
normales mais ne l’est pas dans des circonstances accidentelles, étant donné la rareté 
des accidents nucléaires importants.

Par ailleurs la justification s’appuie sur la comparaison des niveaux de référence 
avec l’exposition naturelle des populations qui, dans la Communauté européenne, est 
toujours supérieure à 2 mSv par an et fluctue jusqu’à 50 mSv par an. D ’ailleurs, la 
CIPR a recommandé comme niveau de référence pour l’exposition au radon et à ses 
descendants dans les maisons existantes une valeur de 20 mSv par an étendue sur la 
totalité de la vie.

Enfin la justification des valeurs proposées par le Groupe d ’experts européens 
s’appuie sur les mêmes valeurs recommandées par la CEE en 1982 et par la CIPR 
en 1984, ainsi que sur la valeur de 5 mSv adoptée comme niveau de référence par 
la FAO en 1986 et par l’OMS en 1987.

2.4. Justification des niveaux d’interdiction
Nous venons de voir que la justification du niveau de référence inférieur, ou 

niveau d ’exemption, était basée sur la prise en compte des risques individuels liés à
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l ’exposition par voie alimentaire. Pour le niveau de référence supérieur, ou niveau 
d ’interdiction de consommation des produits alimentaires contaminés par les 
substances radioactives, c’est la méthode d’optimisation qui permet son 
établissement.

En utilisant une méthode d ’optimisation simplifiée qui est l ’analyse différen
tielle coûts-avantages, on peut démontrer que le niveau d ’interdiction optimum est 
égal au rapport du coût C des produits alimentaires consommés par la valeur a. du 
coût unitaire du détriment par homme-sievert:

C
Niveau d ’interdiction = — 

a

Dans la CEE, le produit national brut annuel est de l ’ordre de 10 000 dollars 
par habitant. Les statistiques de consommation alimentaire indiquent que 10% de ce 
produit est utilisé pour l’alimentation, soit 1000 dollars par habitant. Il apparaît 
raisonnable dans la CEE de prendre pour a  une valeur telle que 20 000 dollars par 
homme-sievert.

La valeur du niveau d ’interdiction de consommation de produits alimentaires 
contaminés est donc:

C 1000 $/habitant _
— =  ------------------------------  =  50 mSv
a  20 000 $/homme-Sv

Ceci signifie qu’il convient d ’interdire la consommation des produits alimen
taires susceptibles d ’entraîner une exposition annuelle supérieure à 50 mSv.

2.5. Applications pratiques

Il apparaît ainsi clairement que les autorités compétentes peuvent être en 
présence de trois situations possibles. La première correspond à une consommation 
alimentaire contaminée entraînant une exposition annuelle inférieure au niveau 
d ’exemption de 5 mSv; aucune mesure n ’est à prendre et le commerce alimentaire 
est parfaitement libre. La deuxième situation correspond à une consommation 
alimentaire de produits contaminés entraînant une exposition annuelle comprise entre 
le niveau d ’exemption de 5 mSv et le niveau d ’interdiction de 50 mSv; des mesures 
sanitaires concernant l’alimentation peuvent être prises, qui ne consistent pas en une 
destruction des produits contaminés, mais en différentes solutions telles que: dilution 
avec des produits non contaminés, lavages ou épluchages des surfaces contaminées, 
retard de mise en circulation commerciale (notamment pour les produits laitiers 
contaminés par de l’iode 131). La troisième situation est celle d ’une alimentation par 
des produits contaminés entraînant une exposition annuelle supérieure au niveau 
d ’interdiction de 50 mSv; les autorités compétentes doivent envisager la mise hors
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circuit des produits alimentaires correspondants, à moins que les méthodes de dilu
tion ou de retard à la commercialisation ne permettent des solutions qui ramènent à 
la situation précédente.

3. NIVEAUX DE REFERENCE DERIVES

3.1. Généralités

Le contrôle pratique des produits alimentaires dépend de la mesure ou de 
l’évaluation de la concentration des substances radioactives qu’ils contiennent. Il ne 
peut être obtenu par estimation directe de la dose reçue par les personnes consom
mant les aliments. Il est par conséquent nécessaire d ’établir des valeurs pratiques de 
concentration par dérivation à partir des niveaux de référence exprimés en dose. Ces 
valeurs pratiques de concentration portent le nom de niveaux de référence dérivés 
utilisables pour la consommation des produits alimentaires contaminés par des 
substances radioactives. Il ne s’agit en aucun cas de limites. Ils ont la même significa
tion que les niveaux de référence, auxquels ils correspondent en vue du contrôle des 
produits alimentaires et notamment de leur commercialisation.

L ’établissement de niveaux de référence dérivés est loin d’être simple. La dose 
de rayonnement délivrée à une personne à la suite de la contamination accidentelle 
des aliments est fonction des différents radionucléides, de la quantité de contamina
tion pour chaque type d ’aliment qui varie avec le lieu et le temps, de la quantité 
consommée de chaque aliment et des caractéristiques métaboliques et dosimétriques 
des personnes en fonction de l’âge. La prise en compte des paramètres concernant 
les sources (radionucléides), les voies de transfert (produits alimentaires) et les 
personnes exposées (groupes d ’âge) fait apparaître un nombre considérable de varia
bles. On devrait normalement établir autant de niveaux de référence dérivés qu’il y 
a de radionucléides, de produits alimentaires, et de groupes d ’âge. On obtiendrait 
ainsi plusieurs centaines, voire plusieurs milliers de valeurs. Ce serait absolument 
inapplicable en pratique. Il est clair que des généralisations et des simplifications 
doivent être introduites.

Nous allons étudier successivement le choix des groupes d ’âge, des radio
nucléides et des régimes alimentaires, ensuite les calculs fondamentaux, leur simplifi
cation et leur application pratique.

3.2. Choix des groupes d’âge

Les caractéristiques métaboliques et dosimétriques varient chez l ’homme en 
fonction de l ’âge. Le Groupe d ’experts européens a considéré trois groupes d ’âge: 
0 à 1 an, 1 à 10 ans, 10 à 75 ans (caractéristique de 20 ans comme base). Dans tous 
les cas, les valeurs retenues sont celles qui correspondent au groupe d ’âge le plus 
critique.
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3.3. Choix des radionucléides

Les accidents radiologiques et nucléaires peuvent présenter un très grand 
nombre de scénarios impliquant de très nombreux radionucléides. Dans un premier 
temps, le Groupe d’experts européens a considéré une vingtaine de radionucléides. 
Ensuite, il a considéré regroupés les radionucléides émetteurs ß  7  de période 
supérieure à 10  jours dont le plus représentatif est le césium, ainsi que les actinides 
émetteurs a  dont le plus représentatif est le plutonium. Par ailleurs, il a traité 
spécialement en fonction de leurs caractéristiques radioactives et métaboliques 
l’iode 131 et le strontium 90.

Les données dosimétriques essentielles concernent les corrélations entre l’incor
poration des radionucléides et les doses résultantes pour les personnes. Ces données 
sont exprimées en dose efficace engagée par unité radioactive ingérée. Elles sont 
exprimées en Sv/Bq.

En ce qui concerne l ’additivité des contributions des différents radionucléides 
dans la chaîne alimentaire, les points suivants ont été pris en compte. Chaque groupe 
de radionucléides a été estimé sur la base que l’activité totale de radionucléides dans 
le groupe est comparée avec la valeur limitante pour le radionucléide le plus radio- 
toxique du groupe, appliquée au groupe d ’âge le plus critique. Pour tous les 
radionucléides, la dose engagée considérée est la dose efficace, à l’exception de 
l ’iode 131 pour lequel c ’est la dose engagée à la thyroïde. Il est apparu invraisembla
ble que, dans un même accident, des radionucléides appartenant aux différents 
groupes puissent être présents ensemble dans la chaîne alimentaire en quantité 
significative. Pour ces raisons, le Groupe d ’experts européens a conclu qu’une prise 
en considération adéquate a été faite pour l ’additivité de la contribution des différents 
radionucléides à la fois à l ’intérieur et entre chaque groupe de radionucléides.

3.4. Choix des régimes alimentaires

Il est assez difficile de trouver des données satisfaisantes concernant les 
consommations individuelles annuelles pour les différents produits alimentaires et 
pour les différents groupes d ’âge. Le Groupe d ’experts européens a pu trouver des 
données valables pour la Communauté économique européenne.

Il est apparu nécessaire, comme pour les radionucléides, d ’effectuer un 
regroupement des produits alimentaires. Les catégories adoptées étaient initialement 
au nombre de cinq: produits laitiers, viandes, fruits et légumes, céréales, eaux et 
boissons. Ne sont pas pris en considération les produits alimentaires dont la quantité 
consommée est extrêmement faible pondérablement (épices, thé). Les quantités 
consommées correspondent aux aliments après préparation culinaire, prêts pour 
l’ingestion (laits concentrés après dilution par exemple).

En ce qui concerne les problèmes d ’additivité pour les différents groupes de 
produits alimentaires, la position du Groupe d’experts européens a varié. Dans un 
premier temps, il a considéré peu vraisemblable qu’il puisse y avoir une contamina-
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tion concomitante significative des différents groupes de produits alimentaires et ils 
étaient pris en compte indépendamment les uns des autres. Dans un deuxième temps, 
le Groupe d ’experts a estimé que cette hypothèse n’était pas assez conservatrice et 
il a décidé d ’appliquer l ’additivité aux cinq groupes de produits alimentaires.

Un point important est celui de savoir dans quelle proportion les produits 
alimentaires peuvent être contaminés à la suite d ’un accident. Il est évident que tous 
les produits alimentaires ne sont pas contaminés de façon égale et que la contamina
tion d ’un même produit alimentaire varie avec le lieu et le temps. Il a donc fallu 
essayer de définir les relations entre les pics de contamination sur lesquels les 
contrôles alimentaires devraient être basés et la contamination alimentaire moyenne 
sur une année pour les produits consommés par une personne représentative. Les 
caractéristiques géographiques, climatiques et météorologiques de la CEE, allant de 
l’Irlande à la Grèce, du Danemark au Portugal, sont telles qu’une contamination 
importante ne peut être que très hétérogène. Aussi le Groupe d ’experts européens a 
conclu que le pourcentage de contamination alimentaire moyen annuel devrait être 
de l ’ordre de 10% de la valeur sur laquelle le contrôle est basé. Cette valeur de 10% 
a fait l ’objet de controverses et les propositions retenues par la Commission ont pris 
en compte d ’autres valeurs telles que 40% dans certains cas.

3.5. Calculs fondamentaux

Les niveaux de référence dérivés pour la contamination des produits alimen
taires sont obtenus par la formule:

où:
— E est le niveau de référence d ’exemption pour un équivalent de dose efficace 

de 5 mSv (50 mSv à la thyroïde pour l ’iode 131),
— f est le rapport de la contamination moyenne au pic de contamination ( 1 0 %),
— D est l ’équivalent de dose efficace par unité de radioactivité incorporée par 

ingestion (Sv par Bq),
— I est l ’incorporation annuelle d ’un produit alimentaire (kg par personne),
— C est le facteur de correction pour tenir compte de l ’additivité des cinq groupes 

différents de produits alimentaires.
Le Groupe d ’experts a ainsi abouti à un tableau de valeurs exprimées en Bq/kg 

pour les différents groupes de radionucléides et les différents groupes de produits 
alimentaires, étant entendu qu’ils correspondent chaque fois au groupe d’âge le plus 
critique.
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3.6. Simplifications introduites

Les valeurs présentées par le Groupe d ’experts européens pour les niveaux de 
référence dérivés étaient nombreuses pour plusieurs raisons.

Elles correspondaient à deux niveaux de référence, l ’un d’exemption (5 mSv) 
pour la liberté commerciale, l ’autre d’intervention (50 mSv) pour l’interdiction de 
consommation; en fait les autorités communautaires n’ont adopté que les valeurs 
correspondant aux niveaux d’exemption.

Les catégories de radionucléides ont été réduites à deux: actinides émetteurs a  
(notamment plutonium) et tous les autres radionucléides de période supérieure à 
10 jours (notamment césium 134 et 137); deux exceptions concernent le strontium 90 
et l ’iode 131.

Les catégories de produits alimentaires ont été simplifiées et sont passées de 
cinq à trois: produits laitiers, tous les autres produits alimentaires, toutes les 
boissons.

Les catégories d ’âge des personnes exposées sont réduites au minimum. Tous 
les individus de la population sont considérés dans une seule classe, étant entendu que 
les valeurs correspondent au groupe d’âge le plus critique. Une exception est faite, 
à la demande du Conseil des ministres, pour les nourrissons (0 à 6 mois) pour 
lesquels les valeurs sont à fournir pour les produits spécialement conditionnés pour 
eux.

3.7. Applications pratiques

Après les simplifications mentionnées ci-dessus, la mise en œuvre des décisions 
concernant les niveaux d ’exemption dérivés pour la contamination radioactive des 
produits alimentaires présente cependant un certain nombre de problèmes.

Les valeurs de ces niveaux restent nombreuses compte tenu de quatre nucléides 
principaux (Cs, Pu, Sr, I), de trois catégories d’aliments (produits laitiers, autres 
aliments, boissons), et du cas particulier des produits spécialisés pour nourrissons.

Il ne faut pas oublier que les contrôles alimentaires doivent pouvoir être effec
tués de façon relativement simple par des personnes non qualifiées. Les contrôles 
radioactifs sont relativement aisés pour des radionucléides émetteurs y  tels que le 
césium et l ’iode. Par contre, ils nécessitent soit des analyses radiochimiques pour le 
strontium émetteur ß,  soit des mesures radioactives compliquées pour des émet
teurs a  tels que le plutonium.

L ’application pratique la plus simple pour un scénario d’accident parmi les plus 
vraisemblables consisterait dans la seule mesure du césium et de l’iode pour tous les 
aliments d’une part et toutes les boissons d’autre part (y compris le lait), le cas des 
produits spécialisés pour nourrissons restant à part. Il est à noter par ailleurs que l’eau 
de boisson ne fait pas partie des produits alimentaires commercialisés; elle doit être 
traitée de façon particulière par l ’autorité compétente, compte tenu des pollutions 
éventuelles dues aux captations et aux distributions.
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4. REGLEMENT COMMUNAUTAIRE EUROPEEN DU 22/12/87

En se basant sur les recommandations du Groupe d ’experts européens de l’Arti
cle 31, la Commission a soumis au Conseil des ministres, le 16 juin 1987, une 
proposition fixant des niveaux maximaux admissibles de radioactivité pour les 
produits alimentaires en cas d ’accident nucléaire. La Commission a noté qu’à cette 
époque il n ’y avait pas de consensus scientifique international sur des valeurs spéci
fiques de niveaux d ’intervention dérivés et que les changements introduits par le 
Groupe d ’experts durant ses délibérations indiquait que l’opinion scientifique était 
fluctuante. Etant données ces incertitudes, des considérations de prudence et de poli
tique ont joué un rôle notable dans la prise de décision ultérieure. Clairement et 
réglementairement, des motivations économiques et politiques ont forcé la Commis
sion à réviser en baisse les valeurs des niveaux d ’intervention dérivés proposés 
initialement par le Groupe de l’Article 31.

4.1. Propositions de la Commission

Les différences principales entre les recommandations du Groupe d ’experts de 
l ’Article 31 et les propositions de la Commission furent les suivantes:
1) L ’utilisation du terme «niveaux maximaux admissibles de contamination radio
active des produits alimentaires» dans les propositions de la Commission (et le Règle
ment du Conseil) plutôt que celle du terme «niveaux d ’intervention dérivés» employé 
par le Groupe d ’experts de l ’Article 31 et ce pour des valeurs correspondant aux 
niveaux de référence inférieurs. Ceci provient à la fois de considérations légales et 
pratiques, du fait que la loi reconnaît seulement la permission et l ’interdiction et les 
douaniers ainsi que les marchands demandent des instructions claires qui pourront 
être appliquées sans ambiguïté.
2) Les niveaux d ’intervention dérivés étaient compris par le Groupe d ’experts pour 
s’appliquer aux aliments tels que consommés; les propositions de la Commission ne 
tenaient pas compte de cette vue pour des raisons pratiques de contrôle et les valeurs 
adoptées s’appliquent aux produits commercialisés.
3) Les niveaux d ’intervention dérivés applicables au groupe «tous autres 
nucléides» dans les produits laitiers et dans les «autres produits» ont été réduits par 
la Commission par un facteur de 4, pour tenir compte du fait que beaucoup de pays 
n ’appartenant pas à la CEE appliquaient des valeurs de l’ordre des niveaux dérivés 
résultant et également pour conserver la confiance du public dans le système proposé.
4) Les propositions de la Commission contenaient aussi un niveau pour le groupe 
des nucléides «tous autres nucléides» dans les aliments pour animaux égal à deux fois 
la valeur proposée pour le groupe alimentaire «autres produits alimentaires». Il est 
basé sur l ’évidence scientifique que, pour ces nucléides, la radioactivité dans les 
produits animaux sera inférieure d ’au moins un facteur 2  à celle des produits pour
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animaux (pour les produits laitiers un facteur 8). Pour les deux autres groupes de 
nucléides, aucun niveau ne fut proposé à cause de:

— la haute dilution du strontium et des émetteurs a  dans les produits animaux;
— la courte période des isotopes de l ’iode qui assure une décroissance significa

tive avant d ’atteindre l’homme par la chaîne alimentaire commerciale.

4.2. Règlement du Conseil

Après de longs débats et examens de diverses propositions de compromis, le 
Conseil a adopté un Règlement le 22 décembre 1987 qui est lui-même différent des 
proposition initiales de la Commission en ce qui concerne les points suivants:
1) Des valeurs séparées sont données pour l ’iode et le strontium; les valeurs pour 
le strontium sont un quart de celles calculées par le Groupe d ’experts de l ’Article 31 
pour le strontium 90, en parallèle à la réduction par la Commission par un facteur 4 
pour la catégorie «tous autres nucléides». La valeur pour l’iode pour les «autres 
produits alimentaires» fut réduite de 3000 à 2000 Bq/kg.
2) Pour les produits laitiers, le Conseil a spécifié que les niveaux applicables aux 
produits concentrés ou séchés seront calculés sur la base du produit reconstitué prêt 
à la consommation.
3) Les valeurs données en tableau pour les produits liquides et les produits pour 
animaux furent laissées en blanc et seront établies dans les mois à venir. Une nouvelle 
colonne fut ajoutée pour les produits pour nourrissons pour lesquels des valeurs 
devront être établies.

Les niveaux maximaux admissibles adoptés par le Conseil s’appliqueront dans 
le cas d’un quelconque accident futur; ils feront l ’objet d ’un règlement de la Commis
sion prévoyant que les niveaux ci-dessus sont sensés être atteints ou avoir été atteints. 
Cependant, la validité d ’un tel règlement devrait être limitée à 3 mois, pendant 
lesquels un autre règlement sera préparé afin que les niveaux préétablis soient adaptés 
pour tenir compte des circonstances particulières de l ’accident.

5. PRINCIPAUX PROBLEMES RENCONTRES

En établissant des niveaux d ’intervention dérivés pour les produits alimentaires, 
destinés à la Commission, le Groupe d ’experts de l’Article 31 a rencontré de 
nombreuses difficultés pour lesquelles des solutions générales ont à être introduites. 
Quand ses propositions furent envoyées à la Commission et ensuite au Conseil, des 
changements importants intervinrent, motivés probablement par des considérations 
commerciales et politiques. Les principaux problèmes rencontrés peuvent être 
résumés comme suit:
1) La politique du Groupe d ’experts de l’Article 31 est de tenir compte pleinement 
des Recommandations de la CIPR et particulièrement de la Publication 40. Cepen
dant, ces recommandations ont trait principalement aux décisions précoces s’appli-
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quant dans le voisinage de l’accident, alors que pour le Groupe d ’experts le problème 
majeur fut celui de la contamination générale et à long terme des produits alimen
taires. Néanmoins le Groupe a pensé que les niveaux de référence recommandés par 
la CIPR étaient acceptables et applicables dans ce dernier cas.
2) Bien que le calcul des niveaux d ’intervention dérivés soit en principe rigoureux, 
de nombreux paramètres changent avec le temps et le lieu. Des généralisations 
simplificatrices furent nécessaires impliquant une part considérable de jugement 
subjectif dans le choix des valeurs des paramètres. C ’est grandement à cause des 
différences de jugement qu’il existe un large spectre d ’avis sur les niveaux d ’inter
vention pour les produits alimentaires, au niveau international.
3) Un problème particulier a été celui du choix d ’une valeur pour le rapport entre 
le niveau de contamination moyen annuel des aliments consommés et le niveau 
d ’intervention choisi. Ce rapport dépend du type et de l’importance du rejet 
radioactif, des conditions saisonnières et de l’emplacement dans la zone de produc
tion alimentaire vis-à-vis du site de l ’accident. La valeur de 0,1 choisie par le 
Groupe, qui rétrospectivement apparaît avoir été conservatrice vu les conséquences 
de l ’accident de Tchernobyl pour la CEE, fut largement critiquée au Conseil et fut 
une des raisons pour lesquelles les niveaux recommandés par le Groupe furent finale
ment réduites par un facteur de 4.
4) Bien que les valeurs adoptées par le Conseil des ministres le 22 décembre 1987 
soient difficiles à défendre en termes purement scientifiques, elles ont le mérite 
d ’avoir été acceptées par 12  pays européens, qui forment ensemble le plus grand 
marché intérieur dans le monde. Il ne faut pas oublier la flexibilité instituée par le 
système complet du Règlement du Conseil, notamment la possibilité d ’ajuster les 
valeurs initiales aux circonstances particulières.

5) En outre, le Conseil a demandé expressément que la Commission prévoit de 
réviser de façon appropriée les niveaux maximaux admissibles initiaux pour tenir 
compte des nouvelles données scientifiques quand elles seraient disponibles. De plus, 
la Commission a été invitée à aider à optenir un large consensus international sur les 
valeurs à appliquer en cas d ’accident, sur la base des valeurs adoptées actuellement 
par le Conseil. On espère que la CEE pourra contribuer à l ’établissement de niveaux 
d ’intervention pour les produits alimentaires reconnus de par le monde. Il faut noter 
que les valeurs de la CEE sont relatives à une situation où les produits alimentaires 
abondent, ce qui n ’est pas le cas dans les régions de pénurie alimentaire.

CONCLUSION

En conclusion, nous pouvons dire que le problème qui s’est posé à la CEE a 
été celui des niveaux de contamination radioactive à appliquer aux produits alimen
taires à longue distance et à long terme.

Finalement, on a abouti à un système très simplifié mais qui pourrait l ’être 
encore plus. On pourrait envisager en effet un niveau dérivé unique pour toute la
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population, pour tous les radionucléides (référence Cs) et pour tous les produits 
alimentaires (aliments solides et boissons); sa valeur serait de l’ordre de 1000 Bq/kg. 
Toutefois, des exceptions seraient à considérer: les aliments spécialement condi
tionnés pour nourrissons, les cas particuliers des actinides et du strontium 90, le 
problème de l’eau de boisson qui exige une surveillance spéciale du fait de sa non- 
commercialisation.

Ces niveaux dérivés, correspondant à 5 mSv sur l ’année suivant l’accident, sont 
des niveaux d ’exemption. Ceci signifie qu’au-dessous de cette valeur le commerce 
des produits alimentaires sur les plans national, communautaire ou international doit 
être parfaitement libre de toute entrave. Au-dessus de ces niveaux, les autorités 
compétentes nationales ont à juger des interventions à effectuer, en utilisant le prin
cipe d ’optimisation recommandé par la CIRP, tenant compte des considérations 
économiques et sociales. Son application sur la base des données alimentaires et 
économiques de la CEE montre que l’interdiction complète de consommation des 
produits alimentaires ne devrait intervenir qu’au-dessus d ’un niveau supérieur d ’un 
facteur 10 (50 mSv/a).

Les organismes internationaux compétents tels que la FAO, l’OMS et l ’AIEA 
se sont penchés sur ce problème et continuent de l’étudier. Suite au document rédigé 
par l ’OMS, il semble possible qu’une entente intervienne au sein de la Commission 
du Codex Alimentarius, organisme mixte OMS/FAO. Nous espérons que la contribu
tion du Groupe d ’experts européens sera utile pour cet agrément international.

Nous espérons également que la CIPR va prochainement réviser sa Publica
tion 40 pour recommander les principes à appliquer dans toutes les situations après 
les accidents radiologiques ou nucléaires.



IAEA-CN-51/81

RISK MANAGEMENT 
AND RADIATION PROTECTION POLICIES 
IN THE NETHERLANDS

B. BOSNJAKOVIC 
Ministry of Housing,

Physical Planning and Environment,
Leidschendam, Netherlands

Abstract

RISK MANAGEMENT AND RADIATION PROTECTION POLICIES IN THE NETHERLANDS.
A risk management policy concerning human mortality was introduced and approved in the 

Netherlands in 1985. For single technological activities or noxious substances, maximum acceptable 
levels and negligible levels, respectively, have been defined in terms of the individual risk and the group 
risk. Individual risks above 10~6/a are considered to be unacceptable, risks between 10“6/a and 10~8/a 
are considered to be justifiable, whereas risks below 10-8/a are deemed trivial and thus negligible. The 
limitation of the group risk, being the probability of a disruptive event resulting in more than N simul
taneous deaths, is of particular importance for activities which may lead to catastrophic accidents. For 
man-made hazards with a large societal impact, risk criteria are expressed in terms of complementary 
cumulative frequency distributions, forming straight lines on a log-log scale of the F-N plot. To deal 
with risk aversion a slope of —2 for these complementary cumulative frequency distributions is chosen. 
For example, hazardous incidents in which ten or more persons are killed which have a calculated 
frequency of 10_5/a are considered unacceptable; a calculated frequency of 100 times lower is consi
dered as negligible. Major accidents may have impact not only on human life but also on environmental 
quality. Standards limiting the generalized environmental risks are at present in the process of develop
ment. The Dutch risk management policy is in several aspects similar, and in others complementary, 
to the radiation protection principles formulated and elaborated by the International Commission on 
Radiological Protection. ‘Group risk’ is a novel concept which has not yet been extensively discussed 
at the international level. The radiation protection and general environmental protection principles are 
compared and prospects for harmonization are discussed.

1. INTRODUCTION

As a consequence of the Chernobyl nuclear accident, the
Dutch Government decided as early as 6 May 1986 to reconsi
der the decision made in 1985 to build more nuclear plants.
As a result, an extensive programme was started at the end
of 1986 which is to clarify all the relevant environmental
and economic consequences of a nuclear plant accident in or
der to enable a decision to be taken on whether the con
struction of nuclear plants is possible and desirable from
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the point of view of the risks involved. A government stand
point is not expected to be taken before early 1989- To be 
able to assess the results of these studies, and in the con
text of the general decision process, a system of radiation 
protection and risk management standards needs to be availa
ble.

On 1 April 19 8 7. the Euratom Basic Safety Standards were 
incorporated in the Nuclear Energy Act by the Radiation Pro
tection Decree [1]. This implementation was preceded by hot 
discussions by the public and in parliament about the con
cept of dose equivalent, the risk factors and the weighting 
factors based on these risk factors. In addition, environ
mental aspects of radiation protection have been given addi
tional emphasis since the Chernobyl nuclear accident.

The present paper outlines the developments in setting 
radiation standards within the general context of environ
mental protection principles in the Netherlands.

2. ENVIRONMENTAL PROTECTION PRINCIPLES

The basis for radiation protection is still formed by the 
Nuclear Energy Act, promulgated by parliament in I963 and in 
force since 1970. Several other sectoral environmental laws 
such as the Air Pollution Act, Surface Waters Pollution Act 
and more recently the Soil Protection Act have followed in 
the 1970s and 1980s. To harmonize the divergent procedures 
stipulated in the sectoral laws, the General Environmental 
Provisions Act was put into force in 1979- This law codi
fies, in terms of administrative procedures, the general ru
les and permits for installations, environmental quality 
standards and financial provisions.

In addition to the procedural integration a need was felt 
to develop a common basis for the protection standards in 
the separate sectors. To this end, a general policy has been 
announced which distinguishes between effect oriented stan
dards (environmental quality standards) and source oriented 
standards, such as emission and product standards.

An environmental quality standard, e.g. for a chemical 
substance or for an industrial plant, is an environmental 
quality objective which has been given the character of a 
general rule, whereby distinction is made between the 
target values and the maximum allowable values. The 
common link between the protection standards in different
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environmental sectors is thought to have been Found in 
the concept of risk.

The risk approach so far has been developed for pros
pective involuntary human risks [2]. The principles used 
are, however, intended to be applicable to the protection 
of other organisms or activities as well.

Risk has been expressed in the following ways:

Individual risk, i.e. the excess mortality for a critical 
group as a consequence of an event or a practice. No dis
tinction is made between late and acute effects.

The argument used in choosing the maximum allowable indi
vidual mortality risk is based on the consideration that a 
new activity or substance should not increase the risk of 
death from natural causes or an accident by more than 1%. 
The risk run by the least vulnerable group in the popula
tion (12-16 years old) amounts to 10"" per year. The maxi
mum allowable individual mortality risk is thus set to be 
10 - 6 per year. Practices or exposure levels accompanied by 
an individual mortality risk a hundred times lower, i.e. 
equal to or less than 10“° per year, are considered as 
negligible. Any risk below this target value is acceptable 
under all circumstances.

Group risk, i.e. the chance that a certain group of per
sons in a certain environment will simultaneously expe
rience the detrimental consequences of an undesired man- 
made event during a year. This novel concept is used espe
cially in determining the risks from accidents of which 
the societal consequences can be sizeablé.
Group risk must not be confounded with the risk associated 
with a collective dose.

The minimum size groups for which a group risk is used 
is the simultaneous occurrence of 10 deaths. A probability 
of 10”5 per year of an accident with a maximum of 10 
deaths is set to be the maximum allowable group risk level 
for new location bound activities, whereas the probability 
of 10“7 per year with 10 casualties is considered to be 
negligible.

A heavier weight has been assigned to the larger number 
of victims, whereby a consequence n times greater 
corresponds to an allowable probability n^ times smaller,
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FIG. 1. Criteria for group risk in the form o f a complementary cumulative frequency distribution for 
prompt fatalities.

in order to deal with the risk aversion. Thus, for events 
with 100 deaths, the maximum allowable group risk is as 
low as 10“7 per year.

The target and maximum allowable values for the group risk 
can be seen from a diagram showing the complementary cumula
tive frequency versus the corresponding number of casualties
(F-N plot, Figure 1). The risk criteria form straight lines
with a slope of -2 on a log-log scale in such a plot.

It should be emphasized that the group risk pertains to im
mediate deaths, such as those due to radiation syndrome. In
clusion in the definition of the group risk of late effects 
such as cancer which may develop owing to exposure to carci
nogenic agents, is at present under discussion.

- Risk resulting from detrimental effects with a threshold va
lue is limited through the concept of the safety factor (SF) 
with respect to the no-effect-level (NEL).

Table I presents an overview of the maximum allowable levels 
and the negligible levels for three kinds of risk.
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Tabel I. MAXIMUM ALLOWABLE AND NEGLIGIBLE LEVELS OF THREE 
KINDS OF RISK FOR HUMANS
(NEL = No-Effect Level; SF = Safety Factor)

Nature of the risk Maximum allow
able level

Negligible
level
(target value)

Individual risk resulting from 
effects without threshold value

Group risk - chance of accident 
with 10 deaths

Risk of health effects resulting 
from effects with a threshold 
value

10-6/a

10-5/a

Concentration 
corresponding 
to NEL/SF

10-8/a

10-7/e

1/100 x cone, 
corresponding 
to NEL/SF

Major accidents may have impact not only on human life but al
so on environmental quality. The indicators describing the de
gradation of environmental quality are not yet fully developed. 
They may be related both to the ecological value (ecosystems) 
and to the economic value derived from environmental quality. 
For example, the aquatic environment can be seen as the source 
of economic goods, such as drinking water, food, etc.

The definition of the environmental risk, describing the pro
bability and degree of degradation of environmental quality, is 
still in the process of development.

3. COMPARISON OF RADIATION PROTECTION AND GENERAL ENVIRON
MENTAL PROTECTION PRINCIPLES

The new Dutch environmental risk management policy as 
described above is in the process of implementation and ex
tension at the national level. This is in contrast to the 
long traditions and a rather universal acceptance of the ra
diation protection principles and recommendations developed 
by the ICRP [3] - The recommendations of the ICRP have been 
adopted in the past by most industrialized countries, and in 
particular by the Netherlands, whereby the Basic Safety 
Standards of the Euratom Treaty serve as the mediator.

In view of the different paths of development it is not 
surprising that the general environmental risk management 
principles do not fully coincide with the principles of ra
diation protection.
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Table II. COMPARISON OF RADIATION PROTECTION AND GENERAL 
ENVIRONMENTAL PROTECTION PRINCIPLES

Aspect Radiation
protection

General environmental 
protection principles 
in the Netherlands

Justification Yes Yes, via environmental 
inpect assessment pro
cedures for certain 
activities

Optimization/ 
ALARA principle

Yes Yes, but not below 
the target value

Maximum allowable 
individual exposure

Effective dose equivalent 
of 1 rrtSv/a corresponds to 
a emulative risk of 
(1 to 2) x 10-5 a [̂ ]

Amual risk limit is 
10"6 for each single 
practice, source or 
carcinogenic substance

Natural background includ
ed in the exposure limit;

No Yes

Target value/de minimis No Amual individual risk 
of КГ8

Group risk No Yes

Ecological criteria Not explicity stated In development

Intervention levels for 
accident situations

Yes [9] No

A comparison of the two approaches in a number of aspects is 
shown in Table II.

Although Table II is self-explanatory, a few comments may 
be elucidating.

- The justification principle requires that a practice asso
ciated with exposure to radiation result in a net benefit, 
whereas the environmental protection principles put more 
emphasis on procedural aspects.

- Environmental risk management policy requires optimization 
to be carried out only between the maximum allowable value
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and the target or exemption value. In radiation protec
tion, the ICRP has so far not adopted a de minimis value, 
but several proposals have been put forward in the litera
ture or by organizations. In ICRP-publication 46 [5] it is 
stated that "a collective dose commitment lower than of 
the order of a man-Sv, made up entirely of annual indivi
dual dose equivalents less than 0.01 mSv, would be one ba
sis on which a source could be exempted".

- The maximum allowable risk limit for environmental risks 
is considerably lower than the risk associated with the 
ICRP dose limit for members of the public. However, the 
dose limit of 1 mSv/а is cumulative with respect to radio
active sources and radioactive substances. A radiological 
source upper bound, e.g., needs also to be lower than the 
cumulative dose limit.

- During the acute phase after the Chernobyl accident the 
emergency reference levels as described in the Nuclear 
Emergency Decree were not applied in the Netherlands, 
mainly because these levels, formulated in 1 9 7 5 . were set 
for near field situations. Moreover, the attitudes of the 
public and the government on emergency reference levels 
have undergone a change since 1 9 7 5 - The government reques
ted the Health Council of the Netherlands in 1982 to re
port on this matter. In 1986,the Health Council published 
guidelines on intervention levels [6], mainly based on the 
international recommendations [7~9]»
The Netherlands will implement the EG recommendations on 
radioactive contamination of foodstuffs after an acci
dent. Besides the intervention levels for foodstuffs, 
other intervention levels shall be established. This will 
be done within the scope of a project on National Nuclear 
Emergency Planning and Preparedness which started in 
19 8 7. The following interventions will be considered: 
sheltering, iodine prophylaxis, preventive evacuation, 
early (within 24 hours) evacuation, late evacuation, relo
cation, re-entry, restriction of foodstuffs in the near 
field, tapwater restriction and animal fodder restriction.

Similar intervention levels for accidents or other unanti
cipated situations have not yet been developed in the con
text of the general environmental risk management policy.

It should be emphasized that the comparison in Table II is
schematic only. Certain nuances, limitations or exclusions in
both systems are not elaborated. For example, the dose limit
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recommended by the ICRP does not include medical doses, whe
reas the annual risk limits of the Dutch environmental risk 
management policy do not apply to such traditional risk sour
ces such as traffic accidents, emergencies of natural origin 
such as inundations, and voluntary risks such as active smo
king.

4. THE RADIATION STANDARDS PROJECT

The lack of a nationwide consensus on radiation protection 
policy, centred around the parliamentary debate on the imple
mentation of Euratom Basic Safety Standards, has been ampli
fied by the fears generated by and lessons learned after the 
Chernobyl nuclear accident. The parliament has requested the 
government to stiffen up and define in a more precise way the 
existing regulations derived from Euratom Basic Safety Stan
dards. In reponse to this request, the government has started 
a Radiation Standards Project. The aim of the project is 
threefold:

- To harmonize the approaches of radiation protection and ge
neral environmental protection;

- To reconsider the system of radiation protection in such a 
way that inconsistencies and lack of transparency, as seen 
by citizens and scientists, are reduced to a minimum;

- To incorporate, or mutually harmonize, a number of specific 
radiation standards projects which are under development.

These specific radiation standards projects include the 
following topics, for some of which a scientific basis had 
been prepared by previous recommendations of the Health Coun
cil :

(a) Intervention levels for nuclear accidents [6]
(b) Controllable forms of natural background radiation [10,

11], such as:
- The radioactivity content of fly ash products, especi

ally in building materials
- Radon in dwellings
- Emissions of non-nuclear process industries

(c) Discharges of radionuclide laboratories in medicine and 
industry [12]

(d) Maximum allowable levels for environmental paths and com
partments, including the strategy and trigger levels for 
monitoring [1 3 ]

(e) Disposal of radiactive wastes.
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The present programme will result in a comprehensive poli
cy position on radiation protection standards. The programme 
will certainly need to be confronted with the similar inter
national developments which are underway at present.
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DISCUSSION

(Discussion held on the papers in Session 9)

Paper IAEA-CN-51/85

A. VUORINEN: In developing derived intervention values (say, 1000 Bq/kg) 
for food, has attention been focused on more or less permanent contamination (long 
term contamination such as might result from a dilution process following an acci
dent) or on transient contamination?

B.W. EMMERSON: Derived intervention level values for application to food
stuffs are normally established on the basis of the projected dose equivalent that 
would be committed in the first year of exposure. This is the approach that was 
followed by the World Health Organization in preparing their current intervention 
guidance. Because the contamination concentration will, in practice, decrease with 
time, the resultant dose equivalent commitment in succeeding years will normally be 
significantly less than that for the first year, and no separate derived intervention 
level values for these succeeding years are considered necessary. In the unlikely 
event that the contamination levels persist without significant reduction, competent 
national authorities should treat such cases individually, on merit, using established 
optimization procedures to determine whether a reduced value of derived intervention 
level is warranted after the first year of exposure.

Although the interim advice prepared by the Food and Agriculture Organization 
of the United Nations in December 1986 specified that for the years subsequent to 
the initial year of exposure the action level should be reduced by a factor of five, in 
their revised advice, prepared in conjunction with WHO, no reduction factor is 
recommended.

A.T. BAYOU: I would like to know whether standardized sampling techniques 
and minimum requirements on detection (or monitoring) systems are internationally 
recommended for foodstuff contamination measurements either during nuclear emer
gencies or for subsequent years.

B.W. EMMERSON: In 1966 the International Atomic Energy Agency pub
lished guidance on environmental monitoring in emergency situations (Safety Series 
No. 18). This included emergency monitoring procedures and equipment, together 
with some data on detection limits. This publication is now being completely revised 
and broadened to take into account developments over the intervening years in the 
principles and practice of monitoring for the immediate protection of the public 
following a major nuclear accident. This revision, which is expected to appear in 
1989, will pay particular attention to monitoring in the early and intermediate phases 
of an accident, and in those areas where preventing non-stochastic effects and limit
ing individual stochastic risk is of prime concern. It will include a review of rapid 
methods for sample assessment, and of appropriate monitoring and measurement 
systems.
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For more general application to environmental monitoring, including monitor
ing in those areas where the main concern is contamination of the food chain, the 
IAEA will publish, in late 1988, a guidebook on the measurement of radionuclides 
in food and the environment (Measurement of Radionuclides in Food and the 
Environment, A Guidebook, Technical Reports Series, IAEA, Vienna (in prepara
tion)). This is a compendium of reliable methods for radioactivity measurements, 
including procedures for sample collection, preparation, analysis and quality control. 
The report will also serve as background material for the planning of training courses 
or programmes for radionuclide measurements in food and environmental samples.

Y. NISHIWAKI: When the radioactive contamination from the Chernobyl 
accident spread to Austria, I happened to be at one of the monitoring centres in 
Vienna. In the light of my discussions on the matter with Austrian colleagues, I think 
that radioactive contamination problems of the Chernobyl type should be considered 
in terms of an acute phase and a chronic phase. During the acute phase, it is very 
difficult to know to what extent radioactive contamination will increase and for how 
long, and how widely it will spread. In the early stages, atmospheric contamination 
is the most important consideration. Without knowing how large a dose will be 
received from inhalation, external irradiation and so on, it is difficult to decide in 
advance the protective levels that should be prescribed for ingestion or the control 
of foodstuffs. If the contamination area is small, strict measures may be possible; but 
let us suppose the area is larger than a single country: one must still use drinking 
water and milk for survival, even when contamination levels are somewhat higher. 
We must consider a balance between the radiation risk and the risk due to prohibition 
of consumption. In the chronic phase, when one knows the source, area and degree 
of contamination, one may have ample time to discuss the matter. For this period, 
international recommendations would be useful in order to avoid confusion among 
the countries concerned. In the acute phase, air and water contamination is more 
important. Contamination of foodstuffs is mostly limited to the surface. In the chronic 
phase, the radioactive contamination will have been absorbed to some extent by 
plants and animals, and the contamination mode is then different from that prevailing 
in the acute phase. We must consider these differences.

F. LUYKX (Chairman): It is for this reason that in the Commission of the 
European Communities’ regulations we have foreseen, for the first 3 months follow
ing an accident, foodstuff contamination limits which are immediately applicable; 
this will provide time in which to examine the situation and, according to the circum
stances of the accident, new values can then be fixed for subsequent application.

B.W. EMMERSON: The comments made by Y. Nishiwaki illustrate the need 
for adequate pre-planning, including the establishment of derived intervention levels 
that can be applied should a country be subject to a transboundary release of radio
active materials. However, when applying such pre-established levels for determin
ing the need for protective measures, in the post-accident period, it is necessary to 
distinguish not only between the acute and chronic phases, but also between measures 
designed to prevent non-stochastic effects or limit the stochastic risk to individuals,
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and those aimed, primarily, at reducing the potential collective effective dose 
equivalent commitment. Need for the former measures will be limited to the area 
within a relatively short distance from the accident release point, sometimes termed 
the ‘near field’, whereas the latter measures for reducing the collective dose can 
apply to large distances (the ‘far field’), to large populations, and may need to extend 
over long periods of time. In either phase, in the ‘far field’ area, where the major 
concern is reducing the overall detriment to society rather than limiting the risk to 
the individual, the criterion for introducing protective measures should be whether, 
in their absence, the intervention level of dose is likely to be exceeded. Even though 
the contamination level of a particular foodstuff may exceed, for a brief transient 
period, the established derived intervention level, unless it can be demonstrated (for 
example, by cost-benefit analyses) that the protective measure will result in a clear 
cut reduction in dose, its introduction is unlikely to be justified. Unfortunately, over 
the past 2  years we have seen all too many examples of costly and cumbersome 
protective measures being introduced as a result of such transient situations, without 
due consideration as to whether they would result in any significant benefit.

Paper IAEA-CN-51/53

H. BRUNNER: I would like to comment on food control and derived interven
tion levels. Chernobyl showed that derived intervention levels tend to become 
‘magic’ figures and then strict limits, and after a short time nobody remembers on 
what basis they were derived. Switzerland had developed, prior to the Chernobyl 
accident, a flexible concept for food control. The situation in Switzerland is complex, 
with 26 regional (cantonal) governments in M l charge of food control, and with 
widely differing food production and consumption patterns according to region and 
time of year. The control measures, therefore, have to be adapted to the actual situa
tion more or less from week to week. The solution to this problem has been to provide 
each canton with an analysing laboratory, and for the federal authorities to set a 
recommended dose commitment level for the individual as a consequence of a 
particular accident. The evaluation programmes of the regional laboratories provide 
not only the activity concentration of the samples, but also the dose commitment per 
kilogram consumed, thus making it easy to estimate the individual dose commitment 
o f the following week’s actual ‘food basket’ and to adopt the necessary control or 
corrective measures.

H. JAMMET: In this connection, the problems encountered at the local level 
are completely different from those which affect the movement of foodstuffs on an 
international level.

M. SOHRABI: B.W. Emmerson and H. Jammet have both presented very 
interesting papers on the sensitive and important subject of intervention levels for the 
consumption of, and international trade in, foodstuffs. In my view, however, the 
application of 600 and 370 Bq/kg as intervention levels (as mentioned by 
B.W. Emmerson), while very convenient in the case of food exporting countries, is
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not convenient — and may even be unacceptable — in the case of countries which 
have to import a large part of their food. Here, the public is reluctant to consume 
food containing such high levels of activity, especially if the importing country is 
otherwise affected only slightly by the accident.

On the other hand, we may not have reliable information about how much radio
activity the public has received during or after the accident. Since radiation protection 
overall is based on conservative concepts, other parameters should also be taken into 
account. Although it is not appropriate to apply a single international intervention 
level worldwide, such a value could nevertheless serve as a guide to assist each 
country in determining its own levels. The Radiation Protection Department of the 
Atomic Energy Organization of Iran has handled some 20 000 food and environmen
tal sample measurements over the past 2  years, and has found that many problems 
arise through the use of a single level. Iran has therefore been using two levels, 
namely, a lower level below which food products can be imported and consumed, and 
a higher one above which they must be immediately rejected. Between these two 
levels, acceptability can be determined on the basis of justification and optimization, 
depending on the circumstances. In Iran we have been applying this approach with 
success.

H. JAMMET: In response to your comments, I would like to quote a few 
figures. In the case of 137Cs, the value 5 mSv/а — which is that considered by the 
ICRP to be acceptable for every year of a person’s life — corresponds to an annual 
incorporation of 500 000 Bq. Within the European Community the value, calculated 
by optimization, for the non-consumption and destruction of food products is 10  mil
lion Bq/a — a figure far in excess of 600 Bq, which is really very small. Indeed, 
5 mSv is not a high value at all, especially if one considers that human beings receive 
natural radiation at a rate of between 2 and 50 mSv, and sometimes up to 100 mSv/a. 
In the light of such a comparison I feel that there is no cause for concern over levels 
in the order of a few hundred or a thousand becquerel.

G.M. HASSIB: Since Chernobyl, most countries have been monitoring their 
imported foodstuffs for radioactive contamination. My question is: When can we 
stop?

H. JAMMET: The reference levels are established for a period of 1 year 
following an accident. In subsequent years they decrease rapidly.

K.S. PARTHASARATHY: There have been only two reactor accidents involv
ing appreciable releases of radioactivity, namely, Windscale and Chernobyl. In the 
case of the latter, all the scenarios we have discussed so far are valid, since the 
reactor was effectively entombed within a few days. If, however, such action had 
been technologically impossible or had subsequently failed, with the fire continuing 
to rage, the situation would have been very different.

H. JAMMET: The total radioactivity of any nuclear reactor is limited, and the 
percentage of radionuclides emitted varies according to their physico-chemical 
properties. Any decisions taken have to be pragmatic — in other words, based on the 
real, measured levels of radioactivity.
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D.J. BENINSON: If I understand rightly, K.S. Parthasarathy is asking what 
course of action would have been necessary had the accident evolved differently and 
given rise to levels that failed to comply with any of the reference levels that have 
been presented here. In this connection, I think the key issue has already been raised 
by H. Jammet. This is not a dose limit situation at all: by this I mean that you are 
not planning to release radioactive materials into the environment, but rather, you 
fin d  them there. The only decision that then matters is whether or not to introduce 
a remedial action. In this connection, even if all the world’s food were contaminated 
to a higher level than the 1% mentioned by H. Jammet, we would, of course, still 
eat. What we do invariably boils down to a decision on whether a proposed action 
will do more good than harm, that being the justification for any countermeasure. The 
first task, therefore, is to determine whether a given countermeasure would improve 
the situation or not, after which optimization is applied to determine the level at 
which that countermeasure must be set. It is very likely that in these other scenarios 
the level would be higher. The assessments that were mentioned all lay in the region 
of 1 to 10 mSv/а as the result o f optimization. This was the best entry point for the 
countermeasure as far as doing the maximum good was concerned.

Paper IAEA-CN-51/81

D.J. HIGSON: With regard to the collective risk criteria displayed in the form 
of complementary cumulative distribution function graphs, I would like to ask 
whether these criteria apply, as I believe they do, to deaths from acute health effects 
only. If they applied also to delayed cancer deaths, and the number of cancers were 
calculated on the basis of the linear hypothesis, I do not believe that a nuclear power 
station could be built in the Netherlands. In fact, I doubt that even a research reactor 
would be acceptable, or that the Netherlands would accept a nuclear power station 
anywhere else in Europe.

B. BOSNJAKOVIC: These criteria do indeed apply, at this time, to acute health 
effects only. But they include injuries which lead to death, such as radiation sickness 
and bums.

D.J. HIGSON: Can you explain how the criteria are derived? I believe that the 
resulting slope of -2  on the log-log scale is much too steep, and that about -1 .3  to 
-1 .5  would be more appropriate. I also believe that a curve instead of a straight line 
should be considered.

B. BOSNJAKOVIC: The slope of -2  for the group risk criteria is based on the 
premise that á consequence n times greater should correspond to an allowable 
probability which is n a  times smaller, with a  larger than unity. The smallest integer 
larger than 1 is 2, but of course there is some arbitrariness in this choice. It may be 
worthwhile investigating whether a value of a  between 1 and 2  would be a more 
attractive policy choice.
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General

A. TURRICCHIA: This is a conference on radiation protection, and not much 
has been said about nuclear safety. However, if one component of the risk is dose 
(or contamination), the other component is probability which, in turn, is determined 
by the reactor’s safety level. To gain a better perspective of the situation we must 
ask how often it will be necessary to mount a post-accident contamination control 
procedure such as that which followed Chernobyl. If  we attribute a working life of 
25 years to each of the 400 or so reactors currently in operation, we end up with a 
total of 10 000 reactor-years. In a good modern reactor, the probability of core melt
down is less than 1 0 '5 a -1, while the probability of a major environmental release 
is less than 10' 6 a*1. Thus, if all the world’s reactors were of high quality and well 
operated, the overall probability of a situation, requiring the application of a contami
nation control procedure would be about 1 % — a figure which might be considered 
tolerable. Unfortunately, there are reactors operating in countries around the world 
where there is not such a high level of safety and for which the probability of a gross 
release is, perhaps, up to 100 times greater. The potential for a contamination situa
tion similar to Chernobyl then becomes a high probability event. It is necessary, 
therefore, to set a minimum reactor safety level of worldwide applicability if we want 
to ensure that major contamination events are of acceptably low probability. Other
wise, there is a risk that accidents will occur with excessive frequency, resulting in 
significant consequences, not only in the country in which the accident originates, but 
also in those countries where reactors are well built and well operated. This would 
then give rise to public pressure to shut down all reactors, since, in the eyes of the 
general public, they are all alike.
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Abstract

THE CHERNOBYL EXPERIENCE IN THE CONTEXT OF CURRENT RADIATION PROTEC
TION PROBLEMS.

Recommendations for the further improvement of radiation protection in connection with large 
scale radiation accidents are made on the basis of the experience gained in dealing with the consequences 
of the accident at Unit 4 of the Chernobyl nuclear power plant, particularly in its early stages. Many 
large scale measures to localize and deal with the consequences of the accident were successfully 
planned and efficiently implemented thanks to arrangements which had earlier been developed in the 
USSR for radiation protection of the population in the event of an accident at an atomic reactor — includ
ing radiological criteria for the adoption of measures to protect the population and a number of regula
tory documents and guides. This made it possible to take timely decisions regarding evacuation of the 
population from Pripyat’ and the whole 30 km zone, the application of iodine prophylaxis, the intro
duction of stringent restrictions and radiation monitoring in the most contaminated areas, a ban on the 
consumption of whole milk, restrictions on grazing of dairy cattle, the introduction of regular monitor
ing of foodstuffs for radioactive contamination as well as quality controls on food products, their 
reprocessing and utilization, the removal of children and pregnant women from towns and villages close 
to the Chernobyl plant for summer holidays in 1986 and 1987, etc. The effective and strict system of 
measures to ensure the observance of norms and regulations which was implemented with the help of 
tens of thousands of scientists and experts from various ministries and departments in the USSR, and 
which involved carrying out millions of dosimetric and radiometric measurements in a short period of 
time, made it possible to obtain a reliable prognosis of radiation conditions in these areas and to take 
steps to protect the population against radiation. The problems which arose during large scale monitor
ing of the population and the environment are examined as well as the methods used to solve them (the 
use for monitoring purposes of all available radiation monitoring instruments; stringent standardization 
of their use, taking into account possible areas of application, and calibration allowing for the charac
teristics of the radiation recorded; improvement of methods for retrospective evaluation of internal and 
external exposure doses; use of methods based on ‘dosimetry without dosimeters’; development of 
temporary regulations for quality inspection of food products, contaminated beyond permissible levels; 
radiation monitoring of roads, buildings, transport and everyday articles).

The experience gained from the major operation to deal with the consequences 
of the accident at Unit 4 of the Chernobyl nuclear power plant continues to be 
analysed carefully, and useful lessons are still being drawn from it.

Among the many aspects of this problem, further improvement of the radiation 
protection system to be applied in the event of major radiation accidents is of 
particular interest and significance.
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The objective of the paper is to discuss a number of problems in this area arising 
from the events at Chernobyl. This attempt is based on personal experience gained 
from direct involvement in the management of the accident, particularly in the early 
stages, and experience in providing scientific guidance on the biomedical aspects of 
the problem.

First, it should be stressed that the planning and implementation of many of the 
large scale measures to localize the accident at the Chernobyl plant and to deal with 
its consequences were based on a radiation protection system which had already been 
developed earlier in the USSR to cope with an accident at a nuclear reactor. An 
important part of this system was a set of radiological criteria governing the adoption 
of measures to protect the public in the event of an accident at a nuclear reactor, 
which had been developed by myself and my colleagues in the 1960s (Table I) [1].

In accordance with these criteria (A and В in the table), the whole system of 
emergency measures to protect the public is determined by the external gamma and 
thyroid dose limits foreseen for children. The levels under criterion A are 0.25 Gy 
and 0.25-0.30 Gy, and under criterion B, 0.75 Gy and 2.5 Gy. If the dose limits for 
criterion A are not reached, the protective measures are not extensive enough to 
disrupt the daily life of the population.

If the radiation exposure level exceeds criterion A but does not reach B, protec
tive measures, including evacuation of the population, are taken on an ad hoc basis, 
in the light of the actual situation. If it is predicted that criterion В will be reached, 
it is essential to adopt emergency measures and, first and foremost, to evacuate the 
population from the exposure zone. The main task in the early stages of the accident 
was to avoid exposure of the population within the A-В  range and in any case to 
prevent whole body gamma exposure of the population outside the evacuation zone 
from exceeding 100 mSv during the first year after the accident. The decision to 
evacuate the town of Pripyat’ was taken not when the exposure level of the population 
had reached or exceeded level A, but when predictions of the radiation situation 
showed it was possible that level A might be exceeded [2]. In practice, it turned out 
that as a result of the evacuation of the population of 45 000 from Pripyat’ and the 
population from the zone of 30 km radius around the plant, individual total exposure 
doses for the town’s inhabitants were generally about 15-50 mGy, whereas for some 
of the inhabitants (doctors, militiamen, municipal workers — those who spent long 
periods of time outdoors) the average individual gamma dose was 130 ±  30 mGy. 
In evacuating the population from the 30 km zone, there were only a few towns and 
villages (Tolstyj Les, Kopachi and a few others) where, owing to continuous varia
tions in the radiation conditions, it was not possible to prevent all the inhabitants from 
receiving doses above level A However, the radiation burden for these people did not 
reach level B. Thanks to timely iodine prophylaxis, the thyroid dose commitment for 
97% of the children from Pripyat’ was less than 0.3 Gy; for 2% it was 0.3-1 Gy; 
and for less than 1% of children it was 1.1-1.3 Gy. As part of the accident manage
ment operation, an emergency standard of 0.25 Sv for whole body exposure was 
immediately introduced in the 30 km zone. Wide scale medical examinations involv-
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TABLE I. CRITERIA FOR TAKING DECISIONS ON MEASURES TO 
PROTECT THE POPULATION IN THE EVENT OF A REACTOR ACCIDENT 
(APPROVED 4 AUGUST 1983) [1]
(Two radiation intervention levels — A and В — have been established as the criteria  

fo r  decisions on measures to protect the population)

Nature of exposure
Level of exposure 

A В

External gamma radiation (rad)a 25 75

Thyroid exposure due to intake of radioactive iodine (rad) 25-30 250

Integrated concentration of l31I in air [((¿Ci-d)/L]b
Children 40 400
Adults 70 700

Total intake of 13'i with food (/¿Ci) 1.5 15

Maximum contamination by I3II of fresh milk (¿iCi/L), or
of daily food intake (ßCi/d) 0.1 1

Initial l31I fallout density on pasture (¿tCi/m2) 0.7 7

a 1 rad = 1.00 x  10'2 Gy. 
ь 1 Ci =  3.70 X 10ю Bq.

If exposure or contamination does not exceed level A, there is no need to take emergency 
measures that involve the temporary disruption of the normal living routine of the public.

If exposure or contamination exceeds level A but does not reach level B, it is recommended that 
decisions be taken on the basis of the actual situation and local conditions.

If exposure or contamination reaches or exceeds level B, it is recommended that emergency 
measures be taken to ensure the radiation protection of the public: the public should immediately seek 
shelter indoors; time spent outdoors should be restricted; on the basis of the actual situation, rapid evacu
ation should be organized; prophylactic iodine should be distributed; the use of contaminated products 
in food should be banned or limited; dairy cattle should be switched to uncontaminated pasture or 
fodder.

ing about one million people revealed no cases of acute radiation sickness among the 
population examined. With the exception of those affected at the site of the Chernobyl 
plant itself at the time of the accident (237 persons with a diagnosis of acute radiation 
sickness), no case of radiation sickness was found in those involved in the accident 
management operation.

Thus, the experience of providing radiation protection for the public and those 
involved in dealing with consequences of the accident within the 30 km zone in the 
early stages after the accident, and even more so at subsequent stages, demonstrated 
the vital role of pre-established exposure regulations to provide guidance for those 
responsible for taking decisions under such complicated and difficult circumstances.
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In addition, an effective system for rapid monitoring of the observance of these regu
lations is just as important. It was only by ensuring such observance that cases of 
human overexposure could be virtually excluded.

The Chernobyl accident posed a number of very difficult problems, so that 
decisions about radiation protection measures required not only a high level of 
organizational efficiency but also the ability to make on the spot recommendations. 
The main reason for this lay in the special nature of the accident at Unit 4, charac
terized, as we know, by two main events: the explosive rupture of the core contain
ment and the graphite cladding fire which released gaseous aerosols containing large 
amounts of radioactive material into the environment over a period of ten days [3].

All these factors, together with highly changeable weather conditions in the 
accident area, led to serious radioactive contamination of a number of regions.

Given these circumstances, the most important factor for obtaining an overall 
assessment of the radiological conditions, and for organizing and implementing, 
wherever necessary, measures to protect the population and the environment against 
radiation, was a health and environmental radiation monitoring programme carried 
out on an unprecedented scale. Thousands of scientists and specialists from various 
civil departments and representatives of the Ministry of Defence, as well as local 
subsections of the State Committee on Hydrometeorology, radiological teams from 
medical and epidemiological stations attached to the Ministries of Health in the Union 
Republics, the radiological services of the veterinary and agricultural supervisory 
authorities, etc., were promptly involved in these activities. In a short time, millions 
of dosimetric and radiometric measurements were carried out and then analysed; 
conclusions were drawn locally, at regional centres and by the scientific methodology 
section of the State Commission.

Although this vast programme of work was, on the whole, effectively carried 
out, many problems and questions arose. Below we consider some of the problems 
which should be noted in the interest of further improvements to the radiation 
monitoring system.

First, all available dosimetric equipment and radiometric facilities were used.
Experience has shown that this equipment should be further standardized, more 

strictly regulated with regard to possible applications, and that sensitivity thresholds 
and limits in relation to accident conditions should be determined more accurately. 
It is important that instrument readings should be appropriate to the characteristics 
of the radiation recorded, and that the instruments themselves should be compact and 
simple to use. One essential step is to standardize the measuring scales of these instru
ments in accordance with the system of units adopted.

It is also particularly important to develop better methods for retrospective 
determination of absorbed doses in the human body following external and internal 
exposure. We saw once again that the methods known as ‘dosimetry without 
dosimeters’ are very promising for the reconstruction of absorbed doses from exter
nal exposure (e.g. by electron spin resonance or radiolyoluminescence signals in 
different materials, including samples of hair, nails, tooth enamel and clothes). The
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doses to three persons who died from radiation sickness were determined at our 
Institute by measuring the ESR signal from tooth enamel and gave a close correlation 
with the severity of the damage suffered. The Chernobyl accident demonstrated the 
importance of assessing the dose to exposed areas of human skin. For instance, the 
results obtained with multilayer thermoluminescence dosimeters developed at our 
Institute [4] for measuring doses of beta and low energy gamma radiation absorbed 
in the skin suggest that such dosimeters should be included in the emergency 
individual dose monitoring system.

Second, the amount and frequency of the monitoring that has to be done can 
vary a great deal, depending on the particular radiation situation that develops. For 
example, 131I is known to have been the dominant reference radionuclide in the 
environment and in foodstuffs during the first few days or weeks after the accident. 
In a very short time, methods of measuring 131I in environmental samples were 
established for those cases where it was not possible to perform gamma spectrometry 
measurements (because of the enormous number of samples and the shortage of 
gamma spectrometers at sites such as farms and other places where it was necessary 
to draw tentative conclusions about, say, the radioactivity in milk samples). The 
methodological problems of making mass measurements of the intensity of gamma 
radiation from the thyroid (exposure dose rate) were solved for cases where portable 
gamma radiometers were used. Models were developed for calculating individual 
thyroid doses from inhalation of radioiodine, allowing for different living conditions 
in the contaminated area and different patterns of consumption of dairy products, and 
including the necessary tabular data with numerical values for the parameters used 
in the calculation formulas.

Thus, the Chernobyl accident required a large number of different measure
ments of radioactivity in environmental objects and samples of environmental 
objects, and also measurements on the human body. In particular, lifetime 131I, 
l34Cs and 137Cs concentrations in the body were measured in more than 600 000 
persons. This vast mass of data, given the calculational methods of evaluation avail
able, made it possible to classify population groups according to exposure levels and, 
on this basis, to take the necessary sanitary, medical and organizational measures to 
normalize the situation and to mitigate the radiological impact.

The main conclusion drawn from this experience is that the whole system of 
dosimetric and radiometric monitoring, and also the volume of control performed in 
the wake of a major accident, must be further improved.

Before the Chernobyl accident, both in the USSR and in other countries, regula
tions governed only the annual limits on the intake of radionuclides in food products. 
There were also regulations governing the maximum permissible concentrations 
(MPCs) of nuclides in drinking water (Standards of Radiation Protection SRP-76). 
On the other hand, there were no regulations governing radionuclide concentrations 
in individual foodstuffs. A standard for 13,I was specified in the event of an accident 
(the thyroid dose for children should not exceed 300 mSv). This requirement was met 
with a limit on the permissible concentration in milk of 3700 Bq/L.
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After the Chernobyl accident, we needed a quick and efficient solution to 
problems associated with the assessment of radioactivity in foodstuffs, in the form 
of tests and, when required, prohibitions on the consumption of certain food 
products. Accordingly, standards (MPCs) were calculated and immediately 
introduced for the 131I content of medical raw materials and 24 food products, 
including dairy products (curds, sour cream, cheese, butter), leafy green vegetables, 
meat, poultry, eggs and berries, taking into account their actual contribution to the 
diet. Subsequently, late in May 1986, MPCs for 134Cs and 137Cs were introduced as 
well owing to the increased relative contribution of these nuclides to the contamina
tion of meat, milk and a number of other food products. These standards were calcu
lated on the basis of a permissible dose of 50 mSv to the whole body and internal 
organs over the first year following the accident. Temporary permissible levels for 
surface contamination (in buildings, transport, equipment, clothes, shoes, individual 
protection devices and skin) were calculated and approved to prevent additional inter
nal and external exposure of people and to prevent the anthropogenic escape of radio
active materials from the 30 km zone. Moreover, corrected permissible levels of 
contamination were adopted for the ground surface and external and internal surfaces 
of buildings after decontamination work had been carried out. To improve the system 
of controlling radionuclide concentrations in agricultural products, 28 regulatory 
documents were prepared governing procedures for the treatment, processing and 
final preparation of various livestock, poultry, fodder, fur products, etc.

The most difficult regulatory problems were encountered in making arrange
ments for radiation monitoring of roads, buildings, transport, everyday articles, and 
so on. For such large scale operations as these, we needed standards which were safe 
and at the same time realistic in the light o f the situation. As radiation conditions 
returned to normal, the standards set at the beginning of May 1986 were repeatedly 
reviewed with a view to greater stringency, the aim being to bring them closer to the 
SRP-76 values. In particular, after the main decontamination work on Units 1 and 
2 and the construction of the ‘tomb’ for Unit 4, we returned to the SRP-76 standards 
for beta particles for contamination of unit premises, and the SRP-76 standards for 
exposure of workers’ skin were set as permissible levels for the contamination of 
clothes at the edge of the 30 km zone. On the whole, the experience of setting stan
dards and organizing radiation monitoring showed that, even in the event of such a 
major accident, the measures taken — scientifically founded as they were — made 
it possible to prevent the spread of radioactive material beyond the boundaries of the 
30 km zone, to reduce very substantially the danger of contamination of people, their 
belongings and houses: all this was achieved through a massive and extremely labori
ous decontamination operation which, together with other public health measures and 
practical actions, greatly mitigated the adverse effects of the accident. One of the 
most important things was the establishment of a temporary dose limit for exposure 
of the public in areas with high radiation levels.

This limit for exposure of the public in the event o f a full design basis accident 
was taken as an individual dose limit of 100 mSv, introduced as a temporary limit
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for the first year after the accident. Later, the State Committee on Radiation Protec
tion introduced a stricter standard, namely 30 mSv, for the second year after the acci
dent. These regulations formed the basis for protection during the vast amount of 
work performed under the accident management programme.

From analysis of the actual data, with allowance for all the protective and 
preventive measures taken, it is possible to draw the following conclusions. Average 
individual doses for the critical population groups living in the regions under strict 
control did not exceed the basic temporary dose limits set for the first and second 
years after the accident (100 and 30 mSv, respectively). Also, external gamma doses 
to the population living permanently in the contaminated areas did not exceed 50 and 
15 mSv, respectively, for 97% of the inhabitants. Internal doses from incorporated 
radioactive caesium did not exceed 50 mSv for the first year and 20 mSv for the 
second year after the accident for 99% of the population, and in approximately 90% 
of the inhabitants of the regions under control they did not exceed 10 mSv, either for 
the first or second year after the accident.

In other words, the doses received by the majority of the population in the 
regions under control proved to be less than half the temporary dose limits in the first 
and second years after the accident (for about 95 % of the population in the first year 
and 90% in the second year). Concentrations of caesium in the bodies of those living 
in the controlled regions were 2-5 times lower in the summer of 1987 than in the 
summer of 1986, and in some cases the difference was measured by factors of 7 to 10.

Finally, in 1987, the contribution of internal exposure to the total dose showed 
a more marked tendency to decrease, as it did not exceed 20-30%.

On the whole, the measures taken brought a 5 to 20 fold decrease in the antici
pated thyroid dose burden for children, a 1.3 to 2.5 fold decrease in the external 
gamma dose (depending on age and occupation), and a 10  fold or greater decrease 
in internal doses.

These special measures included essentially:

(1) Evacuation of the population from the 30 km zone, including Pripyat’
(2) Establishment of a 30 km circular zone around the Chernobyl plant site with a 

strict system of restrictions and radiation monitoring to prevent anthropogenic 
transfer o f radioactivity from the ‘contaminated’ zone to ‘clean’ areas

(3) Prophylactic administration of stable iodine compounds to those dealing with 
the consequences of the accident, to the population of Pripyat’ and the popula
tion of regions bordering upon the 30 km zone

(4) A ban on the consumption of whole milk, restrictions on the grazing of dairy 
cattle or transfer to uncontaminated pastures or fodder, monitoring of radio
activity in foodstuffs and quality inspection, processing and utilization of food 
products

(5) Decontamination of population centres and adjacent areas
(6) Evacuation of children and pregnant women from these centres for health holi

days in the summer of 1986 and 1987
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(7) A complex of measures aimed at replacing, in a number of areas, local food
products by products imported from elsewhere

(8) Agrotechnical and agricultural land improvement measures.

All these measures, as stated above, brought a significant decrease in the doses 
to the population (from both external and internal radiation).

Thus, our experience of regulating permissible reference levels of environmen
tal contamination and permissible dose limits for exposure of those involved in the 
accident management operation and of the population in the region affected by the 
products of the accidental release showed that this aspect of radiation protection was 
of vital significance in determining the accident management strategy and in provid
ing a reasonably achievable reduction in the exposure of different groups of people.

In addition, the experience of carrying out the above and other measures clearly 
demonstrates that, given radioactive contamination of areas covering thousands of 
square kilometres, it is extremely difficult to deal with a problem such as external 
gamma radiation, especially after the radiation conditions have become relatively 
stabilized. Unlike the more ‘controllable’ problem of internal exposure, as can be 
seen from the above estimates, the methods of dealing with external gamma irradia
tion depend primarily on the decontamination of the human environment. In contrast 
to the decontamination work at the plant site and immediately adjacent areas, the 
decontamination of population centres, forests, fields and farms must obviously rely 
on mechanical removal of the radionuclides without the benefit o f any special decon
tamination solutions containing active chemical components.

The most difficult part of the complex and laborious decontamination work (it 
is sufficient to indicate its scale — see Refs [3-7]) was decontamination of forests.

Nevertheless, decontamination work is continuing, with due allowance for the 
characteristics of the objects to be treated. It should be stressed that a further decrease 
in gamma dose rates will depend largely on vertical migration of nuclides in the soil; 
this will involve deep ploughing, wherever possible, among other things.

It might be worth mentioning that the possibility of soil decontamination as a 
result of large scale uptake of radionuclides (including l37Cs) by the aerial parts of 
plants during the first few years after the accident must be considered as insignificant: 
the gamma dose rate is not substantially reduced thereby.

The problem of assessing the possible radiological impact of the accident on the 
population of the USSR has already been discussed [2, 7]. An analysis of field 
material and the corresponding calculations, taking into account the efficiency of the 
measures which have been taken and which are still being carried out, suggest that 
the collective effective dose equivalent commitment for the entire population is about 
326 000 man • Sv. If we take a non-threshold dose-effect relationship and the Interna
tional Commission on Radiological Protection (ICRP) risk factors [8] for stochastic 
effects, excess (additional) mortality from cancer may be expected theoretically to 
represent a few hundredths of a per cent of the spontaneous level, and the corres
ponding number of genetic defects in the first two generations bom of exposed
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Probit

FIG. 1. Probability distribution o f individual doses.

parents a few hundredths or thousandths of a per cent. Our data show a satisfactory 
correlation with more recent frequency estimates of expected late radiological effects 
of the Chernobyl accident on the population of Western Europe [9] and in the North
ern Hemisphere as a whole [10].

The basic data for calculations made in the USSR are presented in a series of 
figures. It should be stressed, first of all, that analysis of the actual and calculated 
relationships has shown a log normal distribution of individual doses irrespective of 
region; a typical distribution is shown in Fig. 1. Figure 2 shows a distribution for 
the whole population of the USSR according to the individual dose equivalent 
commitment, including a comparison with the analogous doses from natural back
ground radiation (but ignoring the increase in background radiation due to technolog
ical activities (see Fig. 3)). It is interesting to note that the individual dose equivalent 
commitment for the majority of the USSR population (about 250 million people) will 
be less than 1 mSv. Moreover, calculations suggest (see Fig. 4) that the ‘dose pres
sure’ contributed by this part of the population to the total collective commitment for 
the population of the whole country (278.8 million people) will not exceed 15%. 
Consequently, the example of Chernobyl shows that reducing the lower limit of the 
individual dose equivalent commitment to zero has virtually no effect on the collec
tive dose equivalent commitment. It is worth considering this conclusion in the light 
of the discussions at the ICRP meeting held in Como, Italy, in September 1987:



372 IL’IN

34
32
30
28

26
24
22

20

18

16

14

12

10
8
6
4

2
0

F 1

V , У

У У А , 7

У А 7 А

Г 7 1 У у
л р /

А л А А

А  
/  .

У У У У '/

У у 7 У А л У

71 7 7 У 7
У

'/

A У , У У У У У А

V 1 Л
У У 7 У 7 7 У

A у У У У у . У А , У

'/ 71 у У '/ 7 У У У У У

A A У 'У У У 'У У А У У А К ]

9 7 У '/ У '/

% \ !
'/ 7

л к A У У

ь

> /  

ь

А У У

У у У 7 7 У У У У

0.001 0.01 0.1 1.0 10 100 1000

Individual dose equivalent commitment (mSv)

FIG. 2. Distribution o f individual dose equivalent commitment fo r  the whole population o f  the USSR.

45

40

35

30

25

20

çr-*R
í 2

Г71 и \

££££££и£££?££и
Р 1 **

Р 1 ** * 2V

* *

% 15

10

0.001 0.01 0.1 1.0 10 100 1000
Individual dose equivalent commitment (mSv)

FIG. 3. Distribution o f collective dose equivalent commitment according to the individual dose 
equivalent commitment in the USSR.



IAEA-CN-51/76 373

Individual dose equivalent commitment (mSv)

FIG. 4. Distribution o f  the collective dose equivalent commitment from natural and accident exposures 
in the USSR.
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there, arguments were put forward in favour of setting a lower limit for individual 
dose equivalent commitment based on biologically significant levels of exposure. For 
many reasons, this approach seems to be more realistic than that currently used. One 
should also take into account the fact that the initial meaning of the collective dose 
concept made it a useful tool for solving radiation protection problems, but not for 
assessing the late effects of accident exposure.

If, in the context of our analysis, the lower level for individual dose equivalent 
commitment is taken to be 10 mSv (which constitutes only about 15% of the 
corresponding cumulative dose from natural background radiation), the following 
conclusions may be drawn: the expected excess of fatal cancers will mark a 0.23% 
increase over the spontaneous level (Fig. 5) (for a population of 7.5 million, the 
collective dose equivalent commitment will be 2 .2  x  1 0 5 man-Sv), and the abso
lute number of predicted cases of cancer will be 30% less than the initial estimates 
for a population of 280 million people.

Finally, as can be seen from these calculations, existing epidemiological 
methods would fail to register the above malignant tumour excess.

In conclusion, it should be noted that a large number of radiation protection 
problems highlighted by the Chernobyl accident have not been touched upon in this 
report. The problem of radiation phobia is one of these, and it continues to play an 
important role.

There is still a great deal o f work to be done in this area.
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Abstract

DOSES OF 131I INHALED AND INGESTED BY THE POPULATION IN HUNGARY AFTER THE 
CHERNOBYL ACCIDENT.

Within the framework of the extended internal contamination monitoring programme, measure
ment of 13II activity in the thyroid was carried out in Budapest using a whole body counter and in the 
country using collimated thyroid monitors. The m I activity was followed for about 50 days after the 
accident. The frequency distribution of activity in the thyroid was found to be log normal. Model calcu
lations were made to describe the time variation of the measured values, assuming successive daily 
intakes through inhalation and ingestion. Good agreement was obtained between the measured and 
calculated values using realistic parameters and assumptions. The median values of the calculated 
committed effective dose equivalent were found to be 14 to 30 /iSv for adults and about 41 nSv for 
children in the regions investigated.

1. INTRODUCTION

Hungary was one of many countries affected by radioactive environmental 
contamination as a result of the reactor accident at Chernobyl. A series of different 
radionuclides appeared in the environment, of which 131I was the main source of the 
short term internal dose received by the population. An extended internal contamina
tion monitoring programme was introduced for adults and children very soon after 
observation of increased levels of environmental radioactivity in Budapest [1]. The 
initial results of measurements and estimated doses have already been reported [1-4], 
but later recalculation of the data was deemed necessary; these results are presented 
here.

2. MEASUREMENTS

Measurements of 131I were carried out using the whole body counter at the 
institute. A large (ф 15 x  10 cm) Nal(Tl) detector, closely positioned over the 
thyroid, was used in a well shielded room and the measurements were evaluated 
gamma spectrometrically. The minimum detectable activity was estimated to be 
about 5 Bq in the thyroid. To select the persons to be monitored, a broad range of
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ages in both males and females as well as different living habits were considered. In 
Budapest, almost 100 subjects aged between 4 and 60 years were measured, most of 
them several times. A comparative survey was also carried out using collimated 
thyroid monitors at other locations in the country in mid-May 1986 [1, 5].

Systematic investigations were completed at the end of June, when the m I 
activity in human thyroids decreased below the level of interest.

3. RESULTS AND DISCUSSION

The 13'I activity measured in the thyroids of adult residents in Budapest is 
presented in Fig. 1, indicating the individual values versus time after the accident for 
both males and females. As can be seen, the activity that accumulated in the thyroids 
o f different persons shows very high individual variations (within a factor of 
about 10). The maximum observed value (600 Bq) was found in the second half of 
May. Apart from the biological variability, the considerable individual variations can 
be explained by the time spent outdoors during the inhalation period, the differences 
in food consumption habits and the care with which the foodstuffs were selected

Time after accident (d)

FIG. 1. The 1311 activity measured in the thyroid, the time variation o f  the calculated activity fo r  
thyroids and the assumed intake through inhalation fo r  adult residents o f  Budapest.
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Time after accident (d)

FIG. 2. Iodine-131 activity versus time in several children in Budapest. Initials denote the different 
children on whom measurements were made. For explanation o f the various circumstances and counter
measures, see text.

(avoiding the consumption of milk, fresh vegetables, etc.). Figure 2 shows the 131I 
activity versus time in several children in Budapest. N.A. was kept mainly indoors 
and the ingested food was selected very carefully. U.K. spent most of the time 
outdoors during the critical inhalation period, but later avoided the consumption of 
milk and fresh vegetables. In the case of S .Z ., the parents administered a thyroid 
blocking agent after the first measurements were made. In the remaining three cases, 
the occupancy factors during the inhalation period differed and no countermeasures 
were taken to avoid the intake of radioiodine by food.

The frequency distribution of activity in the thyroids of the adult population was 
investigated and found to be log normal in mid-May, when the average activity was 
regarded as constant for about 10 days. The cumulative frequency distributions for 
different regions of Hungary are shown in Fig. 3. The geometric standard deviation 
of distribution (a) was found to be 1.7 for Budapest; similar values were obtained 
in other parts of the country. The mean values of activity during the same time period 
for adults and children in Budapest were calculated to be 220 and 110 Bq, respec
tively, while for the adult population of the north/northwest regions of Hungary the 
value was 250 Bq. Taking the medians of the log normal distributions 180, 115 and 
220 Bq, activities were obtained for adults living in Budapest, in the Paks area 
(central Hungary) and in the north/northwest regions o f Hungary, respectively.
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FIG. 3. Cumulative frequency distribution o f  activity in the thyroid measured in different regions o f  
Hungary.

Model calculations were carried out to obtain the time variation of activity in 
the thyroid making different assumptions. During the first days the route of intake 
was assumed to be inhalation because higher concentrations of 131I were found in 
the air in vaporous and aerosol forms. The amount o f 13II ingested became more 
dominant after 10 to 15 days when contamination also appeared in foodstuffs, 
initially in milk. The data for I31I concentrations in the air and foodstuffs were 
based on a series of measurements provided by the environmental monitoring system 
at the institute and the nationwide foodstuff monitoring network [3].
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Time after accident (d)

FIG. 4. The 1311 activity measured in the thyroid, the time variation o f  the calculated activity and the 
assumed intake through ingestion (milk) fo r  adult residents in Budapest.

Time after accident (d)

FIG. 5. The 1311 activity measured in the thyroid, the weekly medians and the time variation o f the 
calculated activity through inhalation and ingestion.
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After detailed investigations had been carried out, the following assumptions 
were made for the calculations:

(1) The International Commission on Radiological Protection models for inhaled 
and ingested iodine

(2) A deposited fraction of 0.63 for the inhaled 134  in gaseous and aerosol forms 
(AMAD =  1 pim)

(3) A 22 m 3 air per day breathing rate
(4) Successive inhalation of 131I, with the activity averaged each day
(5) D-category lung clearance
(6) A thyroid fractional uptake of 0.43, characteristic of the population in Budapest
(7) An 80 day biological half-life for iodine in the thyroid
(8) An ingested level of I31I through food, expressed as milk equivalent.

The results o f the calculations are shown in Fig. 1; only inhaled 131I was 
considered. Calculations were made for the different values of a combined factor, 
characteristic of the circumstances of exposure, and defined as follows

F =  1 -  O F(l -  RF)

where OF is the indoor occupancy factor, and
RF is the factor for the ratio of indoor and outdoor activity concentrations.

The activities inhaled per day are also indicated in the figure by histograms.
Apart from the individual l3lI activity versus time in the thyroid, Fig. 4 shows 

the daily intake through ingestion, together with the calculated 131I activity in the 
thyroid, assuming different daily milk consumptions.

By combining the calculations for inhalation and ingestion good agreement was 
found between the weekly medians of the measured activity and the time variation 
of the calculated activity (see Fig. 5). In the calculation F =  0.6 was used; for milk 
consumption, 0.34 L/d was accepted.

4. CONCLUSIONS

The variation in time of activity in the thyroid measured and extrapolated for 
Budapest residents was used as the basis for dose estimation. Comparative measure
ments made in other parts o f the country in mid-May also enabled us to obtain figures 
for the doses received. To calculate the dose for children, an average age of 10 years 
was taken, with a corresponding thyroid mass of 8.5 g. Thyroid dose conversion 
factors (the S-factor) of 0.142 and 0.334 m Sv-kB q'1 -d ' 1 were applied for adults 
and children, respectively. To estimate the effective dose, the ICRP recommended 
weighting factor of 0.03 was considered for adults and children. Table I shows the 
committed effective dose equivalents for median values calculated for the residents
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TABLE I. COMMITTED EFFECTIVE DOSE EQUIVALENT OF BUDAPEST 
RESIDENTS AS A RESULT OF THE INTAKE OF 131I (/¿Sv)

Age group
Median Interval of frequency 

distribution (total) 
(5-95%)Inhaled Ingested Total

Children
(4-16 years) 17 24 41 18-95

Adults 8 19 27 12-62

of Budapest. The values associated with the 5 to 95 % interval of frequency distribu
tion are also indicated. It can be seen that the doses resulting from inhalation are less 
than those from ingestion. The estimated committed effective dose equivalent for 
adults in central Hungary was found to be about 14 pSv, while in the north/northwest 
regions it was 30 ¿¿Sv. It should be mentioned that in the southern and eastern parts 
of the country the doses are assumed to be even lower than the above values because 
less environmental contamination occurred in these regions. The doses calculated 
here are lower than those reported earlier [2-4] because evaluation of the measure
ments was revised.

It should be pointed out that when countermeasures were taken there was a 
considerable reduction in the doses received by different individuals.
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A bstract

COMPARISON BETWEEN THE PREDICTED AND MEASURED VALUES OF l37Cs INTAKE IN 
MAN AFTER THE CHERNOBYL ACCIDENT.

A shadow shield whole body counter with automated gamma spectrum analysis was used to assess 
the radionuclide content in the bodies of healthy Austrian volunteers after the Chernobyl accident. To 
follow the time course of the 137Cs body radioactivity, two selected groups (35 adults and seven chil
dren) have been measured monthly since June 1986. From the time-activity curves o f the 137Cs content 
the mean daily intake of radiocaesium was calculated using a metabolic model. The data were compared 
with the 137Cs intake values calculated from the results of food measurements. The values derived from 
whole body measurements were, on average, lower by a factor of about 1.7 throughout the first year 
after the radioactive fallout. Early predictions of intake based on food measurements overestimated the 
caesium intake and consequently the dose equivalent. One year after the accident estimations were in 
better agreement for adults and even seem to underestimate the intake for children.

1. INTRODUCTION

The whole body counter of our department is used for routine clinical retention 
measurements, metabolic studies and periodic assessment of internal contamination 
in radiation workers [1]. After the Chernobyl accident considerable quantities of 
radioactive fallout were deposited over Austria. Consequently, since 30 April 1986, 
the whole body counter has been used extensively for measurement of the radiation 
levels in the general population.

2. METHOD

The whole body counter is of the shadow shield type [2]. The subject is placed 
in a supine position on a moving bed and scanning is done with two Nal detectors
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FIG. 1. Schematic cross-section o f the shadow shield whole body counter (MCA =  multichannel 
analyser).

TABLE I. SUBJECT DATA

Male Female Age
(years)

Range
(mean)

Body weight 
(kg)

Range
(mean)

Adults 12 23 16-72 35 49-111 66

Children 2 3 1-10 6 8-40 25

with a diameter of 15 cm and a thickness of 10 cm. The counting volume is shielded 
with 5 cm of lead. The total scan length is 275 cm; the measurement time is usually 
1000 s (Fig. 1).

The instrument is routinely calibrated with point sources in the trunk of an 
anthropomorphic phantom made of tissue equivalent rubber. The stability and repro
ducibility of the system is checked daily by scanning and evaluating a l37Cs point 
source.

The gamma spectra are recorded in a multichannel analyser connected on-line 
to a PDP-11/34 computer. The data are analysed automatically using a commercially 
available software package (Canberra GAMMA-M). The energy and efficiency 
curves are computed by the program using the spectra of the calibrated sources. The 
calibration curves are higher degree polynomials. Using a library of physical data of 
the radionuclides that are likely to be incorporated in a subject, the program calcu
lates and reports activities directly in becquerels or microcuries.

Because the counter is only partially shielded, the background radiation has a 
significant effect upon its sensitivity. Prior to the Chernobyl accident, the minimum 
detectable activity (MDA) for 137Cs was 96 Bq. Immediately after the fallout, the 
MDA reached the much higher value of 370 Bq, decreased to about 240 Bq in 
mid-1986 and is currently at an almost constant level of 200 Bq.

As it was not possible to measure radiocaesium during the first weeks following 
the fallout in Austria because of contamination of the spectrum with short lived 
nuclides of higher activity, we started collecting data systematically in June 1986. To
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1986 1987 1988

FIG. 2. Time course o f 137Cs in adults.

follow the time course of radiocaesium in the population, 35 adults and seven chil
dren living in the Vienna area were measured repeatedly at intervals of approximately 
30 days over a period of 19 months [3] (see Table I).

3. RESULTS

The individual values of whole body activity of 137Cs measured at the same 
time differed considerably (CV: about 40%), but the shape of the individual time- 
activity curves was fairly similar. Figures 2 and 3 show the time course of l37Cs in 
adults and children (Bq/kg body mass (mean values ±  SEM)).

In the first 4 months after the fallout the caesium activity in adults increased, 
as expected. From August 1986 to January 1987 the values remained almost constant 
(26 Bq/kg). Beginning in February 1987, a further distinct increase was observed, 
until a maximum was reached in May 1987 (44 Bq/kg mean value). Since then, 
decreasing caesium activity has been measured, the most recent mean value (January 
1988) being 20 Bq/kg. We did not observe any relationship between radiocaesium 
content and age.

The 137Cs contents per kilogram body weight in children were remarkably 
higher than in adults at the beginning of the study; later, the time course was similar. 
In comparing the time-activity curves of adults and children it was observed that the 
latter had more accentuated monthly differences, suggesting that children were react
ing more promptly to varying radiocaesium intakes. The childrens’ curve reached its
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FIG. 3. Time course o f !37Cs in children.

maximum in April 1987 (52 Bq/kg), decreased rapidly thereafter (until August 1987) 
to 21 Bq/kg and by January 1988 it was only 12 Bq/kg.

The maximum individual value of total l37Cs activity in the group of adults 
was 6 kBq (in a man of 33 years, measured in May 1987); the highest individual 
value observed was 83 Bq/kg (in a woman of 28 years, measured in April 1987). The 
corresponding maximum values in the group of children were 1.8 kBq in a boy of 
4 years measured in April 1987, and 120 Bq/kg in a girl of 1 year measured in 
March 1987.

Additional measurements performed occasionally on other persons showed 
good agreement with these results. However, there were some exceptions. In June 
1986 we measured significantly higher l37Cs activity in people returning from a visit 
to the USSR (up to 9.4 kBq). In November 1986 we measured a group of 27 high 
performance athletes living in the Vienna area. The mean value of 137Cs activity 
was significantly higher than the value of the standard group of adults measured at 
the same time. The maximum value was found in April 1987 in an athlete aged 
21 years (15 kBq or 180 Bq/kg).



IAEA-CN-51710 387

TABLE II. PARAMETERS OF THE RETENTION FUNCTION FOR A 
TWO-COMPARTMENT MODEL OF CAESIUM EXCRETION

Impact Biological half-life
Reference

a, a2 T, (d) T2 (d)

Adults 0.10 0.90 2 110 [7, 9]

Adults 0.15 0.85 1 100 [8]

Children (5 years) 0.44 0.64 8.8 32 [9]

4. DISCUSSION

The observed time course of 137Cs whole body activity after the fallout in 
Austria was by no means surprising, since measurements of 137Cs in food during the 
same period suggested a similar trend [4, 5].

Other measurements of the 137Cs whole body radioactivity of Austrians [6] 
were in good agreement with our results.

The daily intake was estimated from our results using a biokinetic model for the 
caesium metabolism in man. The model assumes two compartments, the first being 
‘vascular’ and the second ‘muscle’. Disappearance of radiocaesium after an intake 
of a quantity Ao follows the formula

A, = A0 (a, •e"ln2 T| M +  a2 -e~ln2T20

The constants reported by other groups [7-9] are listed in Table II. Using these 
parameters, the values for daily intake of l37Cs were calculated on the basis of the 
average values of whole body activity.

Another estimate of daily intake was obtained from the results of food measure
ments collected by the Ministry of Health [10] and by taking into account the nutri
tional behaviour of the Austrian population as published by the Austrian Central 
Bureau of Statistics [11]. The calculations are summarized in Fig. 4.

It was found that the daily intake derived from whole body activity differs from 
the intake values derived from food measurements; the latter were about 50% higher 
during the first year after the accident. In 1987, the differences for the adult group 
were negligible. In children, however, the predictions of caesium content based on 
food measurements in 1987 underestimated the whole body activity by a factor of 
two.

To explain these discrepancies it should be considered that the time of food 
consumption was later than the time of measurement and that it was difficult to take
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TABLE III. TOTAL INTAKE OF 137Cs AND 134Cs AND THE COMMITTED 
DOSE EQUIVALENTS DERIVED FROM WHOLE BODY MEASUREMENTS

Year Activity 
(kBq) 

l37Cs ,34Cs l37Cs

Dose equivalent 
(ix Sv)

134Cs Total

Adults“ 1986 5.5 2.5 78 50 128
1987 8.1 2.9 115 57 172

Adults ь 1986 6.6 3.0 93 59 152
1987 10.7 3.7 146 75 221

Children 1986 4.8 2.2 41 26 67
1987 11.5 4.0 99 48 147

a From Refs [7, 9]. 
b From Ref. [8].

into account regional differences in food contamination throughout Austria. Also, 
variations in the parameters of the metabolic model resulted in substantial variations 
in the intake values, the most sensitive parameter being the biological half-life of the 
slower compartment. With regard to our results, it seems that the values taken from 
Ref. [8] for the adult group are in better agreement with our measurements than those 
taken from Refs [7, 9].

The above mentioned two-compartment biokinetic model assumes a faster 
metabolism for children, which agrees with our observations.

From the derived values for daily caesium intake, the total intake of 
radiocaesium over 1 year, and subsequently the committed dose equivalent after the 
fallout, can be estimated (Fig. 5). These results indicate that other early calculations 
based on measurements of food and soil contamination and their consequences on 
daily intake overestimated the amount of caesium intake due to the fallout for the first 
year after the Chernobyl accident [4-6].

Since the ratio of 137C s/134Cs activity and its change due to the different physi
cal half-lives are well known, the body activity and the dose equivalent of 134Cs can 
also be obtained (Table III).
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Abstract

EXPERIENCE OF THE HUNGARIAN PUBLIC HEALTH AUTHORITY IN MANAGEMENT OF 
THE CONSEQUENCES OF THE CHERNOBYL ACCIDENT.

Among the national authorities that bear the responsibility for various aspects of radiation protec
tion in Hungary, the Public Health Authority plays a crucial role, both under normal operational condi
tions and accidental circumstances. Under normal conditions, the control of radioactive contamination 
of the environment carried out by several national authorities is co-ordinated by the Public Health 
Authority. Representatives of this authority are key members of the governmental committee and its 
advisory board established for handling major radiation or nuclear accidents. The Radiological Monitor
ing and Data Acquisition Network, operated by the Ministry of Health and advised by the institute, was 
one of the main contributors to monitoring of the environmental contamination after the Chernobyl acci
dent. Assessment of the situation and evaluation of its development served as a basis for preparing 
recommendations to the government and providing advice to the general public on the measures to be 
taken to reduce the projected levels of exposure. The lessons learned during management of the conse
quences of the Chernobyl accident are of great value for improving the preparedness of the Public Health 
Authority for any major nuclear accident that might occur either inside or outside the country.

1. INTRODUCTION

Medical applications of ionizing radiation and radioactive substances for diag
nostic and therapeutic purposes were the first, and the least controversial, uses of 
atomic energy. It is obvious, therefore, that radiation protection has also been one 
of the basic responsibilities of the public health services in all countries. In Hungary, 
this responsibility was reflected in the first governmental order on radioactive 
substances and preparations, issued in 1964, in which the Minister of Health was 
appointed as the competent national authority for licensing the use, storage and trans
portation of radioactive substances and for controlling compliance of licensee prac
tices with the safety rules and regulations.

391
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The key position of the Public Health Authority in radiation protection matters 
was confirmed by the Atomic Energy Act of 1980 and its enacting clausure, ordering 
that:

(1) Dose limits of exposure for workers and members of the public are to be defined 
by the Minister of Health
(2) Radiation protection services set up in establishments in accordance with the 
regulation are to be supervised by the Ministry of Health
(3) Any abnormal event that might occur in an atomic energy facility must be
reported immediately to the State Sanitary and Epidemiology Inspectorate
(4) To prevent any dangerous situation in the environs of a nuclear facility, an emer
gency plan is to be prepared and, for handling such events, national efforts are to be
co-ordinated by a governmental committee made up of representatives of the compe
tent national authorities, including the Public Health Authority [1, 2].

2. PREPAREDNESS OF THE PUBLIC HEALTH AUTHORITY FOR
HANDLING NUCLEAR ACCIDENTS

Environmental monitoring networks were set up in the late 1950s and early 
1960s by the national authorities that were responsible for one or other sector of the 
environment, such as the National Meteorology Service, the National Water 
Authority, the Ministry of Agriculture and Food and the Ministry of Health. These 
networks were made up of stations dispersed throughout the country, mainly to meas
ure the gross beta activities in aerosol, fallout, water, soil, grass and food samples 
contaminated as a result o f nuclear weapons testing in the atmosphere. Nuclide 
specific analyses could only be performed by the head institutes of the networks. Of 
these, our institute was involved within the Radiological Monitoring and Data Acqui
sition Network of the Ministry of Health. This network operates regional radiation 
hygiene laboratories in every third Sanitary and Epidemiology Station in the country 
and in some other institutions (Fig. 1).

The emphasis of the monitoring programme was shifted to the effects of nuclear 
power plants on the environment in the mid-1970s when the government decided to 
introduce nuclear power to the country. Soon after starting construction of the power 
plant, an extensive pre-operational monitoring programme was launched to establish 
the background levels of the environmental radiation and activity concentration of 
radioactive substances, and to assess the exposure of the population to these sources. 
For this purpose, personnel was recruited and trained, laboratories were established 
and equipped, and methodology was adapted and developed.

The responsibility for environmental surveillance around the site of the nuclear 
power plant was given to the operating organization and the competent authorities. 
For collection, evaluation and interpretation of the monitoring data, a computer 
assisted Data Evaluation Centre was set up in our institute. The experience accumu-
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FIG. 1. Structure o f  the Radiological Monitoring and Data Acquisition Network o f  the Ministry 
o f  Health.

lated by this environmental surveillance system over a decade has made us capable 
of coping with the tasks arising in the aftermath of a nuclear accident.

In addition to these regulatory authority operated networks, some research 
centres, such as the Nuclear Research Institute in Debrecen, the Central Physical 
Research Institute in Budapest and the Training Reactor Institute of the Poly technical 
University in Budapest, have their own environmental control systems.

It has also been of great advantage that senior staff members of our institute 
have frequently been involved as experts in consultations and advisory group meet
ings, training courses and seminars, scientific conferences and symposia organized 
by international bodies, such as the International Atomic Energy Agency, the World 
Health Organization and the Standing Commission on Atomic Energy of the CMEA, 
dealing with subjects related to emergency planning and preparedness and the hand
ling of radiation or nuclear accidents. One of the authors of this paper has been a
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contributor to several IAEA and WHO publications containing guidance on how to 
manage protection of the public in the case of major radiation accidents [3-6].

3. MONITORING PROGRAMME CARRIED OUT BY THE PUBLIC
HEALTH AUTHORITY AFTER THE CHERNOBYL ACCIDENT

At the end of April 1986, as soon as information on the reactor accident at the 
Chernobyl nuclear power plant was received and radioactive contamination of the 
domestic environment was expected to occur, the monitoring networks of the compe
tent authorities and the environmental control systems of the appropriate research 
institutes were put on alert and requested to carry out continuous operation. These 
control systems were complemented and assisted by stationary and mobile units of 
the Civil Defence Organization. An advisory board consisting of experts in radiation 
hygiene, environmental protection, nuclear safety, meteorology, quality control of 
drinking water and foodstuffs, etc. was also convened to assist the governmental 
committee [7].

The arrival of radioactive contaminated air masses as well as the geographical 
distribution and temporal variations in the radioactive contaminants in the environ
ment were first dedected by monitoring stations of the National Meteorology Service 
and the Public Health Authority on the basis of gross beta activity measurements of 
aerosol, fallout and soil samples. These measurements were then supplemented with 
nuclide specific analyses made by the research institutes involved. The same proce
dure was also subsequently applied when control of radioactive contamination in 
surface waters, drinking water and foodstuffs had to be carried out. Site specific 
increases in the environmental radiation dose rates were measured primarily by our 
institute with the aid of a high pressure ionization chamber (HPIC) and TL dosimeters 
displayed outdoors and indoors at 123 places all over the country [8].

The scope of the monitoring programme performed by the Radiological 
Monitoring and Data Acquisition Network of the Public Health Authority after the 
Chernobyl accident can be seen in Table I.

4. RESPONSE OF THE MINISTRY OF HEALTH AND OTHER
COMPETENT AUTHORITIES

Assessment of the situation and evaluation of its development in the early post
accident period were made continuously by the advisory board of the governmental 
committee on the basis of the measurement data provided by the environmental 
monitoring networks and research centres. As a result of these evaluations, daily 
reports were prepared and submitted to the national government and the governments 
of most European countries, as well as to competent international organizations such 
as the IAEA and WHO. In addition to these reports, recommendations were also
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TABLE I. SCOPE OF THE MONITORING PROGRAMME PERFORMED 
IN HUNGARY BY THE RADIOLOGICAL MONITORING AND DATA 
ACQUISITION NETWORK OF THE PUBLIC HEALTH AUTHORITY 
AFTER THE CHERNOBYL ACCIDENT

External irradiation measurements

Absorbed dose rate in air (HPIC) 

Absorbed dose in air outdoors and indoors (TLD)

Monitoring o f  the terrestrial environment

Airborne particulates 

Deposition on the ground (fallout and rain water) 

Ground surface (in situ and dust samples)

Soil — various layers, cultivated — uncultivated

Monitoring o f the aquatic environment

River and lake water 
Sediment

Aquatic biota — algae, other plants, fish

Control o f foodstuffs and animal feeds

Pasture grass and other herbage crops 
Vegetables and fruit 

Grain crops, flour, bread, pastry 
Milk and dairy products, eggs, honey 

Meat and meat products 
Drinking water

Man's internal contamination

Mother’s milk 

13II in the thyroid gland 

Gamma emitting radionuclides in the whole body 

137Cs excretion with urine 

137Cs in embryonic tissues and placentae
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TABLE II. RESPONSES OF THE PUBLIC HEALTH AUTHORITY IN 
HUNGARY TO THE CHERNOBYL ACCIDENT

Putting on alert the Radiological Monitoring and Data Acquisition Network

Expansion and intensification of the environmental, food and personal monitoring programmes

Organization of briefings for the chief medical officers of the most heavily contaminated counties

Instruction of the chief pharmacists in the capital city and counties with regard to stable iodine 
prophylaxis (this was not necessary, but supposing it were, what would be the correct age 
dependent dosage?)

Instruction of the Sanitary and Epidemiology Stations on appropriate taking of environmental, 
drinking water and food samples for radioactivity measurements

Guidance of the radiation hygiene laboratories in respect to the methodology of 131I, 134Cs and 
137Cs activity measurements in environmental, drinking water and food samples

Instruction of the Sanitary and Epidemiology Stations on the protective measures to be taken in 
changing air filters of large volume air conditioning and ventilation systems

Monitoring of people arriving from contaminated areas

Establishment of telephone hotlines for public consultation

Issuance of information on the radiological situation in the country and on the possible health 
consequences upon special requests from domestic and/or foreign organizations, 
tourist agencies, representatives of the media and other personalities

elaborated for the authorities and advice given to the population on the measures to 
be taken to reduce the projected levels of exposure. Radiation protection experts in 
the country were asked to participate in education of the general public via the mass 
media (TV, radio, newspapers and periodicals), to provide information to medical, 
paramedical and teaching personnel through ad hoc conferences, and to give direct 
guidance to radiation protection workers.

The most important actions taken by the Public Health Authority within its own 
field of competence are shown in Table II. Other protective measures which were 
introduced by the government or other authorities with the consent of the Public 
Health Authority and the advice given to the general public can be seen in Table III.

It was mainly attributable to these measurtes and the advice given that no over
reaction was experienced on the part of the authorities and no serious panic developed 
among the population.
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TABLE III. MEASURES TAKEN BY THE COMPETENT AUTHORITIES 
TO DECREASE EXPOSURE OF THE POPULATION AFTER THE 
CHERNOBYL ACCIDENT

The radiological monitoring networks of the authorities were put into continuous operation

A technical advisory board of the government was established

Daily reports were prepared for the government and information on the current situation was 
issued to the public, the competent international organizations (IAEA, WHO) and neigh
bouring countries

Use of surface water from the Danube River as the drinking water supply for Budapest was 
stopped

Grazing of dairy cattle in contaminated areas was temporarily prohibited for state farms and farm
ing co-operatives

Control of milk and milk products prepared and marketed by the dairy industry was introduced

People were advised to avoid consumption of fresh milk produced by small private farms

People were advised to wash carefully all leafy vegetables and fruit usually consumed raw

Advice was given to diminish the hunting and marketing of certain game

Potassium iodide tablets were prepared and stock-piled for eventual use within iodine prophylaxis

People were informed that staying in the open and working or entertaining outdoors were safe, 
and that keeping children away from open air playgrounds was unnecessary

Advice given by some general practitioners on the need for stable iodine prophylaxis or artificial 
interruption of pregnancy was declared unjustified

5. THE LESSONS LEARNED

(1) From our experience it can be concluded that establishment of a comprehensive 
environmental monitoring system and programme as one of the prerequisites for 
introducing nuclear power has proved to be an advantage that has facilitated the coun
try in coping with the tasks imposed by the transboundary effects of the Chernobyl 
accident.
(2) A rough geographical distribution of the environmental contamination and the 
trends of its temporal changes could be assessed by simple measurements of gross 
beta and/or gamma activities in environmental samples. These simple indices,
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however, proved unsuitable for evaluating the overall radiological impact on the 
population and its possible health consequences.
(3) Information provided by the Public Health Authority on the situation was 
usually well received by the public and taken up with greater confidence than that 
given by any other organization, e.g. the Civil Defence.
(4) News released by the mass media of some neighbouring countries increased 
rather than decreased the excitement and anxiety of the population. Discrepancies in 
the protective measures taken or the advice given to the population in various coun
tries caused severe confusion among the public and created difficulties for the compe
tent national authorities.
(5) Introduction of protective measures which are not expected to impose a signifi
cant burden on the living conditions of the population or the national economy seems 
to be advisable even if, in certain cases, these measures have some negative impact. 
Absolute non-reaction may exaggerate the excitement of the people and may even 
lead to accusations of inadequacy on the part of the authorities, e.g.: (a) that the 
national authorities and their experts are not properly prepared for such accidents and 
are unable to monitor contamination of the environment and foodstuffs, assess the 
situation and make conclusions on the necessary protective measures; or (b) although 
the national authorities and their advisors are fully aware of the dangerous situation, 
that they are reluctant to provide correct information to the public, are afraid of 
inducing or increasing panic or — even worse — are ignorant of the public anxiety, 
and are entering into a suspicious partnership with those who are responsible for the 
accident.
(6) We are in agreement with several conclusions of the Nuclear Energy Agency 
of the OECD on accident responses, including the one that states that the overwhelm
ing role of non-radiological aspects in the decision making of some countries has 
indeed created difficulties, both in the partner countries as well as in the given coun
try [9]. The hasty limitation in imports by European Economic Community Member 
States of foodstuffs from Eastern European countries, without any regard to their 
contamination levels, led to indignation when some other countries adopted even 
more restrictive, sometimes trivial, levels of activity for the screening of imported 
food from these EEC countries.
(7) One of the most important conclusions of the lessons learned from the Cher
nobyl accident has been that the government and the responsible national authorities 
have to be prepared to cope with the radiological consequences of any major nuclear 
accident occurring either inside or outside the national frontiers.
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Abstract

RADIOLOGICAL ACCIDENTS: A HISTORICAL REVIEW OF SEALED SOURCES ACCIDENTS.
Accidents involving exposures from handling sealed radioactivity sources comprise by far the 

greatest single modality in the Radiation Accident Registry of the Radiation Emergency Assistance 
Center/Training Site (REAC/TS) in Oak Ridge, Tennessee. Approximately 48% of 296 radiation acci
dents in the REAC/TS worldwide registry have been the direct result of misadventures with these 
devices. The many victims have most often been naive or poorly educated young persons, but profes
sional radiographers who are trained to follow safety precautions have also been injured at an alarming 
rate. The small size of the sealed sources belies their destructive potential, as the most recent accident 
in Goiânia, Brazil, demonstrates. There, four persons died, in contrast to the eight deaths in the 1984 
accident in Morocco and four in the 1962 accident in Mexico City where an entire family was destroyed. 
Economically destructive but non-fatal local lesions have altered the lives and destinies of the 130 cases 
that have been studied. Public awareness of how dangerous such sources are, better technical training 
of radiographers, and complete governmental control of all radioisotopic products and devices are 
needed to put an end to these horrible experiences.

At the Radiation Emergency Assistance Center/Training 
Site (REAC/TS) in Oak Ridge, Tennessee, one of the major 
efforts since 1975 has been devoted to learning as much as 
possible about radiation accidents as they occur around the 
world [1,‘ 2, 3]. The clinical and health physics records are 
kept in an easily accessible registry system and used in 
teaching the principles of radiation accident management and 
in studying the immediate and long term consequences of 
accidental total and partial body irradiations. To date, 
over 2000 students have trained in these courses. Few 
countries have not been represented; physicians, nurses, 
paramedics and physicists of all countries are welcome. The

* The paper has been written by a contractor of the United States Government under Contract 
No. DE-AC05-760R00033. Accordingly, the US Government retains non-exclusive, royalty free 
licence to publish or reproduce the published form, or allow others to do so for US Government 
purposes.
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Number of Persons Significant Fatalities
accidents involved exposures3 (acute effects)

296 136615 24853 69

aDOE/NRC accident dose criteria

FIG. 1. The totals in the REAC/TS Radiation Accident Registry fo r  number o f accidents, persons 
involved, significant exposures (doses > 25 eg total body; > 600 eg to skin), and acute fatalities 
worldwide over 44 years o f surveillance (1944 to March 1988) (Source: United States Department o f  
Energy-REAC/TS Radiation Accident Registries).

accidents that occurred before REAC/TS' existence have been 
reconstructed as well as possible, reported on at an 
international symposium in 1979 [1], and are to be updated in 
a second such symposium in October 1988. This conference 
will see the 56 accidents previously reported expanded to 
296, in which about 25000 persons were exposed to serious 
levels of ionizing radiation; of these, 69 died (Fig. 1). At 
the time of the 1979 conference, sealed radioactive sources 
were just becoming a hazard needing to be considered in 
radiation accident prevention. Since the 1960s the frequency 
of accidents due to mishandling of radiation devices has 
risen in dramatic contrast to the incidence of accidents from 
misuse of radioisotopes or from inadvertent criticalities 
(Fig. 2). The apparent decline in this type of radiation
accident, as shown in the figure, may reflect improved 
equipment design as well as the international oil glut that 
has lessened the need to search for new oil fields in which 
sealed radioactive sources are used.

Unfortunately, this decline in the number of accidents
has not been accompanied by a decrease in the number of
victims from overexposure to sealed radioisotope sources, as
shown in Fig. 3. Two recent accidents have more than tripled
the number of such victims and have alerted the governments
involved that the control of sealed radioactive sources of
all kinds must be rigorously controlled and users made to be
more responsible for their safety. The one accident [4.5]
that occurred in the 1980-1984 quantile in Juarez, Mexico,
may have resulted in the overexposure of several thousand
persons, of whom less than 275 are estimated to have been
exposed to biologically dangerous levels of radiation,
although no known deaths occurred. The other, which happened
most recently in Brazil, involved about 245 persons, of whom
14 were severely injured; of these, four died. In both

6П 1 ^ 7accidents radiation therapy sources (DUCo in Mexico; ^' C s  in
Brazil) were scavenged by persons unaware of the radiation
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Year

FIG. 2. Bar graph showing the total number o f accidents that occurred worldwide during 5 year 
periods shown by accident category: radiation devices, radioisotopes and criticalities (1940 to March 
1988).

Year range

FIG. 3. Bar graph showing the number o f persons involved worldwide in sealed sources (S.S.) acci
dents (1955 to March 1988).
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TABLE I. DETAILS OF THE ACCIDENTS THAT OCCURRED IN MEXICO 
AND BRAZIL

Juarez. Mexico :

Initial Source - 1003 Ci a 

Strength, 1984 - 450 Ci

Contents - 6000 - 1 x 1 mm metal clad cylinders

Contaminated material found 

3000 table legs (supports)

6608 tonnes construction rebars

470 tonnes metal bars

(17600 buildings built with bars - 

814 buildings demolished)

Goiânia, Brazil : ^^Cs

Initial source - 2000 Ci 

Strength, Sep. 1987 - 1400 Ci 

Contents - 100 g (?) CsCl powder 

Contaminated material found

2000 m^ total area 

42 residences 

(20 evacuated)

(4 demolished)

3000 m^ of radioactive waste 

1266 + 374 Ci recovered 

less than 1 Ci remained
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hazard involved, and subsequently sold to metal junk
suppliers for metal foundries. The details of these 
accidents are outlined in Table I. Although in both
accidents radiotherapy machines were the source, the
different physical nature of the contents led to divergent 
scenarios. In the Juarez accident, 6000 minute metal clad 
pellets found their way into tonnes of construction iron that 
became widely distributed in Mexico, the United States of 
America and Canada. In the Goiânia accident, about 100 g of 
brightly flourescent, highly radioactive powder were
separated from the metal container and used to decorate 
persons and houses and to amuse friends. Although roughly 
the same amount of radioactivity was released in each 
accident, the environmental contamination was more extensive 
in Mexico whereas the human exposures were greater in Goiània 
because of the close intimate contact the victims had with 
the source or pieces of it. Had it not been for the prompt 
responsible action of the Los Alamos, New Mexico (USA), 
staff the possibility of widespread chronic radiation 
sickness in the Mexican accident would have been frightening. 
In contrast, the high Brazilian exposures that caused severe 
acute radiation sickness limited the extent of the accident 
and led to its early discovery.

In Table II, the "governmental" exposure estimates for 
the two accidents are listed to show their gross similarity 
[4-7]. Both sets of dosimetry were determined retrospectively 
by cytogenetic analysis using mathematical dose response 
models for low (not prompt) dose rate radiation exposures as 
determined from the accident scenarios recalled by the 
victims who, of course, were not wearing radiation detection 
devices. The divergence of these data illustrates well the 
medical problem that can occur when the attending physicians 
depend on cytogenetic dose estimates rather than on the 
clinical course, body temperature (fever) and sequential 
changes in the peripheral blood counts ("leukokinetics"). 
Although definitive retrospective analyses of these two 
accidents have not yet been completed, the "acute" [8] doses 
of the patients in these two accidents seem to predict the 
clinical courses better than the "chronic" dose estimates 
[7], which are based on the kinetics of post-irradiation 
cellular repair [9 , 10]. This observation should not be 
surprising, since only unrepaired radiation damage is of 
clinical concern. For the purpose of immediate medical care, 
cytogenetic dosimetry must be based on the average dicentric 
abnormalities found per cell (with more than 300 metaphase 
spreads examined), expressed in terms of residual or 
unrepaired radiation dose.

The constraints of patient privacy, the need for 
impartiality in litigation and the involvement of three



TABLE II. GOVERNMENTAL EXPOSURE ESTIMATES [4-7]

4 0 6  LUSHBAUGH et al.

Juarez, Mexico - ^®Co - 0 deaths

Persons Dose (50(?) days)

5 300-700 rema

80 25+ rem

720 0.5 - 25 rem

3200(?) < 500 mrem

Goiânia, Brazil - - 4 deaths

Persons Dose (12 days)

O
*

100-700 rem

54 25+ rem

244 0.5 - 25 rem

2500(?) < 500 mrem

a 1 rem = 1.00 x  10"2 Sv. 
b The four deaths occurred in this group of persons.

sovereign countries still retard our retrospective study of 
the 1984 Moroccan accident, wherein a sealed source hidden in 
a family living area irradiated eleven persons, eight 
fatally. This accident merits mention in the context of the 
paper, however, because it is one of the few examples where a 
person trained in radiation accident responses led the 
medical and public health authorities to the proper 
conclusion. Until a fireman paramedic pointed out how the 
symptoms and signs of the deceased family resembled those of 
radiation poisoning, a search was being made for non-existent
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poisonous snakes. The salient conclusion of this study is 
underlined by that happening. The danger from sealed sources 
can only be lessened by widespread real international 
training and education and strict accountability for such 
sources.
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Abstract

THE RADIOLOGICAL ACCIDENT AT GOIÂNIA.
At the end of September 1987 a very severe radiological accident with a 5 x  1013 Bq l37Cs 

therapy unit occurred, when the head of this unit was removed from an abandoned private hospital in 
Goiánia City, Goiás, Brazil, and taken apart, contaminating people and several areas in the city. The 
accident is described and information given on the patients, population monitoring, source recovery, 
identification, characterization and isolation of the contaminated areas, the preparatory work done for 
cleanup and decontamination and the cleaning up and decontamination operations carried out in Gioânia 
City. Details are given of the occupational exposure of persons involved in the operations, the environ
mental monitoring and results, the manpower used in the operations, the technical co-operation and 
assistance provided by various organizations and the final control made to verify compliance of the 
cleaning up and decontamination operations with the adopted dose limits.

1. ACCIDENT DESCRIPTION

After the Chernobyl nuclear accident another very severe accident shocked the 
world at the end of September 1987 when a caesium-137 therapy source was removed 
from an abandoned private hospital and taken apart in a junk dealer’s workshop in 
the centre of Goiânia, the capital of Goiás State, about 200 km south-west of Brasilia, 
a city with a population of 1 250 000. This led to the exposure and contamination 
of the dealer, his family and friends, and to contamination transfers to several areas 
both in the city and outside it.

The therapy unit had been in the hospital unattended for some time and, finally, 
attracted the interest of some youngsters who sold the material mainly to one junk 
dealer. When dismantling the source head of the unit the dealer and his family found 
some glowing material in the centre, which, because of its luminescence in the night, 
aroused the interest and curiosity of everybody assisting in the dismantling and of 
those invited afterwards to admire the material. The light was emitted by about

409
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5 x  1013 Bq (1300 Ci) of caesium-137, which was contained in a metallic capsule 
in the form of a pressed mixture of caesium-137 powder with some binder (mass of 
the 137CsCl in September 1987: 19.26 g, specific activity: 5.6 X  1011 Bq/g 
(15.11 Ci/g)). Since people were not aware of the true nature of the material, more 
and more of it was extracted through the ruptured thin ‘window’ of the radioactive 
source by means of a screwdriver and distributed to other people, exposing them to 
extremely high doses and contamination. It is estimated that the dose rate close to 
the source was around 10 Gy/h (1000 rad/h). The worst moment of the manipulation 
of the source was reached when a six year old girl was painted with the deadly 
powder on face and body. The girl also had ingested some of the 137CsCl powder 
and, consequently, incorporated a still unknown amount of radioactivity. Joking and 
playing around with the material stopped only when most of the attending persons 
started to show symptoms of sickness such as nausea, vomiting, loss of hair and burns 
on the hands and other parts of the body, the cause of which up to then was not clear 
to the persons involved. Only when the aunt of the girl took the rest of the source 
in a plastic bag to a public medical office, travelling in a public bus, was it suspected 
and soon afterwards verified that the ‘poisonous’ material was a radioactive source 
‘killing’ people. From then on, after the Comissäo Nacional de Energia Nuclear 
(CNEN), the Brazilian Nuclear Energy Commission, in Rio de Janeiro had been 
informed on 29 September 1987, most of the persons directly involved in the accident 
were identified and isolated. A thorough investigation of the case, performed mostly 
by radiation experts from Rio de Janeiro in collaboration with the local authorities, 
followed.

2. PATIENT CARE

On 1 October the six most severely exposed and contaminated persons were 
transferred to the Marcilio Dias Naval Hospital in Rio de Janeiro for decontamination 
and treatment. In the initial phase of the operations contamination control problems 
had to be overcome to get the accident under control. Fourteen persons, also heavily 
but less severely exposed and contaminated, were hospitalized in Goiânia City and 
another 30 people were placed in a temporary dispensary for decontamination and 
medical care.

The dose to the more heavily exposed and contaminated patients up to the 
discovery of the accident was estimated by chromosome aberration measurements at 
the Instituto de Radioproteçào e Dosimetría (IRD) in Rio de Janeiro to be between 
4 and 7 Gy (400 and 700 rad) with a dose up to several tens of gray to the thigh of 
one person. Further dose assessments were performed by peripheric blood tests and 
urine and faeces analyses. The high activity of the samples to be analysed caused 
many difficulties. The high external and internal contamination of the patients was 
also the reason why, initially, whole body counting could not be employed for incor
poration assessment and, later on, only after modification of the usual measuring 
methods (larger body-detector distances had to be chosen).
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During the critical period for the patients the medical management aimed prin
cipally at overcoming the acute radiation syndrome, characterized by the phases of 
aplasia or hypoplasia of the bone marrow and at accelerating caesium-137 elimination 
by, among other means (diuretics, ergometric exercises, sauna to stimulate sweat
ing), applying up to 10 g/d of Prussian blue with good results in the phase following 
the critical period. Because of the special accident conditions (caesium-137 incorpo
ration) no bone marrow transplantation was performed, but GMCSF (granulocyte 
macrophage colony stimulating factor) was administered to eight patients, a new 
hormone produced by Behring, that boosts the production of white blood cells in the 
bone marrow.

External and internal contamination required special radiation protection meas
ures, in particular in the Marcilio Dias Naval Hospital. The situation there was aggra
vated by the extremely low social and educational level of most of the patients.

3. POPULATION MONITORING

Parallel to the identification of contamination by means of radiation detectors 
mounted in cars and helicopters (minimum detection limit: 1 mGy/h) and the isola
tion of several heavily contaminated areas of the city and their control by police and 
military, 25 000 people were monitored at the Olympic stadium of the city within the 
first week after discovery of the accident mainly with portable radiation survey 
meters; later on, door frame monitors were used. Afterwards an average of 500 
people per day were monitored and more and more contaminated persons were 
detected. These people, where possible, were subjected on the spot to decontamina
tion procedures. Altogether 45 000 persons had been controlled for contamination by 
the end of October and 112 800 persons up to 21 December. Of these, 249 people 
were found to be externally and/or internally contaminated with caesium-137. It is 
interesting to note that more than 5000 people were identified with skin reddening 
and/or blisters, some of them not having been involved in the accident at all.

Psychological reactions of the public sometimes made monitoring operations 
difficult.

The detection of some contaminated bank notes necessitated the assessment of 
the possible contamination of more bank notes circulating locally. Of a total of
10 240 000 notes monitored 68 showed detectable levels of contamination.

4. SOURCE RECOVERY

With the ruptured source still containing a great part of the caesium-137 activity 
having been found in the public medical office mentioned above, the most urgent 
action was to recover this source and to shield it and make it secure by pouring 
concrete around it in cement rings, thus in a first step reducing the dose rate from
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higher than 10 Gy/h to 0.2 Gy/h at the concrete surface, and in a second step, to 
about 8 mGy/h by using lead sheets and more concrete. Thus shielded the source was 
removed from the medical office and deposited outside of Goiânia City.

5. IDENTIFICATION, CHARACTERIZATION AND ISOLATION OF 
CONTAMINATED AREAS

After having reinforced the Emergency Organization with around 50 employees 
of the IRD in Rio de Janeiro, and with more technical personnel joining from other 
places outside Goiânia (Säo Paulo, for example), by questioning accident victims and 
by systematic dose rate measurements and contamination control seven areas were 
identified as main points of contamination as a consequence of the direct handling of 
either the whole source or parts of it after it was broken. The radiometric measure
ments showed a vast spread of contamination in the various areas with strongly vary
ing levels from spot to spot. The caesium-137 dispersion was due to the following 
factors:

— Direct handling of the source or parts of it, either during its taking apart or 
afterwards;

— Trade of the contaminated parts and/or scraps;
— Contacts with contaminated persons (either professional or social);
— Wind and seasonal rains, because of the presence of 137CsCl in powder form 

and its high solubility in water.

Some places where contamination was detected (the yards of three junk dealers) 
were characterized by numerous old and scrap materials, waste paper, tools, 
machines and transport vehicles (trucks) distributed in a disorderly fashion over the 
areas. Contamination could also be detected in kitchens, bedrooms, living rooms and 
courtyards of simple homes. In one case, where the source was broken, high amounts 
of caesium-137 activity had been transferred by heavy rainfall into the ground close 
to a mango tree, through the roots of which part of the activity went into the trunk 
of the tree, its leaves and fruit, requiring special measures to be taken for control and 
removal later on. In some places local contamination led to the contamination (exter
nal and internal) of animals (pigs, chickens, birds, cats and dogs), which contributed 
to further spread of contamination and presented a particular problem that had to be 
dealt with during the decontamination operations.

The highest dose rates were measured in the area where the source was broken, 
with maximum dose rates between 1.1 and 1.3 Gy/h close to the mango tree 
mentioned above.

Immediately after identification of the contaminated areas, people were evacu
ated from the most affected ones, which posed a number of problems because of the 
difficulty of making the people concerned understand the situation. The problems
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could only be solved by persuading the owners of the places to be evacuated to sell 
their property to the Government.

According to Ref. [1] a committed dose of 3 mSv was chosen as the criterion 
for evacuation, 10 piGy/h for roping off the areas or fencing them off against 
unauthorized entry.

Besides the most heavily contaminated areas that had been isolated, 
20 residences next to them and 22 more belonging to relatives, friends and persons 
acquainted with the contaminated persons showed various levels of contamination. 
The first set of residences was evacuated until complete decontamination of the 
nearby highly contaminated areas was achieved. In this set of homes the highest dose 
rates measured were 3 mGy/h. In the other set of homes dose rates up to 1 /xGy/h 
were detected.

6. PREPARATORY MEASURES FOR AREA DECONTAMINATION

Parallel to the radiometric assessment of the contaminated areas, general proce
dures were elaborated for dealing with the removal of contaminated material and the 
following decontamination operations.

Extremely high radiation fields were shielded with lead sheets and concrete to 
facilitate access and/or to avoid unnecessary evacuation of residences because of too 
high radiation levels.

Health physics control and check-points were established in compliance with the 
procedures mentioned above. The Emergency Organization was restructured in order 
to meet the needs of the decontamination operation phase.

Radiation protection equipment and protective clothing (overalls, overshoes, 
gloves, masks, etc.) were procured in large quantities together with the necessary 
health physics instrumentation and were checked out before use. When particular 
instrumentation was found to be lacking (pen dosimeters, for example), the IAEA 
was asked for assistance (see below).

Decontamination procedures were discussed and established, and heavy equip
ment was acquired for removing structures (whole houses had to be taken down) and 
soil to depths determined by the degree of contamination. Among other equipment 
a telecommanded excavator was acquired together with a small robot for radiation 
field monitoring during excavation work which during the actual cleaning up opera
tions turned out not to be of very much use and was soon abandoned.

To get an idea of the total amount of radioactivity deposited in the ground and 
the minimum amount of soil to be removed, and consequently to limit the total 
amount of radwaste to be transported away and stored, activity profiles in the 
contaminated areas were determined by taking ground cores and measuring the 
activity distribution. It was planned to replace the removed material by sand, gravel 
and concrete.
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In the meantime efforts were made to satisfy the increasing number of requests 
from the public for more information by, for example, organizing public meetings, 
distributing flyers, preparing press releases and participating in television broadcasts. 
In many instances special measurements had to be performed for verifying contami
nation suspects in various parts of the city.

7. CLEANING UP AND DECONTAMINATION OPERATIONS, WASTE
REMOVAL AND DEPOSIT

Though in some instances small decontamination operations had been initiated 
before the end of October, the main cleaning up operations started at the beginning 
of November with the aim of completing operations by 22 December.

For demolishing and large scale surface removal (with depths down to 50 cm) 
a large construction company was contracted with radiation protection assistance 
given by the Emergency Organization. For avoiding spread of airborne contamina
tion during the operations and for cleaning and/or washing of streets water was used, 
supplied through the co-operation of the local fire brigade. Special decontamination 
operations were performed by specific physical and chemical methods. Further 
assistance was supplied by police and army personnel, with the latter actually 
participating in the cleaning up and decontamination activities.

In general, the waste was put into 200 L drums and metal boxes by special 
equipment and transported by trucks after contamination control to a temporary waste 
deposit approximately 20 km outside of Goiânia, called Abadia de Goiás. This area 
had been prepared beforehand for reception of all of the radwaste from Goiânia City. 
Special criteria had been applied for its preparation to prevent contamination of 
groundwater in case drums and/or containers leaked.

More than 3000 m3 of waste was removed from the city. By the end of 
March 1988, 3800 200 L drums, 1400 1.20 m3 metal boxes, 6 VBAs and 10 large 
containers had been deposited at Abadia de Goiás. One of these large containers 
houses the recovered therapy source. Provisions have been made for protecting the 
material at the deposit from rain water and destruction by lightning. An environmen
tal control programme provides information on airborne activity and radiation levels 
in and outside the fenced off waste deposit area. Locally employed personnel at the 
waste site are subjected to routine health physics controls. Security is provided on 
a permanent basis by the State Police.

8. OCCUPATIONAL EXPOSURE

As far as the occupational exposure of the working staff is concerned, the 
following limits were adopted:

— Daily limit: 1.5 mSv
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— Weekly limit:
— Monthly limit:
— Quarterly limit:

5.0 mSv
15.0 mSv
25.0 mSv.

Of a total of 720 people engaged in the decontamination operations 17 (2.4%) 
were exposed to doses higher than 10 mSv and 585 (81 %) received doses lower than 
2 mSv. The highest dose measured was 15.8 mSv [1].

Measurements of internal contamination of the staff involved in the cleaning up 
and decontamination operations indicated caesium-137 incorporation in 32 of 
133 persons controlled (18.5%) of the order of the minimum detection limit of the 
whole body counter device used (200 Bq), with the maximum value detected 
corresponding to a 50 year committed dose equivalent of 0.3 mSv.

9. ENVIRONMENTAL MONITORING

The characteristics of the accident and the contaminated sites required 
indispensable measures for environmental control. The appropriate implementation 
of such control brought the following facts to light [1]:

— The water table has not been contaminated.
— No contamination occurred in drinking water.
— Contamination of the ground even in the most heavily contaminated areas was 

limited to a depth of 50 cm.
— Contamination in creeks and rivers was found only in sediments, with concen

tration values varying from 100 to 800 Bq/kg.
— The necessity to either trim or remove trees and domestically grown vegetables 

within a radius of 50 m around the areas of highest contamination.

The monitoring programme has also been performed during the cleaning up 
phase and is being continued for post-accident follow-up.

10. MANPOWER, TECHNICAL CO-OPERATION AND EQUIPMENT 
ASSISTANCE

During the 82 days of continuous work in Goiânia more than 130 000 man- 
hours were spent. Besides 244 staff members from the CNEN, 125 professionals 
from FURNAS, NUCLEBRAS, the Army School of Specialization, the Navy and the 
Air Force, and 351 workers from private enterprises and Goiás State staff partici
pated in the operations.

As a signatory of the Convention on Early Notification of Nuclear Accidents, 
Brazil immediately informed the IAEA when the accident was discovered. Moreover, 
within the framework of the Convention on Mutual Assistance in the Case of a
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Nuclear Accident or Radiological Emergency, Brazil, directly or through the IAEA, 
made contacts with the Governments of Argentina, France, the Federal Republic of 
Germany, the Soviet Union and the United States of America.

Technical co-operation received from the IAEA amounted to 18 man-days, with 
two experts from the USA and one from the Commission of the European Communi
ties. Bilateral co-operation amounted to 82 man-days with two experts from Argen
tina and one each from the Federal Republic of Germany and the USSR. 
Contributions received from volunteer medical and technical experts corresponded to 
77 man-days, with three experts from the USA and two from Japan.

A large amount of equipment was made use of during the operations, with 
emphasis on radiation protection. More than 600 devices were used in Goiânia, 
including instruments donated or borrowed from the UK, the Netherlands, France, 
the Federal Republic of Germany, Japan, Hungary, Israel and the IAEA. This 
support is highly appreciated. Much has been learnt in using the various types of 
instruments in accident conditions.

11. FINAL CONTROL

Though final control for verifying compliance of the cleaning up operations 
with the adopted dose limits is still under way, radiometric evaluations performed up 
to the date of the writing of this report (end of March 1988) indicate that the dose 
equivalents for dwellers within the originally contaminated areas (radius: 50 m) 
should be less than 3 mSv/a.

12. CONCLUDING REMARKS

As a consequence of the radiological accident in Goiânia at the end of 
December 1987 four persons died because of severe overexposure (haemorrhage and 
infection) four to five weeks after the accident. One patient lost his right arm by 
amputation. Some smaller surgical operations have been performed on patients with 
radiodermatitis.

To date, all except one of the patients have been released from hospital.
Fifty persons are being subjected to a medical follow-up programme, mostly in 

Goiânia.
In the meantime, the originally contaminated areas in Goiânia have been 

released and are accessible again to the public with the exception of some very small 
experimental zones. Many of the evacuated people are back again at their original 
residences. Areas with complete demolishing of structures are now Government 
property with a still unknown future.

Summing up, one can say the unusual circumstances of the accident are evident. 
These circumstances, such as the:
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— physical form of the source (pressed powder, high water solubility),
— place of the accident within the centre of a large city,
— low social and educational level of the persons involved,
— unfamiliarity of these persons and the population in general with radiation and 

the danger connected with it,
— initial information deficiencies,
— large scale psychological problems,
— meteorological conditions (heavy rainfalls),
— lack of sufficient specialization and specialized services in the initial phase of 

the accident (this was the first accident of this dimension in Brazil)

made it difficult for the authorities involved to get the situation under control at the 
beginning; however, the authorities rapidly succeeded in understanding the 
circumstances and acting accordingly with success, with the result that the main oper
ations could be finalized within the foreseen time.
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Abstract

THE ROLE OF REAC/TS AS A WHO COORDINATING CENTER.
The Radiation Emergency Assistance Center/Training Site (REAC/TS) program provides a local, 

national, and international emergency response capability for medical management of radiation acci
dents. A team of physicians, nurses, health physicists, and emergency coordinators is on 24-hour call 
to provide direct or consultative assistance following radiation accidents. A dedicated emergency facility 
in Oak Ridge, Tennessee, also serves as a training and demonstration unit for conducting courses of 
instruction in medical response. In 1980, REAC/TS was designated as the WHO Western Hemisphere 
Collaboration Center for Radiation Emergency Assistance. The paper describes the terms of reference 
of this center and summarizes assistance to the IAEA/WHO following accidents in the Western 
Hemisphere. Research activities at REAC/TS are also reviewed.

1. INTRODUCTION

The Radiation Emergency Assistance Center/Training Site 
(REAC/TS) was established in 1976 and has been operated 
since then by the Medical and Health Sciences Division of 
Oak Ridge Associated Universities in Oak Ridge, Tennessee, 
for the United States Department of Energy. The REAC/TS 
program provides the United States Department of Energy with 
a radiation accident response capability for local, 
national, and international incidents. A radiological 
emergency response team is on 24-hour call to provide first 
line responders with consultative or direct medical and 
radiological assistance at the REAC/TS facility or at the 
accident site. Specifically, the team has expertise in and 
is equipped to conduct (1) medical and radiological triage,
(2) decontamination procedures and therapies for external

* Work performed under Contract No. DE-AC05-760R00033 between the Department of . 
Energy, Office of Health and Environmental Research and Oak Ridge Associated Universities.
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contamination and internally deposited radionuclides,
including DTPA chelation therapy for internal transuranic 
contamination, (3) diagnostic and prognostic assessments of 
radiation induced injuries, and (4) radiation dose
estimations by methods that include cytogenetic analysis, 
bioassay and in vivo counting. The REAC/TS facility serves 
not only as a treatment facility but also as a central 
training and demonstration unit where United States and 
foreign medical, nursing, paramedical, and health physics 
personnel receive intense training in medical management for 
radiation accidents. Regularly scheduled courses for the 
occupational health physician and nurse, the emergency
physician and nurse, and health/medical physicists are
conducted. A training team is also available for off-site 
training. Another component of the REAC/TS program is the 
REAC/TS Radiation Accident Registry System. This Registry 
is comprised of four components: the United States Radiation 
Accident Registry, the United States Department of Energy 
Equal to or Greater Than 5 Rem Study Registry, the DTPA User 
Registry, and a Foreign Accident Registry. Data from the 
REAC/TS Registry System is used to determine the efficacy of 
treatment protocols, to monitor trends in morbidity and 
mortality, and as a database for medical follow-up of
accident survivors. The Registry also focuses on providing
factual information on human responses to radiation for
retrospective clinical studies.

In August 1980, REAC/TS was designated as the WHO 
Western Hemisphere Collaboration Center for Radiation
Emergency Assistance. Renewal of this designation was
obtained in April of 1984. The terms of reference of this
center are:

(1) To serve as a focal point for advice and possible
medical care in cases of human radiation injuries;

(2) To facilitate the progressive establishment of a
network of equipment and specialized staff in human 
radiopathology ;

(3) To assist in the establishment of medical emergency
plans for the event of large scale radiation 
accidents ;

(4) To develop and carry out coordinated studies on
human radiopathology and epidemiological studies 
that may be appropriate;
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(5) To assist in the preparation of relevant documents 
and guidelines, and

(6) In the case of an actual radiation accident, the 
Medical and Health Sciences Division of ORAU, 
acting as a WHO collaboration center, would provide 
on request the following:

(a) A survey team for rapid external radiation 
and/or contamination surveys with the 
appropriate equipment;

(b) A team for on-site emergency treatment;

(c) Transportation of patients;

(d) Facilities for medical investigation and 
treatment including

REAC/TS bioassay services;

Whole body monitors;

Radiochemical analysis of samples;

Specialized staff and hospital facilities
for treatment of radiation injuries;

(e) Follow-up medical supervision and treatment.

Under the terms of reference as a WHO Collaboration 
Center, REAC/TS is therefore prepared to respond to 
radiation accidents occurring in the United States of 
America, Canada, Mexico, Central/South America and the 
Caribbean.

This paper summarizes REAC/TS activities since 1976 and 
provides specific reference to programmatic accomplishments 
under the WHO Collaboration Center umbrella. Discussion 
will be divided into three sections: training/education,
emergency response, and registry activities.

2. TRAINING/EDUCATION ACTIVITIES

REAC/TS offers three separate courses of instruction in 
medical management of radiation accidents. These courses,
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TABLE I

C L A S S IF IC A T IO N  BY FORMAL TRAIN ING

H.D. PH.D. NURSE ADM EHT H.P. OTHER TOTAL

Fiscal Year 1976 14 - 2 - - 2 1 19

Fiscal Year 1977 41 3 22 8 2 18 4 98

Fiscal Year 1978 49 3 25 6 4 23 17 127

Fiscal Year 1979 59 6 30 - 5 34 7 141

Fiscal Year I960 66 4 45 2 - 30 22 169

Fiscal Year 1981 89 6 53 2 - 29 16 195

Fiscal Year 1982 79 4 55 2 1 23 26 190

Fiscal Year 1983 74 8 63 2 2 29 18 196

Fiscal Year 1984 68 1 57 - 2 41 17 186

Fiscal Year 1985 73 - 52 - 1 36 13 175

Fiscal Year 1986 62 3 60 2 3 39 9 178

Fiscal Year 1987 92 3 64 - 3 72 40 274

11/2/87-3/18/88 51 - 25 - 2 9 39 126

TOTAL: 817 41 553 24 25 385 229 2,074

conducted in the REAC/TS training and demonstration
facility, include (1) Medical Planning and Care in Radiation 
Accidents, (2) Handling of Radiation Accidents by Emergency 
Personnel, and (3) Health Physics in Radiation Accidents. 
These three courses are directed to the occupational health 
physician and nurse, the emergency physician and nurse, and 
the health/medical physicist, respectively. Table I 
summarizes REAC/TS training activities since 1976. A total 
of 2074 medical or health physics professionals have been 
trained in REAC/TS training courses. Included in the 
training summary total are 161 course participants from 
foreign countries. To date, the following 18 foreign
countries have been represented in REAC/TS training courses : 
Australia, Austria, Brazil, Canada, Republic of China, the 
United Kingdom, Hong Kong, Iraq, Japan, Kenya, Mexico, 
Netherlands, Norway, the Philippines, Scotland, Spain, 
Sweden and Tunisia. Approximately half of the foreign 
nationals who attend REAC/TS courses participate in 
independent study periods of up to three months following 
course completion. These study periods are sponsored by the
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TABLE II
TRAINING COURSES CONDUCTED BY THE REAC/TS-WHO COLLABORATION CENTER

DATE LOCATION

December 1-13, 1980 ANGRA Reactor Site, Praia Brava, Brazil

December 11-21, 1981 CENTRECON, Itaipava, Brazil*

June 3-4, 1987 Mexico City, Mexico

July 8-17, 1987 Xalapa, Mexico

December 7-8, 1987 Rio de Janeiro & Praia Brava, Brazil

♦Included participants from Brazil, Argentina, Chile, Mexico, Uruguay, 
Venezuela.

respective governments or through IAEA fellowships. 
Independent study allows the participant the opportunity for 
direct collaboration with REAC/TS staff, intense study in 
specific areas of radiation accident management, and the 
opportunity to review emergency response planning concepts.

The REAC/TS training programs are available for 
off-site presentation and REAC/TS personnel have 
participated in over 200 off-site training courses in the 
United States of America. REAC/TS also conducts radiation 
accident management training courses at the request of WHO 
at locations outside the United States of America. Foreign 
conferences conducted by REAC/TS since 1980 are summarized 
in Table II. Since the WHO Collaboration Center designation 
in 1980, selected REAC/TS staff have participated in 
numerous conferences on radiation accident management, the 
radiobiology of man, and radiation epidemiology at the 
request of IAEA/WHO. In addition, REAC/TS participated in 
the IAEA/WHO conference seminar on treatment of overexposed 
persons, December 1986 in Caracas, Venezuela, and assisted 
the Ministry of Health, Province of Ontario, with the 
development of a nuclear emergency plan on treatment of 
acute radiation casualties (January 1988).

3. REAC/TS EMERGENCY RESPONSE

The majority of radiation accidents do not require 
patient transport to the REAC/TS facility or the
mobilization of the REAC/TS emergency response team to the
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TABLE XII
EMERGENCY RESPONSE BY THE REAC/TS-WHO COLLABORATION CENTER

DATE ACCIDENT TYPE & LOCATION TYPE OF ASSISTANCE

August 1980 Ruptured Source 
Punto Fijo, Venezuela

10 persons sent to REAC/TS

Feb. 1981 Suspected Rupture ^^®Ra 
Implant Source, Kingston, 
Jamaica

Health physicist dispatched 
for radiological monitoring 
and revising emergency 
procedures.

Feb.-May 
1984

Ruptured ®®Co Teletherapy 
Source, Cuidad Juárez, 
Mexico

Four trips to Mexico for 
medical consultation, 
cytogenetic dosimetry, and 
accident follow-up.

Oct.-Dec. 
1987

Ruptured 1-^Cs Teletherapy 
source, Goiânia, Brazil

Two trips to Brazil for 
medical consultation, 
radiological monitoring, 
cytogenetic dosimetry, 
patient follow-up, and 
establishing medical 
follow-up protocol. (Two 
additional trips In 
planning stages.)

accident site. Often, advice and consultation is sufficient 
for such management and REAC/TS has provided this 
consultation on numerous occasions. There are, however, 
some notable exceptions where on-site assistance or patient 
transport to REAC/TS has been necessary. At the request of 
WHO, REAC/TS has provided direct assistance in four 
radiation accidents in the Western Hemisphere since 1980. 
(See Table III.)

The initial accident response by REAC/TS as a WHO 
Collaboration Center occurred in late August and early 
September of 1980, following rupture of a 3.7 teraBq 
iridium-192 radiography source at an industrial facility 
located in Punto Fijo, Venezuela. Both United States and 
Venezuelan citizens were involved in this contamination 
accident. Ten individuals travelled to REAC/TS for medical 
evaluations and whole body counting for suspected internal 
deposition of iridium-192. These whole, body counts failed 
to reveal any internal deposition above minimum detectable 
activity.

In January 1982, REAC/TS provided on-site assistance 
following a suspected rupture of a radium-226 source used
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for patient therapy at the Kingston Public Hospital in 
Kingston, Jamaica. At the request of WHO, a REAC/TS health 
physicist travelled to Kingston, Jamaica, to determine the 
extent of source damage and pertinent radiological
evaluations. The extent of contamination and personnel 
exposures were evaluated and found to be insignificant. In 
addition, an appraisal of the hospital's radiation
protection program was conducted.

In early 1984, REAC/TS, through its WHO Collaboration
Center activities, assisted the Government of Mexico
following mishandling of a cobalt-60 teletherapy unit in 
Cuidad Juarez. Mishandling of the teletherapy unit 
(containing approximately 16.7 teraBq of cobalt-60) led to 
the irradiation and contamination of approximately 4000 (805 
received >5 mSv) Mexican citizens. Cobalt-60 found its way 
into steel products manufactured at 2 foundaries in Mexico 
after the teletherapy unit was sold to a scrap iron
facility. After discovery of the accident, a REAC/TS staff
physician and cytogeneticist were dispatched to provide 
assistance to the Mexican Ministry of Health. Medical
assistance was directed to the examination of four patients
employed at the scrap iron facility and an additional number
of persons who could have received biologically detectable 
doses while in or near their homes. Cytogenetic dosimetric 
evaluations were conducted on the ten persons suspected of 
having the highest radiation exposures.

In subsequent visits to both Cuidad Juárez and Mexico
City, REAC/TS staff assisted the Mexican Government in 
determining the needs for additional medical follow-up of 
exposed individuals and strategy for epidemiological 
follow-up.

Most recently, REAC/TS provided assistance to the 
Government of Brazil at the request of the IAEA/WHO 
regarding the cesium-137 accident in Goiânia, Brazil. Two 
individuals from REAC/TS were part of a five-member 
international response team sent to Brazil to assist the 
Comissäo Nacional de Energia Nuclear (CNEN) and medical 
personnel at the Marcilio Dias Naval Hospital. Other 
members of the international response team were from 
Argentina, the Federal Republic of Germany, and the Soviet
Union. This team advised Brazilian physicians and health 
physicists regarding radiological monitoring, treatment for 
local skin injuries, treatment for internal contamination 
and radiation exposure, cytogenetic dosimetry procedures,
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The numerator indicates the number o f registered events or sites;
the denominator indicates the total number of persons in the events or at the sites.

a Date: 3/24/88
b Chernobyl count o f 135 000 persons and Brazil count o f 244 persons included 
c Investigators reporting 
d Foreign accidents
e Chernobyl count o f 135000 persons and Brazil count o f 244 included 
* Tw o incidents not classified

Total calls for assistance since 1976 — 495

FIG. 1. Status o f the REAC/TS Registries.

and standards for estimating the amount of radiation 
exposure for the patients. Again, at the request of the 
Brazilian Government through IAEA/WHO, three REAC/TS staff 
returned in late 1987 for the purpose of reassessing patient 
status, the requirement for surgical intervention in one 
patient, and to assist Brazilian officials in establishing a 
medical surveillance program to assess the long-term health 
effects of persons exposed in the Goiânia accident. In 
calendar year 1988, REAC/TS will continue to assist the 
Government of Brazil in finalizing its formal report to 
IAEA/WHO and in conducting an international conference 
regarding the Goiânia cesium-137 radiation accident.

Concurrent with its emergency response activities, 
REAC/TS continues to conduct research into the diagnosis and 
treatment of local radiation injuries, DTPA chelation 
therapy, and general aspects of the radiobiology and 
radiopathology of man. Case history exchange between the 
REAC/TS WHO Collaboration Center and our counterpart in 
Paris is actively encouraged.
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The REAC/TS Radiation Accident Registry is maintained 
in accordance with the programmatic needs of the Medical and 
Health Sciences Division of ORAU and other routine users. 
This Registry System, updated on a quarterly basis, has 
expanded greatly with the experiences at Juárez, Chernobyl 
and Goiânia. The current status of the REAC/TS Registry 
System is shown in Figure 1. The medical data base of human 
experience in radiation accidents, as reflected by the 
REAC/TS Registry, continues to be a valuable asset in 
determining the efficacy of therapy protocols.

4 . REGISTRY ACTIVITIES

5. SUMMARY

As the WHO Western Hemisphere Collaboration Center, 
REAC/TS is prepared to respond to radiation accidents. 
Through training and education endeavors, both in Oak Ridge, 
Tennessee» and selected foreign sites, REAC/TS will continue 
to enhance medical education in radiation accident 
management. Indeed, the value of prior intensive training 
was vividly demonstrated in the response of Brazilian 
physicians, health physicists, and environmentalists during 
the 1987 cesium-137 accident in Goiânia. As a WHO 
Collaboration Center, REAC/TS continues to provide 
state-of-the-art response capabilities and serves as a model 
reference center for WHO.





IAEA-CN-51/95

TRAITEMENT DES SUREXPOSITIONS 
ACCIDENTELLES

H. JAMMET
Centre international de radiopathologie,
Fontenay-aux-Roses

R. GONGORA 
Institut Curie,
Paris

J.-C. NÉNOT
CEA, Institut de protection et de sûreté nucléaire,
Fontenay-aux-Roses

France

Abstract-Résumé

TREATMENT OF OVEREXPOSED PERSONS.
This paper presents the treatments used for various categories of accidental overexposure: general 

overexposure, local overexposure, internal overexposure and associated overexposure. This is followed 
by a description of the co-operating radiopathology centres of the World Health Organization.

TRAITEMENT DES SUREXPOSITIONS ACCIDENTELLES.
Ce mémoire présente les traitements relatifs aux diverses catégories de surexpositions acciden

telles: surexpositions globales, surexpositions localisées, surexpositions internes et surexpositions 
associées. Il est suivi d’une description des centres collaborateurs de radiopathologie de l’Organisation 
mondiale de la santé.

1. INTRODUCTION

Il existe une gamme importante d’incidents ou d’accidents radiologiques sus
ceptibles de se produire. Les victimes de ces accidents peuvent être soit des 
travailleurs, soit des personnes du public, soit des patients dans le domaine médical. 
Leur nombre dépend des circonstances, mais, d’une façon générale, les cas sont 
isolés pour les patients, de quelques individus pour les travailleurs, de plusieurs 
dizaines à des milliers de personnes pour le public. Les modalités de leur exposition 
peuvent être diverses: irradiation externe générale ou localisée, contamination radio
active externe ou interne après inhalation ou ingestion.

Pour bien comprendre les problèmes qui peuvent se poser, il est bon de donner 
quelques exemples. Dans le domaine médical, il s’agit en général de surexpositions 
au cours de radiothérapies anticancéreuses produisant des brûlures radiologiques
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aiguës ou chroniques; rarement il peut y avoir erreur d’administration de radi- 
onucléides à doses élevées entraînant des intoxications radioactives. Dans les applica
tions scientifiques ou techniques des sources de rayonnements, on doit attacher une 
importance particulière aux pertes de sources de gammagraphie; celles-ci récupérées 
inconsciemment soit par des travailleurs, entraînent des brûlures aiguës, soit par des 
personnes du public, sont la cause d’irradiations prolongées aboutissant à des aplasies 
médullaires souvent mortelles. Dans le domaine nucléaire, ce sont les réacteurs ato
miques qui offrent le plus de dangers d’accident, irradiant d’abord les travailleurs de 
l ’installation ou des équipes d’intervention et pouvant, en cas de rejets radioactifs, 
contaminer l’environnement et atteindre le public par irradiation externe à partir du 
panache ou du sol et par contamination interne par inhalation atmosphérique ou inges
tion alimentaire.

2. TRAITEMENT DES SUREXPOSITIONS GLOBALES

2.1. Généralités

Au cours de l ’évolution se manifestent un certain nombre de syndromes:
— les uns sont liés à l’action directe des rayonnements sur les tissus (épithélite 

viscérale par exemple); on ne peut leur appliquer un traitement préventif; ils relèvent 
exclusivement d’un traitement symptomatique;

— d’autres sont liés à des complications (syndromes infectieux et hémorragique 
par exemple); on peut alors envisager un traitement préventif, le traitement actif 
n’intervenant que si le syndrome se manifeste malgré les mesures préventives.

La manifestation des différents syndromes dépend de la dose (niveau et réparti
tion topographique) et de la chronologie d’exposition. Le syndrome prodromique est 
commun aux trois formes, infralétale, létale avec possibilité de survie sous thérapeu
tique et létale avec évolution fatale irrémédiable; il présente des variantes en fonction 
de la dose.

Les formes létales avec possibilité de survie après thérapeutique comportent un 
grand nombre de syndromes; les uns, majeurs, constituent une menace vitale 
(hématopoïétique, viscéral, nutritionnel, toxique); d’autres sont liés à des complica
tions thérapeutiques (choc transfusionnel, réaction hôte-greffon dans l’éventualité 
d’une transplantation médullaire); d’autres enfin (cutanéo-muqueux, endocrinien, 
gonadal) sont moins menaçants.

2.2. Traitement du syndrome hématologique

C’est l ’ensemble du traitement du syndrome hématopoïétique et des ses consé
quences anoxiques, infectieuses, hémorragiques et liées au déficit immunitaire. Dans 
l’état actuel de nos connaissances, nous ne disposons pas de thérapeutique qui per
mette de stimuler l ’activité des cellules souches hématopoïétiques. La notion de
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facteurs de croissance cellulaire se développe mais les données acquises dans ce 
domaine ne sont pas suffisantes pour entrer en application.

Le facteur de stimulation le plus efficace est la chute du taux des éléments 
circulant dans le sang; or cette chute est précisément réalisée au cours de la maladie.

Deux modalités thérapeutiques peuvent être discutées en fonction du contexte 
clinique et dosimétrique (répartition topographique de la dose): un traitement 
substitutif, et il s’agit alors de transplantation de moelle osseuse; un traitement 
compensatoire, et il s’agit de transfusions d’éléments sanguins.

2.2.1. Transplantation médullaire

Pour des doses supérieures à la dose létale 100 %, c’est-à-dire de l’ordre de
6 Gy en irradiation homogène, doses qui entraînent la disparition de toutes les 
cellules souches hématopoïétiques, une transplantation médullaire peut être 
envisagée.

a) Indications,

L ’indication doit prendre en considération la limite d’efficacité liée à la dose et 
le délai d’action.

En ce qui concerne la limite d’efficacité liée à la dose, la transplantation médul
laire ne peut s’appliquer qu’à des sujets ayant reçu une dose médullaire suffisante 
pour entraîner la suppression de toutes les cellules souches mais insuffisante pour 
entraîner des dommages irréversibles au niveau du stroma médullaire. La marge de 
maneuvre est donc très faible.

En ce qui concerne le délai d’action, on peut considérer un effet rapide lié à la 
maturation des cellules les moins immatures et un effet de repopulation du tissu 
myéloïde, plus tardif, qui implique la prise de la greffe, la division des cellules 
souches, leur engagement dans une lignée, leur différenciation et leur maturation. Cet 
effet de repopulation est de l ’ordre de 15 jours.

b) Choix du donneur

Dans des circonstances accidentelles, il ne peut s’agir de greffe autologue; un 
prélèvement effectué après l ’accident, même dans des délais très courts, est inutile 
car les dommages cellulaires sont pratiquement immédiats. C’est donc le problème 
d’une greffe homologue qui se pose. Elle implique une sélection rigoureuse des 
donneurs qui doivent présenter un phénotype aussi voisin que possible de celui du 
receveur, avec une bonne compatibilité HLA qui peut éventuellement être parfaite 
dans le cas de donneurs appartenant à la même fratrie et qui est toujours imparfaite 
dans le cas de donneurs étrangers à la fratrie. La compatibilité est testée par diverses 
méthodes sérologiques et cellulaires, en particulier par culture mixte lymphocytaire.
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c) Complications

La complication majeure est une réaction du greffon contre l’hôte qui peut se 
traduire par des diarrhées, une érythrodermie macro-desquamative, une nécrose 
hépatique, des infections virales et bactériennes. La tolérance pourrait théoriquement 
être améliorée par des thérapeutiques immuno-dépressives qui, en fait, sont 
déconseillées.

Cependant, pour toutes les considérations précitées, l’indication d’une trans
plantation médullaire est très limitée et doit être réservée aux seuls cas pour lesquels 
la dose est certainement létale.

2.2.2. Traitement compensatoire

Aussi le traitement du syndrome hématopoïétique consiste-t-il dans la majorité 
des cas à compenser la baisse du taux des éléments circulants en attendant la restaura
tion spontanée de la moelle osseuse à partir de territoires dans lesquels toutes les 
cellules souches n’auraient pas été détruites, qu’il s’agisse de l’ensemble ou d’une 
partie de l’organisme. Les transfusions de sang totales sont évitées et l ’on procède 
à l ’administration séparée des différents éléments figurés du sang.

a) Erythrocytes

Ainsi, on intervient sur l’anémie par l ’administration de concentrés 
érythrocytaires préalablement irradiés à 30 Gy de sorte que le taux d’hémoglobine 
se maintienne à 10 g pour 100 ml, plutôt que d’attendre les risques d’anoxie. 
L ’administration répétée de culots érythrocytaires peut conduire, malgré un groupage 
rigoureux, à la production d’agglutinines irrégulières antiérythrocytaires et à des 
chocs transfusionnels.

b) Thrombocytes

Le déficit plaquettaire est en grande partie responsable du syndrome hémorra
gique. Le traitement du syndrome hémorragique comporte donc en premier lieu 
l’administration de concentrés plaquettaires en visant au maintien d’un taux minimal 
de 20 000 à 50 000 plaquettes/mm3. Le traitement comporte par ailleurs l’adminis
tration d’acide aminocaproïque, de vitamine K et de vitamine P.

c) Granulocytes

Le déficit granulocytaire est en grande partie responsable du syndrome infec
tieux; aussi peut-on avoir recours aux transfusions de granulocytes à certaines phases 
de l’évolution mais, autant il s’avère relativement possible d’administrer hématies et 
thrombocytes à titre préventif de l ’anoxie et des hémorragies, autant il est difficile
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de maintenir un taux minimal de granulocytes; leur durée de vie est très courte et le 
maintien d’un taux assurant une prévention infectieuse nécessiterait un nombre 
prohibitif d’interventions et de donneurs. Aussi le traitement de l’infection est-il 
d’abord prophylactique.

2.3. Traitement de l’infection

La prophylaxie de l’infection a pour but de soustraire le malade à tout risque 
d’infection exogène ou endogène. Elle comporte la décontamination du malade, son 
isolement en milieu aseptique, une alimentation stérile, l ’usage de matériel stérile et, 
pour les conditions qui impliquent une intervention plus directe du personnel, des 
mesures d’asepsie appliquées au personnel.

Ainsi, chez le malade, on procède quotidiennement à la décontamination des 
téguments de la bouche, du nez, des yeux, des oreilles, du vagin, du méat urinaire 
et de l ’anus.

La protection contre l’environnement est assurée soit par l’emploi d’enceintes 
à flux laminaire, soit par l’emploi d’enceintes d’isolement avec contrôle de la ventila
tion par air stérile en légère surpression; des prélèvements pour contrôle bactériolo
gique sont effectués plusieurs fois par jour, au niveau du sol, des parois, dans l’air 
ambiant et dans l’environnement immédiat du malade. Les enceintes d’isolement 
sont, en outre, équipées de matériel de contrôle de la température et de l’hygrométrie 
et de télésurveillance en période critique des paramètres physiologiques essentiels.

La décontamination interne est plus difficile à assurer et plus discutée. Cepen
dant, devant la fréquence du risque de développement de mycose, un traitement 
antifongique systématique doit être institué.

La prophylaxie de l ’infection peut être complétée par l’administration de 
gammaglobulines.

L’antibiothérapie est plus particulièrement réservée au traitement des manifesta
tions infectieuses déclarées d’origine externe ou interne et elle est pratiquée dans 
toute la mesure du possible sur les directives fournies par des antibiogrammes, après 
mise en culture de prélèvements sanguins, urinaires, du liquide céphalorachidien et 
au niveau du cathéter.

Les transfusions de leucocytes viennent compléter le traitement dans les cas de 
résistance à l ’antibiothérapie.

2.4. Traitement des lésions viscérales

Les syndromes viscéraux répondent toujours à des doses létales. Pour la plupart 
des viscères, il s’agit de doses nettement supérieures à la dose létale 50 % et leur 
manifestation est peu compatible avec la survie; ils relèvent de traitements 
symptomatiques. Le syndrome digestif, et notamment intestinal, peut se manifester 
pour des doses voisines de la dose létale 50 %. Il se traduit par des signes fonction
nels (nausées, vomissements, diarrhées, douleurs) qui relèvent de thérapeutiques
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symptomatiques, mais aussi par des hémorragies et des lésions organiques qui peu
vent entraîner occlusions, ulcérations et perforations. Dans la mesure où l’alimenta
tion per os est possible, elle est stérilisée et administrée sous forme liquide. Lorsque 
des lésions organiques sont déclarées, on ne peut avoir recours qu’à une alimentation 
parentérale. Enfin, lorsque l’état digestif du sujet comporte une indication chirur
gicale, la coexistence du syndrome hématopoïétique rend très aléatoire l’issue d’une 
telle entreprise.

2.5. Traitement des troubles métaboliques

Le syndrome de dénutrition est particulièrement sévère; il relève de causes 
multiples: inappétence, nausées, vomissements, diarrhées, déperdition hydrique, 
déséquilibres électrolytiques; il peut s’accompagner d’un amaigrissement important. 
Un traitement prophylactique est mis en œuvre dès la phase de latence clinique; il 
a pour but le maintien des équilibres thermique et nutritif. Il comporte un apport de 
2000 à 3000 calories sur les bases d’un apport protidique et glucidique prépondérant 
et d’un apport lipidique restreint. L’apport hydrique peut être très important, jusqu’à 
cinq litres par jour. L’équilibre minéral est maintenu en fonction des résultats des 
dosages biologiques. Ce régime alimentaire est complété par une vitaminothérapie 
intense.

2.6. Traitement des symptômes généraux

Le syndrome fébrile relève d’étiologies multiples. L’infection et les phéno
mènes de résorption toxique en sont les causes principales. L’irradiation céphalique 
peut être une cause directe. Les transfusions s’accompagnent parfois d’un état de 
choc avec hyperthermie. La réfrigération, l’usage d’antibiotiques en cas d’infection 
avérée (en particulier après hémoculture positive) antalgiques et tranquillisants, 
constituent le traitement le plus courant. On peut avoir recours aux corticoïdes lors 
de poussées d’hyperthermie plus sévères.

2.7. Traitement des manifestations neurologiques

Les formes létales irrémédiables liées à une dose céphalique très élevée se 
traduisent essentiellement par un syndrome neurovasculaire précoce. Elles impli
quent le traitement de l’œdème cérébral, un traitement antalgique et le traitement 
symptomatique des diverses manifestations d’accompagnement. Mais le pronostic est 
fatal.
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3. TRAITEMENT DES SUREXPOSITIONS LOCALISEES

3.1. Généralités

Les indications découlent a priori de l’état clinique. Les manifestations inflam
matoires, l ’épithélite exsudative, les ulcérations superficielles relèvent d’un traite
ment médical. Les ulcérations profondes et les nécroses relèvent d’un traitement 
chirurgical.

La thérapeutique présente des originalités liées aux caractères spécifiques des 
lésions radiologiques (existence de lésions potentielles au-delà des lésions visibles, 
réduction des moyens de défense contre l’infection et lenteur de la restauration).

Il n’est guère possible d’agir sur les phénomènes radiobiochimiques initiaux et 
d ’interdire le développement des processus de production de radicaux libres. Mais 
on peut intervenir sur les phénomènes inflammatoires, infectieux et douloureux.

3.2. Traitement médical

3.2.1. Inflammation

Les phénomènes inflammatoires:
— qu’ils soient initiaux, comme c’est le cas lors d’irradiations à dose très 

importante,
— qu’ils soient plus tardifs, accompagnant une épithélite exsudative ou l’évolu

tion d’une nécrose,
sont traités par des anti-inflammatoires, non corticoïdes de préférence. Leur effica
cité toutefois est très relative.

Par ailleurs, la durée de l ’évolution souvent très longue de ces lésions limite la 
possibilité d’administration prolongée d’anti-inflammatoires à doses élevées.

Des espoirs avaient été fondés sur l’utilisation d’enzymes, en particulier de la 
superoxyde dismutase (SOD). Des essais expérimentaux n’avaient pas été conclu
ants; toutefois, de nouvelles formes de préparation assurant une plus grande pureté, 
une concentration beaucoup plus élevée et une durée de vie plus longue du produit 
retrouvent un regain d’intérêt.

On a procédé chez quelques malades présentant des radiolésions aiguës des 
mains à l ’application locale de SOD. Sur des lésions inflammatoires aiguës apparues 
immédiatement après l’exposition, on a constaté une rapide régression des phéno
mènes inflammatoires, une nette réduction de la durée de la phase critique, une 
atténuation du syndrome douloureux et une restauration de meilleure qualité que celle 
obtenue antérieurement dans des cas similaires.

L’association à la SOD d’autres enzymes intervenant de façon sélective au 
niveau des différents produits de dégradation permet à la fois de réduire les phéno
mènes inflammatoires et de favoriser la cicatrisation. Néanmoins, les séquences d’ad
ministration optimales restent à déterminer.
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3.2.2. Infection

Les tissus irradiés sont particulièrement vulnérables vis-à-vis de l’infection; 
aussi leur protection exige-t-elle des mesures particulières.

Lorsque se déclare une épithélite exsudative, l’asepsie est assurée par des panse
ments quotidiens précédés de pulvérisation ou de balnéation avec des solutions 
antiseptiques.

Pour les lésions plus sévères telles que ulcérations ou début de nécrose pour 
lesquelles l’évolution est longue, la pratique de pansements quotidiens peut s’avérer 
quasi impossible. Chez les enfants par exemple, ils exigent une anesthésie générale 
qui ne peut être répétée trop longtemps.

Par ailleurs, la répétition trop fréquente des pansements peut retarder la restau
ration. Il s’agit de réaliser un compromis entre le respect de la restauration et la 
nécessité d’asepsie et d’élimination de débris tissulaires. La lésion peut être placée 
sous hotte à flux laminaire qui permet un bon accès thérapeutique et autorise la 
mobilisation passive ou active. La protection est encore mieux assurée par l’usage 
d’isolateurs.

L ’antibiothérapie n’est mise en œuvre qu’en cas d’infection avérée, après 
reconnaissance des germes et antibiogramme.

3.2.3. Douleur

La douleur est présente à tous les stades de l ’évolution; elle peut même se 
manifester après traitement et guérison, dans le cadre des séquelles. Elle est 
complexe et pose de difficiles problèmes thérapeutiques. Il est nécessaire d’en 
analyser les composantes.

Les moyens dont on dispose sont multiples. Ce sont des moyens médicamen
teux, physiques et chirurgicaux.

L’aspirine et ses dérivés, les anti-inflammatoires, les analgésiques généraux et 
les sédatifs permettent de résoudre la plupart des phénomènes douloureux initiaux. 
Mais, très rapidement, les phénomènes douloureux dominent le tableau clinique et 
appellent les analgésiques majeurs, c’est-à-dire la morphine et ses dérivés. La durée 
d’évolution peut être de plusieurs mois et le risque d’accoutumance est très élevé.

Les anxyolytiques, les hypnogènes et les antidépresseurs apportent une contri
bution importante au traitement de la douleur.

Des vasodilatateurs peuvent être utilisés localement selon la technique dite de 
«bloc chirurgical». Dans des douleurs des membres supérieurs en particulier, un 
produit tel que le nepressol est administré sous garrot par voie intraveineuse, le garrot 
étant maintenu pendant quinze à vingt-cinq minutes. Ces techniques, qui ont large
ment fait la preuve de leur efficacité, peuvent poser la question de l ’opportunité de 
maintenir en anoxie des tissus irradiés et des conséquences éventuelles de cette 
manœuvre.
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Des médicaments à impact cortical sont utiles dans le cadre des douleurs 
fantômes.

A côté des traitements médicamenteux, les agents physiques occupent une place 
non négligeable, en particulier la neurostimulation transcutanée, stimulation métamé- 
rique qui agirait par libération d’endorphines.

La douleur résiste souvent aux antalgiques majeurs; au stade d’ulcération 
profonde et de nécrose, seul le traitement chirurgical est efficace. L’excision des 
foyers de nécrose doit être entreprise aussi rapidement que possible, les douleurs 
prolongées favorisant l ’installation de séquelles douloureuses.

Quand on sait que l ’apparition des phénomènes douloureux est inéluctable et 
que l’évolution des lésions peut être très longue, plutôt que d’intervenir à la demande, 
il semble plus rationnel de concevoir une stratégie de la douleur comportant la 
prévention des grands épisodes douloureux.

Un telle attitude permettrait vraisemblablement, non seulement de réduire l ’in
tensité des phénomènes douloureux, mais aussi d’obtenir une meilleure efficacité 
avec des doses moins importantes de médicaments et de limiter le risque d’accou
tumance aux opiacés.

3.3. Traitement chirurgical

Le traitement chirurgical s’adresse aux ulcérations profondes et aux nécroses 
constituées ou éventuellement potentielles.

3.3.1. Indications

Les indications reposent sur une bonne évaluation de l ’état réel ou potentiel des 
lésions. Le seul examen clinique est insuffisant en raison du décalage d’apparition 
des lésions par rapport au moment de l ’irradiation et de l ’association fréquente de 
lésions invisibles parce que profondes ou potentielles. La dosimétrie physique est 
essentielle mais n’est pas toujours possible; les données des examens paracliniques 
thermiques et vasculaires sont alors très utiles.

3.3.2. Choix de la période d ’intervention

Le moment le plus favorable n’est pas déterminé avec certitude.
Pendant la phase initiale de latence clinique et pendant la phase inflammatoire 

aiguë, on ne dispose pas d’argument physiopathologique incitant à proposer l’acte 
chirurgical, même si on le sait inévitable; en outre, le sujet est psychologiquement 
non réceptif à l’idée d’un acte chirurgical. A la période dés lésions cutanées et après 
les phases inflammatoires, on a la confirmation clinique de la dosimétrie et de la 
topographie; le malade est conscient de la gravité sans cependant être entré dans les 
grands épisodes douloureux. Le malade accepte et c’est probablement le moment le 
plus favorable. Des travaux expérimentaux effectués sur le porc par Daburon et col.
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dans le Département de protection sanitaire du Commissariat à l’énergie atomique 
(CEA) tendent à montrer l’intérêt d’interventions relativement précoces qui semble
raient limiter l ’extension du processus fibronécrotique.

Enfin, à une période plus avancée, la décision est de nécessité et elle est 
réclamée par le malade.

3.3.3. Techniques opératoires

Les modalités techniques comportent des excisions partielles ou totales des 
zones lésées suivies de couverture par contiguïté, par greffe ou par lambeau pédiculé 
ou libre.

Il s’agit pour le chirurgien d’une chirurgie originale car il ne peut compter sur 
le seul aspect clinique pour définir les limites d’excision ou d’amputation et doit se 
reporter aux cartes dosimétriques, thermographiques et scintigraphiques vasculaires. 
Les limites d’excision se situent toujours au-delà des territoires visiblement lésés; 
elles se situent soit au-delà des territoires potentiellement nécrosés soit à la limite de 
ces territoires. De même, les limites d’amputation sont définies à partir de données 
dosimétriques afin de se situer dans un tissu susceptible d’assurer une cicatrisation 
convenable du moignon. La couverture peut être réalisée par greffe dans les cas de 
lésions relativement superficielles et après excision de la totalité des tissus irradiés, 
afin que la greffe repose sur des tissus parfaitement vascularisés. C’est rarement le 
cas et le chirurgien pratique le plus souvent un lambeau. Il s’agit non seulement d’as
surer la couverture de surfaces importantes mais aussi de sauvegarder des tissus à la 
limite de la viabilité. La marge de manœuvre est faible, mais cette notion est impor
tante. Il s’agit essentiellement de lambeaux pédiculés. Lorsque les conditions anato
miques le permettent, c’est un lambeau de rotation qui est pratiqué. Mais, le plus 
souvent, on a recours à un lambeau abdominal. La prise d’un lambeau libre, théori
quement indiquée dans le cas d’excision intéressant un volume très important, est 
plus aléatoire; si la continuité vasculaire est convenablement assurée par micro
chirurgie, le drainage lymphatique fait défaut.

4. TRAITEMENT DES SUREXPOSITIONS INTERNES

4.1. Introduction

Face à un accident résultant de l’incorporation de produits radioactifs, le méde
cin se doit de recueillir très rapidement certaines informations pour pouvoir décider, 
selon un schéma bien établi, des actions à entreprendre. Pour s’en tenir à l’essentiel 
et en ne considérant de l’incident que le facteur de risque lié à la radioactivité, on
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peut définir la démarche à suivre en envisageant les trois points qu’elle comporte, 
dans l ’ordre chronologique:
a) Il faut d’abord obtenir des renseignements sur les radionucléides en cause.
b) Dès que l’on s’est fait une idée sur la nature et l’importance de l ’incident, il faut 
mettre en œuvre une thérapeutique destinée à accélérer l’élimination des 
radionucléides, la notion d’urgence étant à ce point de vue essentielle à retenir. Par 
un traitement précoce, on peut abaisser les activités réparties dans l’organisme et leur 
temps de séjour, et donc, de ce fait, diminuer les doses reçues.
c) Enfin, le médecin doit établir un protocole des examens à faire pour estimer 
l’importance de l ’exposition. Les premiers examens donnent en général seulement un 
ordre de grandeur. Il est nécessaire de pratiquer des examens dans les semaines et 
même dans les mois à venir afin de connaître le plus exactement possible les quantités 
incorporées et les doses reçues.

4.2. Classification des radionucléides

En première approximation, les radionucléides peuvent se classer en éléments 
transférables et non transférables, bien qu’il n’y ait pas de solution de continuité entre 
ces deux catégories.

4.2.1. Eléments transférables

Les éléments dits «transférables» sont solubles en milieu biologique dans les 
conditions physicochimiques propres à ce milieu. Ils sont susceptibles de diffuser 
dans l’organisme. La totalité du dépôt peut franchir rapidement les étapes qui le 
conduisent à l’incorporation et à l ’élimination. Ils ont en général dans l’organisme, 
à l’état physiologique, soit un isotope stable (l’iode par exemple), soit un analogue 
chimique (couple césium-potassium, strontium-calcium, radium-calcium). Leur 
comportement dans l’organisme, et en particulier leur fixation dans les tissus ou 
organes, dépend du métabolisme de l’élément physiologique correspondant.

Ce sont par exemple des cations minéraux de valence I ou П. Leur diffusion est 
en rapport avec leur forme dissociée, ionique, au pH de la matière vivante. Ils se 
répartissent en deux grandes familles avec des comportements métaboliques 
différents:
— les alcalins: Na, Cs, K, etc. qui se répartissent dans l’organisme entier;
— les alcalino-terreux: Ca, Sr, Ba, etc. qui se concentrent au niveau du squelette.

D’autres éléments n’appartiennent pas à ces familles et ont un comportement qui 
leur est particulier, comme l’eau tritiée et l’iode.

4.2.2. Eléments non transférables

Ces éléments s’opposent point par point aux précédents: ils n’existent pas à 
l’état naturel dans l’organisme et n’ont pas d’homologues. Il peut s’agir:
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— soit de substances insolubles à tous pH, tels que certains métaux ou certains 
oxydes calcinés à haute température, qui ne diffusent pratiquement pas dans l’or
ganisme et dont l’organe de rétention est la porte d’entrée (exemple: oxyde de 
plutonium);

— soit de substances solubles seulement à pH acide, comme certains sels qui 
s’hydrolysent avec l’augmentation du pH pour donner naissance à des hydroxydes qui 
polymérisent sur place. Pour ceux-là, les organes de rétention seront, en plus de la 
porte d’entrée, généralement le foie et l’os (exemple: nitrate de plutonium). A noter 
que, pendant le temps que met à s’établir l’équilibre entre la forme initiale monomé- 
rique et la forme finale polymérique, il peut y avoir absorption d’une faible fraction 
de la quantité déposée. Ensuite, l ’absorption est sous la dépendance de la dégradation 
des polymères par le milieu vivant. Elle est toujours très lente.

Ces éléments non transférables sont en général des cations minéraux de valence 
égale ou supérieure à П1 (terres rares, plutonium, transplutoniens). La solubilité n’est 
que relative, en rapport avec le milieu; ce dernier varie avec la nature de l’organe 
et avec la gamme des pH (exemple: tube digestif).

4.3. Modalités de l’exposition interne

4.3.1. Incorporation des radionucléides

L’incorporation des produits radioactifs, c’est-à-dire leur entrée dans 
l’organisme, peut se faire par voie respiratoire, digestive ou encore au niveau de la 
peau.

a) Inhalation

Dans un premier temps, l ’aérosol inhalé se dépose au niveau des diverses 
régions de l’arbre respiratoire (nasopharynx, trachée et bronches, parenchyme pul
monaire). Plusieurs mécanismes d’épuration sont alors mis en jeu pour assurer 
l’élimination hors des voies respiratoires des particules déposées:
— transfert direct vers les liquides extracellulaires;
— transfert vers le tractus gastro-intestinal;
— transfert vers les ganglions lymphatiques pulmonaires.

b) Ingestion

Une partie de la quantité ingérée est transférée vers les liquides extracellulaires, 
notamment au niveau de l’intestin grêle, le reste étant directement excrété dans les 
fèces.
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с) Incorporation par voie cutanée

La peau saine constitue une bonne barrière à rencontre de nombreux produits 
radioactifs, les exceptions bien connues à cette règle étant l’eau tritiée et l’iode.

La peau lésée (blessure, brûlure chimique ou thermique) n’assure plus, en 
général, son rôle de protection. Le composé ayant franchi la barrière cutanée peut 
être directement transféré vers les liquides extracellulaires ou être retenu localement 
dans les tissus sous-cutanés et musculaires, et dans les ganglions lymphatiques loco- 
régionaux. Une partie ou la totalité de l’activité ainsi retenue passera ensuite plus ou 
moins rapidement vers les liquides extracellulaires.

4.3.2. Métabolisme des radionucléides

Après incorporation, les radionucléides suivent plusieurs étapes métaboliques.

a) Rétention au niveau des portes d’entrée

D ’une façon générale, on appelle rétention d’un radionucléide à un moment 
donné dans l’organisme, dans un organe ou un tissu, la quantité de ce radionucléide 
présente à ce moment même dans l’organisme, dans cet organe ou ce tissu. La réten
tion admet une composante biologique (transferts d’entrée et de sortie en rapport avec 
les processus métaboliques) et une composante radiologique (perte due à la décrois
sance radioactive).

Pour en revenir plus spécifiquement à la rétention au niveau des portes d’entrée, 
on considère séparément, d’une part, l’arbre respiratoire et les téguments, et, d’autre 
part, le tractus gastro-intestinal. En effet, en ce qui concerne la peau et les poumons, 
la rétention est plus ou moins longue selon la nature et la forme chimique du com
posé, allant de quelques heures (exemple: iode) à plusieurs années (exemple: oxyde 
de plutonium) avec, bien entendu, toutes les situations intermédiaires. Au contraire, 
la rétention au niveau du tube digestif est toujours de courte durée, n’excédant pas 
le temps de transit du bol alimentaire, donc en principe inférieure à 48 heures.

b) Absorption

C’est le passage depuis les portes d’entrée (appareil respiratoire, tube digestif, 
téguments) vers les liquides extracellulaires. Le radionucléide peut alors diffuser 
dans le milieu intérieur de l ’organisme et l ’on parle de contamination systémique. 
L’absorption peut être très rapide et importante (exemples: iode, eau tritiée) ou au 
contraire relativement faible et lente, s’étendant sur plusieurs années (exemple: 
oxyde de plutonium).
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c) Répartition dans l ’organisme de l’activité absorbée

Après absorption, le radionucléide subit divers transferts souvent complexes, 
qui déterminent sa distribution dans l ’organisme et son excrétion. La répartition cor
porelle de l ’activité absorbée peut être diffuse et relativement homogène (exemple: 
eau tritiée) ou localisée dans certains organes ou tissus (exemples: l ’iode dans la 
thyroïde; les alcalino-terreux dans les os; le plutonium dans les os et le foie). Les élé
ments d’une même famille chimique (alcalins, alcalino-terreux, lanthanides, 
actinides, etc.) présentent une certaine analogie quant à leur répartition systémique.

La rétention systémique correspond à l’activité qui a été absorbée. En l’ajoutant 
à la rétention au niveau des portes d’entrée, on obtient la rétention corporelle totale 
ou rétention dans l’organisme entier.

d) Irradiation interne

Aux rétentions du radionucléide dans les divers organes et tissus sont associés 
des débits de dose dont l ’intégrale sur 50 ans à partir du jour de l’incorporation déter
mine les doses engagées. La thérapeutique a pour but de diminuer la rétention des 
radionucléides au niveau des divers organes et tissus, et notamment au niveau de ceux 
les plus soumis au risque. Corrélativement, les doses reçues seront plus faibles que 
dans la situation où seule l ’élimination naturelle aurait joué.

e) Excrétion

Elle est essentiellement urinaire et fécale. Celle-ci comporte l ’excrétion fécale 
d’origine systémique (bile et excrétions digestives) et l’excrétion fécale directe qui 
représente la fraction non absorbée de l ’activité déglutie.

4.4. Règles thérapeutiques

4.4.1. Principes généraux

Le traitement des expositions internes pourrait théoriquement agir au niveau des 
cinq étapes énumérées. En réalité, le blocage du radionucléide au niveau de la porte 
d’entrée et le piégeage au niveau du sang avec déviation vers un émonctoire naturel 
représentent les deux modes courants de traitement.

La notion d’urgence découle de ces connaissances biologiques et des données 
physicochimiques concernant les radionucléides. Si l’on admet que les quantités de 
radionucléides passant dans le sang sont proportionnelles aux quantités diffusibles 
présentes à chaque moment au niveau de la porte d’entrée, l ’efficacité d’un traitement 
local décroît d’une manière exponentielle avec le temps. C’est dire qu’il est d ’autant 
plus important d’agir sur la porte d’entrée qu’il s’agit d’éléments pour lesquels on 
ne dispose d’aucun moyen d’action dès lors qu’ils sont absorbés. Le dépôt dans les
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organes commençant dès que le radionucléide est dans le sang, chaque moment perdu 
augmente irrémédiablement ce dépôt. Il est donc possible de formuler une loi géné
rale, valable dans tous les cas: le traitement doit être institué sur simple présomption 
d’une exposition interne; un traitement aveugle est en général préférable à l ’absence 
de traitement.

4.4.2. Action au niveau des portes d ’entrée

a) Peau saine (contamination externe)

On effectue un lavage non traumatisant par des solutions aqueuses. Parfois, 
l’efficacité de ce traitement peut être renforcée par l ’utilisation d ’ingrédients destinés 
à rendre le contaminant soluble dans le liquide de lavage (DTPA pour les 
transuraniens et les terres rares, bicarbonate pour l ’uranium).

b) Plaie

Elle nécessite le parage chirurgical. Parfois des actions spécifiques le précèdent:
— insolubilisation in situ des cations de valence I ou П pour empêcher leur absorp

tion toujours rapide (par exemple, le Bleu de Prusse pour le césium et le rhodizonate 
pour le strontium);

— mise sous forme de complexes stables en milieu biologique et rapidement éli
minés par voie urinaire pour les cations de valence supérieure à III, afin d’éviter leur 
diffusion loco-régionale et l’absorption ultérieure (par exemple, chélation par DTPA 
pour les transuraniens (notamment le plutonium) et les terres rares ou formation de 
complexes solubles par action d’une solution bicarbonatée pour l’uranium).

c) Poumon

Il existe peu d ’actions thérapeutiques directes au niveau du tractos respiratoire:
— inhalation de DTPA: elle est pratiquée couramment en cas de contamination par 

inhalation de transuraniens (notamment le plutonium) ou de terres rares; la chélation 
de ces éléments par le DTPA conduit à des complexes rapidement éliminés par voie 
urinaire;

— lavage pulmonaire: il peut être envisagé dans les cas d’inhalation massive d’un 
composé peu transférable; c’est une thérapeutique exceptionnelle.

d) Tractus digestif

Le contaminant peut y parvenir:
— non seulement par ingestion,
— mais également après inhalation (remontée des particules déposées dans l’arbre 

respiratoire par l ’action des cils de l’épithélium trachéo-bronchique),
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— et par les sécrétions digestives et la bile (cycles sécrétion-réabsorption). 
L’action thérapeutique consiste à insolubiliser le contaminant pour éviter l’ab

sorption vers les liquides extracellulaires et à accélérer le transit intestinal pour 
limiter l’irradiation du tractus digestif.

L ’insolubilisation dans la lumière intestinale peut être tentée par la prise per os 
de produits qui précipitent l ’élément contaminant, par exemple:
— pour le césium: Bleu de Prusse;
— pour le strontium: alginate;
— pour le radium: phosphate d’aluminium;
— pour des cations de valence >  III: alcalins.

4.4.3. Action au niveau des liquides extracellulaires

Elle doit accompagner, toujours et rapidement, l ’action au niveau de la porte 
d’entrée car une partie plus ou moins importante du contaminant est toujours 
absorbée.

a) Complexation

L’agent complexant mis en circulation dans les liquides extracellulaires agit sur 
l ’élément qui y est déjà présent ou qui est en voie d’absorption. Le complexe formé 
est rapidement éliminé dans les urines. L’élément est ainsi dévié des organes ou tissus 
vers lesquels le conduirait son métabolisme normal. On utilise par exemple:
— pour les transuraniens (notamment le plutonium) et terres rares, le DTPA en 

injection intraveineuse ou par inhalation;
— pour l ’uranium, une perfusion bicarbonatée;
— pour le fer, la desferrioxamine B;
— pour le polonium, le dimercaprol.

b) Dilution isotopique

Elle accélère le cycle métabolique de l’élément et de ce fait son excrétion. Par 
exemple, après une contamination par de l’eau tritiée, on doit faire boire beaucoup 
d’eau. Dans les cas graves, la dialyse péritonéale peut être indiquée.

c) Action spécifique au niveau de la thyroïde

Le principe consiste à saturer la thyroïde par de l’iode stable, ce qui empêche 
la fixation ultérieure de l’iode radioactif. Ce dernier est ainsi en grande partie dévié 
du cycle normal d’hormonogénèse et passe dans l’urine.

L’iodure stable doit être administré très rapidement, dès lors qu’on soupçonne 
une contamination par de l ’iode radioactif.
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Afin de rendre plus facile la conduite à tenir en cas de surexposition interne, 
il est bon de posséder deux sortes de fiches.

4.5.1. Des fiches pharmacologiques, fournissant les informations sur les produits, 
peuvent être utilisées pour la thérapeutique des incorporations accidentelles de radio- 
nucléides. Pour chaque produit, on donne:
— la composition;
— le mode d’action, les principaux radionucléides visés;
— la forme sous laquelle il se présente, le conditionnement;
— le mode d’administration, la posologie habituelle;
— la toxicité, les contre-indications éventuelles.

4.5.2. Des fiches documentaires indiquent, pour les radionucléides les plus couram
ment rencontrés ou qui présentent des risques particuliers:

— les données physicochimiques (famille chimique, isotopes les plus courants avec 
leurs caractéristiques radioactives: période, émissions);

— l’action sur le métabolisme (rétention au niveau des portes d’entrée et transfé
rabilité selon la forme chimique, comportement après absorption dans les liquides 
extracellulaires, principaux organes cibles systémiques, voie d’excrétion prépon
dérante);

— les facteurs d’appréciation de la radiotoxicité pour les isotopes les plus courants 
(temps de présence dans l ’organisme après incorporation, limites d’exposition en 
milieu professionnel);

— la toxicité chimique;
— les moyens de détection et de surveillance individuelle;
— la thérapeutique.

4.5. Conclusion

5. TRAITEMENT DES SUREXPOSITIONS ASSOCIEES

5.1. Généralités

L’association d’une surexposition et de lésions associées peut être définie 
comme un symptôme complexe présenté par les individus qui, en plus de leur exposi
tion à de fortes doses, sont atteints de lésions d’origines diverses, radiologiques ou 
non. Parmi ces dernières, il faut citer les brûlures thermiques, les lésions dues au 
souffle et les traumatismes graves: ces associations peuvent être sévères, mais ne 
seront pas envisagées dans ce mémoire, qui ne s’attachera qu’aux lésions dues aux 
rayonnements ionisants. Les associations d’atteintes d’ordre radiologique sont au 
nombre de trois: 1) exposition globale associée à une exposition partielle ou localisée,
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2) exposition globale associée à des brûlures radiologiques et 3) contamination 
externe associée à une intoxication radioactive.

Quel que soit le type d’association, les effets peuvent être d’ordre additif ou 
synergique, exceptionnellement antagoniste. En d’autres termes, la réponse est plus 
importante que celle que l ’on attendrait si l’on considérait indépendamment chaque 
effet dû à son unique cause.

La conséquence immédiate de la combinaison des effets est la modification pos
sible de l’urgence médicale et apparaît donc, pratiquement, sur le tri des victimes 
dans le cas d’accidents concernant un grand nombre d’individus et sur les gestes 
médicaux à pratiquer le plus tôt possible après l ’accident. Alors qu’une irradiation 
isolée, qu’elle soit globale ou partielle, ne constitue pas en elle-même une urgence 
médicale, son association avec d’autres lésions peut justifier le besoin d’actes 
médicaux urgents. C’est ainsi qu’après un accident grave, le tri ne doit pas unique
ment s’attacher à classer les victimes suivant leurs niveaux supposés de dose, mais 
doit aussi tenir compte de la gravité des lésions associées et l’urgence qui s’y rap
porte. Les victimes souffrant de plus d’un type d’exposition doivent être considérées 
comme potentiellement gravement touchées et être classées dans un groupe d’extrême 
urgence. Par exemple, un individu présentant, en plus d’une exposition globale (à 
dose plus ou moins élevée) une contamination soit externe, soit interne, soit mixte, 
doit être traité et évacué d’urgence en milieu spécialisé du fait de sa contamination 
plus que de son exposition externe.

En plus de l ’urgence médicale proprement dite, certains examens peuvent 
présenter un degré d’urgence qu’ils n’auraient pas si l’origine du syndrome n’était 
pas mixte mais unique. Par exemple, en cas de suspicion d’irradiation globale com
pliquée de contamination externe étendue pouvant entraîner des brûlures graves, des 
gestes simples comme numération et formule sanguine, typage complet, examen 
cytogénétique, etc. revêtent une importance toute particulière.

5.2. Association irradiation globale et irradiation partielle ou localisée

Les cas d’accidents avec des victimes présentant la double irradiation globale 
et partielle ne sont pas rares. En effet, dans pratiquement tous les cas, l’irradiation 
partielle ou localisée s’accompagne d’irradiation globale; dans ce cas, le niveau de 
dose à l’organisme entier est d’autant plus élevé que l’énergie du rayonnement est 
grande. Puisque le pronostic de l’atteinte localisée est fonction du degré d’atteinte des 
tissus en profondeur, donc de l’énergie du rayonnement, cela signifie que les gravités 
des deux syndromes, général et local, évoluent dans le même sens. La deuxième 
conséquence de l ’irradiation partielle ou localisée sur l ’irradiation globale est 
l’hétérogénéité de cette dernière. Pour causer des dommages à la peau et aux tissus 
sous-jacents, la source est en général très proche, voire au contact de la victime; le 
gradient de dose est donc rapidement décroissant.

La plupart de ce type d’associations est due à des sources scellées d’iridium 192, 
de cobalt 60 ou de césium 137. Certains accidents de criticité présentent les mêmes
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caractères. Si la dose absorbée moyenne à la moelle osseuse est suffisante pour 
entraîner une aplasie grave, les lésions cutanées sont à la phase critique alors que les 
défenses contre l’infection sont très faibles ou quasi inexistantes. Ainsi, l’accident de 
Mol du 30 décembre 1986 s’est traduit par une dose absorbée à la moelle très 
hétérogène et à un niveau létal (dose moyenne d’environ 5 Gy gamma et 0,5 Gy 
neutrons) et des doses très élevées au membre inférieur gauche (50 Gy au pied). Le 
problème principal dans cet accident a été la maîtrise de l ’infection du membre 
irradié, qui a présenté une porte ouverte aux germes exogènes pendant un très longue 
période: de la 4e semaine avec éclatement des phlyctèmes jusqu’à la 26e semaine, 
date de l ’amputation. La prophylaxie rigoureuse de l’infection par isolement dans des 
conditions stériles a permis d’éviter toute complication; par contre, aucun traitement 
à visée restauratrice ne s’est montré efficace. Cet accident, ainsi que les autres com
binant les deux types d’irradiation, ont mis en évidence l ’intérêt des études dosimé
triques permettant d’apprécier la distribution spatiale des doses reçues globalement 
et localement. C’est la combinaison de ces informations qui dicte la conduite thér
apeutique et qui décide de sa chronologie.

5.3. Association irradiation globale et brûlures radiologiques

Il était courant dans un passé récent d’affirmer que les dépôts sur la peau de 
produits radioactifs ne devraient pas poser de problèmes graves dans le cas des acci
dents, que ces derniers concernent les travailleurs ou la population. En effet, il était 
admis que les dépôts sur la peau ou les vêtements du personnel intervenant lors d’un 
gros accident ne devraient pas conduire à des doses dommageables, étant donné 1) la 
décontamination rapide de la peau lorsque les débits de dose élevés seraient constatés,
2) la protection élevée apportée par les vêtements vis-à-vis des émetteurs béta et
3) le changement systématique des tenues spéciales d’intervention. De même, il était 
admis que les doses en surface reçues par la population ne pourraient atteindre des 
niveaux dommageables. Les deux accidents récents de Tchernobyl en 1986 et de 
Goiânia en 1987 ont montré à l’évidence qu’il fallait totalement remettre en cause 
cette hypothèse de travail.

Le facteur dominant de l’accident de Tchernobyl a été l’exposition bêta sur des 
surfaces importantes de l’organisme combinée à l ’exposition gamma élevée, plus ou 
moins homogène, de l’organisme entier. De plus, la contribution à la dose totale 
d’une composante exposition interne (inhalation) n’a pas été négligeable. Le tableau I 
montre la répartition des brûlures radiologiques et des surfaces corporelles atteintes 
parmi les victimes du syndrome aigu d’irradiation et leur mortalité.

Des lésions cutanées importantes ont été observées chez environ la moitié des 
victimes avec un syndrome aigu d’irradiation. Tous les irradiés à plus de 4 Gy ont 
souffert de brûlures radiologiques graves. Schématiquement, plus l’aplasie était 
prononcée, plus graves et étendues étaient les brûlures. Les localisations les plus fré
quentes ont naturellement été les parties découvertes (face, cou, mains). Ces brûlures 
ont été sans aucun doute la cause de la mort dans au moins 19 cas sur les 56 brûlés,
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TABLEAU I. BRULURES RADIOLOGIQUES ET IRRADIATIONS GLOBALES 
AIGUËS SUITE A L’ACCIDENT DE TCHERNOBYL2

Dose
moelle

(Gy)

Nombre de victimes Surface corporelle brûlée (%)

Irradiés Brûlés Morts 1-10 10-50 >  50

1-2 31 3 0 2 1 0

2-4 43 12 1 2 9 1

4-6 21 21 7 3 15 3

>  6 20 20 20 1 10 9

115 56 28b 8 35 13

‘ Adapté de Guskova (1987).
b Plus trois décès précoces (brûlure thermique, traumatisme et pendant l ’évacuation).

puisque d’autres victimes brûlées mais sans syndrome grave d’irradiation sont mortes 
avec une Symptomatologie identique. La mort est survenue entre le 14e et le 18e 
jour suivant l’exposition.

Il est certain que ces brûlures radiologiques graves, malgré les traitements clas
siques et performants qui ont été pratiqués, ont compliqué dans une très grande part 
le syndrome d’irradiation et ont été une cause importante de la mortalité, malgré les 
divers traitements choisis pour corriger l’aplasie.

D’une façon générale, le traitement d’un irradié brûlé doit obéir à un protocole 
strict, lié à des exigences physiopathologiques. En tout premier lieu, la victime doit 
être traitée dans un secteur stérile, puisque 1) la brûlure constitue rapidement une 
porte d’entrée à l’agression microbienne et 2) la destruction des moyens de défense 
due d’abord au terrain spécifique du brûlé puis à l ’hypoplasie favorisent tout type 
d’infection.

Si les brûlures ne couvrent qu’une surface limitée (moins de 15 à 25 %) et sont 
profondes, il faut pratiquer précocement l’excision suivie d’autogreffe; le malade 
arrivera recouvert à la phase éventuelle d’aplasie et ce, sans conflit immunologique 
majeur. Les problèmes sont de deux ordres: l’épithélialisation du greffon sera 
retardée de quelques jours par l ’irradiation globale, et toutes les interventions néces
siteront des quantités importantes de transfusions diverses qui peuvent hypothéquer 
les chances d’acceptation d’une greffe ultérieure.

Si les lésions sont très étendues, l ’autogreffe est impossible; cependant, il 
convient de recouvrir au mieux et au plus vite la surface brûlée. Ceci implique un 
traitement très lourd, spécialement à la phase critique de l’aplasie, qui correspondra 
au stade de la détersion spontanée. L ’idéal serait de faire appel aux techniques de
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recouvrement par épiderme de culture; sinon, il faudra faire appel soit à des 
allogreffes qui seront rejetées mais qui permettront de passer le cap difficile, soit à 
des pansements biologiques, plus simples et qui assureront couverture et étanchéité.

5.4. Association contamination externe et intoxication radioactive

L’intoxication radioactive, qu’elle soit due à la pénétration par les voies diges
tives, respiratoires ou au travers de la peau de produits radioactifs, et la contamina
tion externe de la peau sont pratiquement les seuls cas d’exposition accidentelle qui 
présentent une urgence médicale d’ordre thérapeutique. Deux raisons soutiennent 
cette notion d’urgence. La première parce que des actions thérapeutiques sont 
efficaces, soit en bloquant le contaminant sur la porte d’entrée, soit en accélérant son 
élimination de l ’organisme, soit en empêchant sa fixation sur les organes électifs de 
fixation. Ces traitements empêchent ou diminuent notablement les dépôts secondaires 
dans l’organisme qui seront très difficilement mobilisables. La seconde parce qu’il 
est urgent d’éliminer le contaminant de la surface cutanée à cause du risque de 
pénétration, donc d ’intoxication radioactive secondaire, et du fait de l ’exposition 
directe de la peau.

La double expérience de Tchernobyl et de Goiânia a montré les difficultés 
pratiques de la contamination cutanée quand il s’agit de produits de fission tels que 
le césium. L’accident de Goiânia (dissémination dans l ’environnement d ’une source 
de radiothérapie de 1400 Ci de césium 137 à la mi-septembre 1987) a causé 4 décès 
par irradiation externe, mais aussi environ 250 contaminations individuelles donnant 
lieu à des doses élevées à la peau et des doses engagées importantes. Les premières 
ont obligé les médecins à pratiquer des amputations de segments de membres et les 
secondes ont nécessité dans certains cas des traitements à des niveaux jamais pra
tiqués. Ainsi, dans le cas d’un jeune garçon, l’équivalent de dose engagé a été estimé 
à environ 1,25 Sv pendant les deux premiers mois, 1,60 Sv le premier trimestre et 
près de 3 Gy sur la vie. Le résultat intéressant est l ’efficacité du traitement de l ’incor
poration du césium par le Bleu de Prusse. Un traitement intensif par ce produit, en 
quantités importantes (3 g, puis 6 g et enfin 9 g par jour, avec au total environ 200 g 
administrés) a réduit l’incorporation d’un facteur 10. Cet exemple montre à l’évi
dence la nécessité absolue de traitement intensif et urgent des intoxications radio
actives, puisque des doses extrêmement élevées ne sont pas inconcevables dans la 
pratique, sinon pour entraîner rapidement des effets non stochastiques, du moins pour 
compliquer de manière très fâcheuse le pronostic de lésions externes potentielles. Ces 
problèmes sont transposables aux accidents graves qui pourraient survenir dans les 
grosses installations nucléaires, avec rejet d ’un très large spectre de radionucléides 
avec prédominance de produits de fission, et qui concerneraient le personnel ou les 
sauveteurs.
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5.5. Autres associations non radiologiques

Il n’est pas possible de traiter ici des autres associations avec des effets dus à 
des agents non radiologiques. Il faut toutefois signaler que les plus importantes sont: 
les traumatismes (fractures, écrasements, effets de souffle, etc.), les brûlures (ther
miques, chimiques), les intoxications (oxydes de carbone, poussières nocives, 
produits chimiques divers). Le problème principal dans ces associations est de déter
miner quelles lésions radiologiques ou non présentent l’urgence la plus grande ou le 
pronostic le plus sombre, et d’agir en conséquence.

6. LES CENTRES COLLABORATEURS DE RADIOPATHOLOGIE
DE L’OMS

Compte tenu des situations d’urgence en cas d’accident radiologique, l’Organi
sation mondiale de la santé (OMS) a organisé des centres de collaboration de radio
pathologie. Leurs missions peuvent être classées en deux catégories, selon qu’il s’agit 
d ’assistance au moment de l ’accident ou de préparation en vue d’accidents éventuels.

6.1. Missions des centres de radiopathologie

6.1.1. Les missions d ’assistance en cas d’accident radiologique comprennent:
— la visite du site de l ’accident en vue d’identifier et, éventuellement, de mesurer 

la source d’irradiation ou de contamination;
— la participation à la dosimétrie radiologique et aux analyses radiotoxicologiques 

en vue d’évaluer les expositions radiologiques ou les contaminations radioactives des 
victimes;

— le classement diagnostique des victimes, sur les plans qualitatif et quantitatif, 
en irradiés globaux (aplasiques) ou localisés (brûlés radiologiques) et en contaminés 
externe ou interne (intoxiqués radioactifs), ces modalités d’exposition pouvant être 
combinées entre elles ou associées à des traumatismes ou des brûlures thermiques ou 
chimiques;

— la participation au traitement, soit en envoyant des équipes médicales com
pétentes assister les médecins des services où sont hospitalisées les victimes, soit en 
les recevant dans les centres spécialisés relevant du centre de collaboration;

— l’établissement d’un pronostic pour les victimes de l ’accident et le suivi biolo
gique et médical des patients afin d’en tirer tous les enseignements possibles.

6.1.2. Les missions de préparation en vue d’un accident éventuel comprennent:
— la tenue à jour des connaissances en matière d’intervention médicale et sanitaire 

en cas d’accident radiologique;
— la publication de recommandations, de guides et d’instructions relatifs à la 

conduite à tenir pour les victimes d’accidents radiologiques;
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— l’organisation de séminaires, de conférences et d’enseignements concernant la 
radiopathologie ainsi que l’éducation de stagiaires;

— la compilation des moyens médicaux et sanitaires existant dans les pays de la 
région où est implanté le centre collaborateur et l’organisation d’exercices de 
secours;

— la réalisation de programmes de recherche expérimentale et d ’épidémiologie 
humaine relatifs à la radiopathologie.

6.2. Coopération des centres de radiopathologie

En plus de leurs missions propres, les centres de collaboration de l’OMS se 
doivent de coopérer entre eux et avec des organismes extérieurs.

La coopération des centres entre eux comprend:
— l’échange d’informations en matière de radiopathologie, portant sur les rapports 

d ’accidents, les cas d’irradiation accidentelle, les publications, etc.;
— la notification des listes d’urgence;
— l’assistance entre centres en cas de demande d’aide;
— l’échange de personnel scientifique, médical ou technique;
— l’organisation de réunions annuelles tournantes dans les divers centres de 

collaboration.
La coopération des centres avec des organismes extérieurs est indispensable 

dans la mesure où l’intervention médicale n’est qu’une partie de l’intervention géné
rale en cas d’accident radiologique. Les centres doivent d’abord être en rapport avec 
les organismes nationaux responsables de la sûreté radiologique, de l’intervention 
technique, de la sécurité civile, etc. Les centres doivent ensuite apporter leur aide aux 
organisations internationales compétentes dans des domaines annexes, telles que 
l’Organisation internationale du Travail, l’Agence internationale de l ’énergie ato
mique, le Programme des Nations Unies pour l’environnement, etc.

6.3. Organisation des centres de radiopathologie

Dans le domaine de la radiopathologie, le réseau de centres collaborateurs de 
l’OMS comprend trois centres: ceux de Paris (France) et d’Oak Ridge (Etats-Unis) 
depuis 1980 et celui de Leningrad (URSS) depuis 1986.

6.3.1. Le centre collaborateur de Paris porte le nom de Centre international de 
radiopathologie (CIR). C’est une association d’organismes, dont le siège social est 
à l’Université René-Descartes. Les organismes fondateurs sont: l’Institut Curie (IC), 
l ’Institut de protection et de sûreté nucléaire (IPSN) du Commissariat à l’énergie 
atomique (CEA) et le Service central de protection contre les rayonnements ionisants 
(SCPRI) du Ministère de la santé. Chaque organisme apporte ses compétences pour 
des actions coordonnées et fournit les moyens en locaux, équipements et personnels 
nécessaires. Pour l’assistance en cas d’accident, l’IPSN apporte sa contribution pour
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la dosimétrie physique et biologique, l ’IC pour le diagnostic et le traitement, le 
SCPRI pour les problèmes sanitaires concernant la population. Pour la recherche, 
Г1С œuvre plus particulièrement dans le domaine médical, FIPSN dans le domaine 
scientifique et le SCPRI dans le domaine technique. Le CIR assure la garde per
manente, est mobilisable en temps voulu, dispose de moyens importants permettant 
de faire face à n’importe quelle situation d’accident radiologique ou nucléaire. Il s’ap
puie notamment sur un Centre d’investigation radiopathologique au SCPRI, une 
Unité d’intervention médicale à l ’IPSN et un Service de radiopathologie à FIC. En 
outre, il est associé à de grands services hospitaliers hautement spécialisés dans le 
traitement des brûlures, des aplasies médullaires, des intoxications. Une longue 
expérience en radiopathologie a été acquise depuis 1956, portant sur des centaines 
de cas de brûlures radiologiques et jalonnée par le traitement de grands irradiés (You
goslaves, Belge, Italien, Algériens, Marocains, etc.). C’est à FIC qu’en 1958 fut 
réalisée, dans le Service de radiopathologie, la première mondiale d’une transplanta
tion de moelle osseuse.

6.3.2. Le centre collaborateur d ’Oak Ridge porte le nom de Centre d’assistance en 
cas d’urgence radiologique (Center for Radiation Emergency assistance: CREA). 
C’est une partie du Radiation Emergency Assistance Center/Training Site. Il s’appuie 
sur les universités associées d’Oak Ridge et sur la Division des sciences médicales 
et sanitaires du Centre atomique d’Oak Ridge. Son programme est sous la tutelle du 
Ministère de l’énergie des Etats-Unis. Ce centre assure la garde permanente, est 
susceptible d’apporter une assistance en tant que consultant, et est en mesure de 
recevoir des victimes des rayonnements dans un hôpital d’Oak Ridge. Il a acquis une 
longue expérience concernant des victimes d’accidents nucléaires (Y12 en 1958), 
d’incidents liés à des sources industrielles, de séquelles de radiothérapie ou d’erreurs 
de médecine nucléaire. Il a fait des études statistiques sur les accidents d’irradiation 
et de contamination radioactive avec le Centre d’épidémiologie des universités 
associées d’Oak Ridge. Il a enfin organisé un grand nombre de séminaires et d’en
seignements relatifs à la radiopathologie.

6.3.3. Le centre collaborateur de Leningrad porte le nom de Centre de pathologie 
médicale des radiations. Ce centre est relié à l’Institut central de recherche en 
roentgenologie et radiologie. Il est sous la tutelle du Ministère de la santé de l’URSS.
Il fournit des recommandations sur la préparation en vue d’accidents radiologiques 
et sur l’intervention médicale en cas d’accident. Il apporte son assistance médicale 
à ceux qui en font la demande. Il concentre plus particulièrement ses activités sur les 
approches quantitatives dans le diagnostic, le pronostic et le traitement des affections 
dues aux radiations.

L ’OMS envisage la création éventuelle d’autres centres de radiopathologie en 
Argentine, en Australie et au Brésil.



IAEA-CN-51/95 453

BIBLIOGRAPHIE

AGENCE INTERNATIONALE DE L’ENERGIE ATOMIQUE, Rapport récapitulatif sur la réunion 
d’analyse de l ’accident de Tchernobyl, Collection Sécurité n° 75-INSAG-l, Vienne (1987).

BAPTIST, A.M., Exploration vasculaire radioisotopique des radiolésions aiguës de la main, Thèse, 
Paris, 1983.

BENINSON, D., PLACER, A., VANDER ELST, E., «Estudio de un caso de irradiación humana 
accidental», Handling of Radiation Accidents (C.R. Coll. AIEA/OMS, Vienne, 1969), AIEA, Vienne 
(1969) 415.

COMITE D’ETAT DE L’URSS SUR L’UTILISATION DE L’ENERGIE ATOMIQUE, L’accident 
survenu à la centrale nucléaire de Tchernobyl et ses conséquences, Documentation établie pour la 
réunion d’experts de l ’AIEA, 25-29 août 1986, Vienne.

GONGORA, R., JAMMET, H., Radiolésions aiguës localisées, Radioprotection 18 3 (1983) 193.

GUSKOVA, A.K., Early acute effects of the Chernobyl accident, Réunion d’experts de l ’OMS, Copen
hague, 14 mai 1987.

JAMMET, H., et al., Etude de six cas d’irradiation aiguë accidentelle, Rev. Fr. Etud. Clin. Biol. 4 
3 (1959) 210.

JAMMET, H., «Contribution respective de la dosimétrie physique et de la dosimétrie biologique en cas 
de surexposition accidentelle», Handling of Radiation Accidents (C.R. Coll. AIEA/OMS, Vienne, 
1969), AIEA, Vienne (1969) 327.

JAMMET, H., «Valeur des indicateurs biochimiques», Biochemical Indicators of Radiation Injury in 
Man (C.R. Réunion AIEA/OMS, Le Vésinet, France, 1970), AIEA, Vienne (1971) 223.

JAMMET, H., Problèmes posés par les irradiations accidentelles prolongées, Bull. Acad. Nat. 
Méd. 163 2 (1979) 748.

JAMMET, H., GONGORA, R., JOCKEY, P., ZUCKER, J.-M., «The 1978 Algerian accident: acute 
local exposure of two children», The Medical Basis for Radiation Accident Preparedness (HUEBNER, 
K.F, FRY, S.A., dir. publ.), Elsevier (1980) 229.

JAMMET, H., GONGORA, R., LE GO, R., MARBLE, G., FAES, M., «Observtion clinique et traite
ment d’un cas d’irradiation globale accidentelle», Comptes rendus du 1er Congrès international de 
radioprotection, Rome, 5-10 septembre 1966.

JAMMET, H., GONGORA, R., NENOT, J.-C., P ARMENTIER, N., FLURY-HERARD, A., 
«Aspects médicaux des accidents radiologiques traités en France», Comptes rendus du 6e Congrès de 
l ’IRPA, Berlin, 7-12 mai 1984.

LUSHBAUGH, C.C., FRY, S.A., HUEBNER, K.F., RICKS, R.C., «Total-body irradiation: a histori
cal review and follow-up», The Medical Basis for Radiation Accident Preparedness (HUEBNER, K.F., 
FRY, S.A., dir. publ.), Elsevier (1980).

MATHE, G., et al., Transfusions et greffes de moelle osseuse homologue chez des humains irradiés 
à haute dose accidentellement, Rev. Fr. Etud. Clin. Biol. 4 3 (1959) 226.

MATHE, G., AMIEL, J.L., SCHWARZENBERG, L., «Acute irradiation in man: treatment of hemato
logic disorders», Pathology of Irradiation (BERDJIS, C.C., dir. publ.) (1971) 636-668.

NENOT, J.-C., Le mécanisme des effets des irradiations: la radiopathologie, Le concours Médical 27 
(1984) 8.



454 JAMMET et al.

NENOT, J.-C., Clinical management of localized overexposure, J. Soc. Radiol. Prot. 5 2 (1985).

PARMENTIER, N., NENOT, J.-C., JAMMET, H., «A dosimetric study of the Belgian (1956) and 
Italian (1975) accidents», The Medical Basis for Radiation Preparedness (HUEBNER, K.F, FRY, S.A., 
dir. publ.), Elsevier (1980) 105.

PASQUIER, C., CARSIN, H., «Brûlure et irradiation», Actualités sur le traitement des irradiés, en par
ticulier dans le cas associant irradiation et pathologie d’urgence classique, Comité de radioprotection 
EDF, Ed. Gedim, Paris (1987).

STERN, J.P., «Surgical approaches to radiation injuries of the hand», The Medical Basis for Radiation 
Accident Preparedness (HUEBNER, K.F., FRY, S.A., dir. publ.), Elsevier (1980) 257.

VILAIN, R., MICHON, J., Chirurgie plastique cutanée de la main, Masson, Paris (1968).

VILAIN, R., «Considérations sur le traitement chirurgical des lésions consécutives aux irradiations 
massives», Radiation and Skin (3' Congrès national de l ’Associazione Italiana Radioprotezione 
Medica, Saint-Vincent, Italie, sept. 1981), E. Strambi Ed. (1981) 41.



DISCUSSION

(Discussion held on the papers in Session 10)

Paper IAEA-CN-51/76

P.K. MURTHY: As far as I understand it, in the early stages of the Chernobyl 
accident nobody took account of the radiation levels, the only concern at that point 
being to contain the accident, which resulted in the death of 30 persons. Were there 
no health physicists present to advise the firefighters on radiation levels and the 
amount of time they could spend in the accident area? In the light of this experience, 
what suggestions do you have concerning the steps to be taken immediately after an 
accident, not only in order to contain the accident, but also to reduce fatality risks 
to emergency personnel?

L.A. IL’IN: To say that radiation levels were not taken into account during the 
early stages of the accident is incorrect. At the same time it should be borne in mind 
that the explosion in the reactor of Unit 4 presented the emergency services with an 
extremely (rapidly developing situation in which it was vitally necessary to tackle the 
resulting fire, which had taken hold in some 50 locations. The most urgent task was 
to contain and then extinguish the fire on the roof, so as to prevent it from spreading 
to the buildings of Unit 3, where the outbreak of fire could have had catastrophic 
consequences. The situation was further complicated by the fact that the firemen had 
to work at levels of up to 70 m above the ground. Under such extreme conditions, 
coupled with the serious and rapidly changing radiation situation, it was clearly 
impossible to take an all embracing correct decision. In the light of the experience 
gained, the only reasonable solution for dealing with major accidents involving both 
radiation and fire appears to lie in the use of highly reliable (from the radiological 
point of view) automatic fire extinguishing systems (i.e. those which do not require 
human intervention). I should also mention in this connection that I find the idea of 
producing special protective clothing to shield firemen from gamma radiation 
unrealistic, since the additional weight of the shielding material would have an 
adverse ergonomic effect and would thus increase the time spent within the gamma 
radiation fields.

P.K. MURTHY: How many women in the evacuated 30 km range were 
pregnant at the time of the accident and what percentage of them subsequently opted 
for abortion? Can any information be derived from the children bom after the 
accident about the effects of in utero exposure?

L.A. IL’IN: Of the 115 000 or so people evacuated as a result of the Chernobyl 
accident, some 4000 were pregnant women. On the basis of the medical analyses 
carried out, it can be concluded that the accident had no effect on the frequency of 
interrupted pregnancies. Special provisions were made for pregnant evacuees 
(transfer to sanatoriums and rest homes, constant medical surveillance, and so on). 
By comparison with the pre-accident period, practically no change was noted in the
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main pregnancy and birth trend indices. At the Kiev Mother and Child Care Centre 
a thorough check was made on the health status of 413 of the babies to whom 
these women subsequently gave birth. The results were graded according to the 
APGAR scale, on which the maximum possible score, in theory, is 10 points. Under 
real conditions, however, taking into account possible genital and extra-genital 
pathology, scores normally range from 4-5 to 8-9 points. In the case of the new born 
babies to which I referred, the score varied between 7 and 8 points. The rate of still
births, morbidity and infant mortality in the regions concerned have not changed by 
comparison with pre-accident years. As of April 1988, moreover, not one additional 
case of child leukaemia has been registered, either within the regions considered or 
among the evacuated population.

D. WOODS: You indicated that the skin dose at Chernobyl was not from skin 
contamination and that better dosimetry was required for external beta and low 
energy photon radiation. Would you care to comment further on the beta and low 
energy photon radiation measured?

L.A. IL’IN: As is already known, in the Chernobyl accident there was no 
neutron component in the radiation received by people. In this connection, the 
thermoluminescent dosimeters developed by Osanov and Shaks proved their value as 
emergency dosimeters for measuring absorbed skin dose. My paper contains a 
reference to this work.

R.L. KATHREN: Could you comment on the evaluation of risk from long lived 
bone seeking radionuclides, such as the radiostrontiums and actinides associated with 
the Chernobyl accident?

L.A. ILTN: According to the data we gathered, the extent of incorporation of 
strontium radionuclides gave no cause for concern, even among those involved in the 
operations to regain control of the situation immediately. With regard to actinides, 
inhalation was the only path by which they could enter the body — and that only in 
the vicinity of the plant site. The measurements and estimates made in this connection 
indicate that the maximum levels of actinide incorporation did not exceed the 
maximum permissible concentrations laid down for the occupationally exposed.

B. BOSNJAKOVIC: L.A. IT in remarked on the desirability of regulating 
exposure to chemical substances in a manner similar to that in which radiation 
exposure is regulated. For their part, the Dutch authorities have recognized that need 
by introducing a uniform approach to the limitation of risk from, among other things, 
carcinogenic agents, irrespective of their origin. I described the generalized risk 
approach in Paper IAEA-CN-51/81. The dose-effect relationships are determined on 
a case to case basis or in a generic way. Thus, the regulatory assumption of a non
threshold relationship is no longer restricted to radiation only.

Paper IAEA-CN-51/91

L.G. BENGTSSON: Has any estimate been made of the collective dose 
commitment due to the Goiânia accident?
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J.L. BACELAR LEÄO: This has not been done, owing to the particular 
circumstances of the accident (only a few small areas of the city were involved). For 
the staff who took part in the emergency operations following the accident we 
measured, in 81 % of the cases, external doses of less than 2 mSv. Thirty-two persons 
out of 133 controlled showed incorporations around the lower detection limit of the 
whole body counter used (approximately 200 Bq), with the maximum value detected 
corresponding to a 50 year committed dose equivalent of 0.3 mSv.

R. NEIDER: What contamination level did you establish for re-opening to the 
public previously evacuated areas?

J.L. BACELAR LEÄO: The limit was the same as that laid down in the 
Brazilian Basic Standards, that is, 10“VCi/cm2.

Y. NISHIWAKI: Did you observe any correlation between the degree of skin 
bum and patient survival? I ask this because some animal experiments have suggested 
that the higher the degree and the wider the area of skin bum, the smaller the chance 
of survival after a high radiation dose, whereas in Hiroshima the contrary was 
observed. The explanation for this could follow from the assumption that in 
Hiroshima patients displaying external injury or skin burn were ordered to rest 
immediately, while those who had received a high radiation dose without external 
injury or burns were mobilized for rescue work, in which case the combination of 
radiation and heavy muscular work probably reduced their chances of survival.

J.L. BACELAR LEÄO: I would like to pass this question over to R.C. Ricks.
R.C. RICKS: The question is difficult to answer, owing to the fact that radiation 

insult in the Goiânia accident was of a continual nature. Accident victims who 
demonstrated skin lesions were also suffering from radiation insult from external 
exposure and the dose contribution from internally deposited 137Cs. Thus, radiation 
induced skin injuries presented medical complications and management problems 
associated with the Acute Radiation Syndrome and accompanying haematologi- 
cal/immunological depression. Similar medical complications from such combined 
radiation injuries were encountered at Chernobyl. However, one patient in Goiânia 
who suffered severe skin injury, contamination and an estimated 6 Gy dose from 
external radiation did indeed benefit from reduction of skin involvement through 
amputation of a severely irradiated forearm and hand. Following amputation the 
patient’s haematological crisis improved rather rapidly. I should add that this is only 
a single observation (one patient) which must be considered in relation to the cases 
of several other patients who demonstrated similar medical problems (radiation 
induced continual injury) but received no surgical intervention and nonetheless 
recovered.

Paper IAEA-CN-51 /95

P.K. MURTHY : What is the minimum exposure which will produce a thermo
graphy record?

H. JAMMET: Thermography is useful in all potential irradiation cases and 
makes localization possible.
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P.K. MURTHY : Up to how long after exposure can thermography detect local 
irradiation? Must it be performed within a few hours or can it still be done several 
days after irradiation?

H. JAMMET: Where there is sufficient exposure it is positive during the first 
few days. After a week it becomes less clear.

L.A. IL’IN: What do you see as the prospects for curing cerebral forms of 
radiation disease?

H. JAMMET: Brain irradiation can be detected and quantified by means of 
electroencephalographic examination following doses which exceed a few tenths of 
a sievert. As to the treatment of neurological damage, however, there is very little 
we can do. Neurological syndrome becomes predominant in the event of doses of a 
few tens of sievert, and death follows within a few days. There is no possibility of 
effective treatment.

M. SOHRABI: In the course of your presentation you showed slides of hands 
which had undergone treatment for irradiation damage. How long did you follow up 
each case, and did any symptoms occur following treatment?

H. JAMMET: Our patients are followed up indefinitely, in view of their 
scientific interest. In the case of the child’s hand that had been irradiated, our success 
was countered by the fact that the cartilage had been affected, resulting in a loss of 
bone development. In the case of adults’ hands that have been irradiated, recovery 
is stable. The induction of skin cancer is a low probability.

General

R.E. ALEXANDER: In his opening address to this Conference, Hans Blix, the 
Director General of the International Atomic Energy Agency, said that he hoped the 
deliberations of the first panel, on the dose-response relationship, would help to 
stimulate new thoughts on whether the radiation protection community had not been 
too pessimistic in the past, since no linear dose-effect relationship had been 
demonstrated at low radiation doses. This reflects his recognition of the fact that the 
linear non-threshold hypothesis, so very useful for setting standards, can provide 
seriously misleading predictions of health effects in connection with accident 
consequences.

L.A. Il’in stated more than once during his presentation that it is essential to 
arrive at an internationally agreed upon lower boundary for radiation induced 
biological consequences.

I am sure that most of the participants at this Conference, as well as the greater 
part of the radiation protection and health effects community worldwide, agree with 
Hans Blix and L.A. Il’in. However, unless someone takes the lead in establishing 
this lower limit, it is likely that their views will simply be incorporated into the 
Conference Proceedings and distributed to technical libraries around the world, with 
the necessary action being postponed to another time, as has always happened in the 
past. I do not know which organization should take that lead, but I would like to
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request that the IAEA either accept this responsibility itself or that it request another 
international organization to do so. We must make this happen!

D.J. BENINSON: In order to deal with accident consequences it is necessary 
to have pre-established action levels as well as ‘non-action levels’, below which no 
action is envisaged. This does not, of course, require that the risk be zero, but implies 
only that there is no justification for acting at that risk level in the circumstances. In 
any case, the International Commission on Radiological Protection will include in its 
forthcoming recommendations a discussion on the criteria that can be used to estab
lish exemptions from regulations. Last year, moreover, the IAEA issued a document 
on this subject (Exemption of Radiation Sources and Practices from Regulatory 
Control: Interim Report, IAEA-TECDOC-401 (1987)). In neither case has it been 
found necessary to postulate a relationship other than the linear; rather, the approach 
is to stipulate risk and detriment levels that are small enough to warrant no regulatory 
concern.

It is also interesting to note that in relation to protection against other hazards 
(such as heavy metal toxicity) there is currently a move towards consideration of 
stochastic effects in addition to the classical consideration of threshold effects.

F.N. FLAKUS: I believe that the discussion on the matters we have considered 
this week, and particularly those taken up during Monday afternoon’s Special Session 
on the practical application of the linear dose-response relationship, is far from 
concluded. I believe that the Agency should provide a forum in which to discuss them 
further, and we shall consider ways and means in which to do so.

H. JAMMET: The United Nations Scientific Committee on the Effects of 
Atomic Radiation is the competent body for studying radiological risks. It is difficult 
to extrapolate from the evaluation of high dose exposure risks to low dose exposures. 
The hypotheses used in establishing limits are not necessarily the same as those used 
in the case of accidents, the former being conservative in nature, while the latter are 
realistic.
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1. INTRODUCTION

In his introduction the Chairman, J.R .A . Lakey, clarified the difference 
between education and training. He stated that education is what remains when what 
has been learned has been forgotten, that it is the ‘infrastructure of one’s mind’, 
understanding, and that it leads to the unknown. Yet one cannot be trained in the 
unknown; one can only be trained in something that already exists. Education is a 
very deep, fundamental, long term end product. Training can be used to provide 
skills.

With this distinction in mind, the Panel was invited to focus discussion on 
course factors which, it was hoped, would meet the needs of radiation protection 
education and training, including the question of certification as some form of profes
sional recognition, and on suggestions for the radiation protection training 
programme of the International Atomic Energy Agency.

The proposed discussion topics were as follows:

(1) Implementation of radiation protection education and training programmes at 
the national level (areas, infrastructure, magnitude, manpower requirements, 
constraints)

(2) Needs in radiation protection education and training:
(a) Basic knowledge of radiation protection
(b) Enhancement of abilities to transfer international recommendations on 

radiation protection into national regulations
(c) Enhancement of capabilities to set up operational radiation protection 

infrastructures
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(3) Radiation protection course factors:
(a) Validation of courses
(b) Availability of training materials
(c) Need for continuing education

(4) Certification;
(a) Regulatory aspects
(b) Role of professional societies
(c) Role of international organizations

(5) Role of the IAEA in providing education and training on radiation protection.

1.1. Implementation of education and training at the national level

R.C. Ricks described the training endeavours being made under his super
vision at the Radiation Emergency Assistance Center/Training Site (REAC/TS) at 
Oak Ridge. These were quite specific with regard to the radiation protection 
specialists involved and were directed towards medical management of radiation 
accidents, i.e. to “ what happens when ionizing radiation is not used in a manner in 
which it has been prescribed’ ’. REAC/TS trains physicians who are involved in the 
long term care of radiation accident victims, physicians who would be involved in 
the emergency phase of radiation accident management, and health physics personnel 
who work with the medical profession in taking care of medical needs by advising 
on radiation protection constraints. He pointed out that the persons attending these 
training courses are, for the most part, selected physicians and health physics 
personnel from all over the world, and that nursing personnel are also included. The 
training is very intense, also providing hands-on experience with real life simulated 
accident victims. The courses are accredited by the American Medical Association, 
the American College of Emergency Physicians and the Health Physics Society. The 
REAC/TS currently organizes 10 courses per year and participates in about 20 addi
tional courses elsewhere besides maintaining a 24 hour emergency unit for the 
Government of the United States of America. Apart from its own staff members, the 
teaching faculty of the REAC/TS includes external physicians with expertise in the 
medical management of radiation accidents. The training courses are supported by 
written material developed at the REAC/TS, including books, pamphlets, reprints 
and video tapes on the emergency management of radiation accidents. R.C. Ricks 
also reported that his organization had participated in a national teleconference which 
reached an audience of 200 000 people. However, it was concluded that training on 
the medical management of radiation accidents is best delivered with intense instruc
tion and hands-on experience to small groups of individuals.

H. Brunner pointed out that legislation in Switzerland requires that every 
professionally exposed person needs adequate training for the job, and that this 
training must incorporate radiation protection. Over the past 30 years, training activi
ties have led to the development of a school located at Wiirenlingen; it has a full time 
staff supported by radiation protection specialists from other national institutions.
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The training provided covers a broad subject area, ranging from the industrial and 
medical application of ionizing radiation to nuclear power and emergency prepared
ness. Generally, courses are of a 1 week duration. In addition, four courses for full 
time health physics personnel are offered, each lasting not longer than 4 weeks; these 
are linked with practical work periods. New training facilities are available, including 
a permanent school building with modem equipment for practical activities during 
each phase of the course. Great emphasis is placed on practical work in the labora
tory. This covers about two-thirds of the training time as compared to the theoretical 
work, which covers one-third of the time. Of 40 000 professionally exposed persons, 
about 4000 to 5000 persons are trained annually; thus, 10% of the potential audience 
is reached each year. Refresher courses are also offered every 2 to 3 years.

W .Kraus said that, in principle, a very similar approach to training is taken in 
the German Democratic Republic. However, occupationally exposed persons are not 
trained in the centralized radiation protection school. Instead, they receive ‘on the 
job’ training, which is governed by regulations. Detailed examination requirements, 
e.g. in the nuclear power plant area, are also defined. Licences for work with radio
active material require that a staff member from within the management of the licence 
holder be nominated who is then responsible for observing and implementing all the 
radiation protection requirements. These responsible staff members need a State 
qualification certificate and are trained in a central institute. There are about 8000 
such persons and 4000 radiation protection officers. On average, about 2500 persons 
are trained annually in highly specialized courses, the length of which depends on 
the subject and the target group (1 day or 3 weeks for dentists or persons working 
in higher class radioisotope laboratories, respectively). Emphasis is placed on practi
cal exercises, which cover over 50% of the course. An examination is the prerequi
site for obtaining the State qualification certificate. Regular refresher training courses 
are arranged every 2 to 5 years. In addition, full time health physicists from large 
enterprises (universities, nuclear power plants, nuclear research institutes) are trained 
in a two year period of post-graduate study. Three training courses had been 
organized within the framework of the radiation protection programme of the IAEA. 
These 3 week courses were designed for radiation protection officers of regulatory 
bodies in developing countries.

In reporting on the situation in Australia, R. Rosen addressed four issues: the 
legal requirements for radiation protection education and training, the courses and 
training that are available, the public information aspects and some suggestions for 
professional accreditation. Each State in Australia has its own legal requirements for 
granting a licence to use radioactive material or irradiating apparatus, and for the 
acceptance of responsibility for radiation safety. Each State authority uses its own 
judgement as to what is acceptable for the education and training required. Some 
states provide courses that are specially designed for specific groups of licence appli
cants, such as industrial radiographers, medical fluoroscopists and users of sealed 
radioactive sources. In some cases, attendance at a course is sufficient and in others 
a pass must be obtained in a formal examination. The Australian School of Nuclear
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Technology, located at Lucas Heights, provides intensive 4 week courses aimed at 
graduates who have already had some practical experience in the use of radiation. 
These courses consist of lectures, tutorials, laboratory work, radiological surveys and 
technical visits. During the period 1983-1987, 720 students attended the school, of 
which one-third were from outside Australia. A recent development is the reverse 
arangement, whereby a team of lecturers travels to an overseas centre and presents 
a course of lectures there. Courses on non-ionizing radiation protection and on the 
mining and milling of radioactive ores are offered by the Australian Radiation 
Laboratory at Melbourne. Ten further institutions offer additional courses. Members 
of the Australian Radiation Protection Society are aware of the need to educate the 
public in the basic aspects of radiation. As a first step it has nominated spokespersons 
to liaise with the media whenever specific topics arise. The Society is now consider
ing whether to offer professional accreditation facilities for its members. The 
various options to be canvassed include the number of levels of competency, e.g. for 
a basic radiation protection technician, and for a professional graduate and 
experienced health physicist. Another option is whether to include a limited degree 
of specialization in a particular aspect of health physics. In general, the radiation 
protection community is aware of the need for education and training and is 
expanding its activities in this important area.

E. Kunz recalled the long historical experience with uranium mining activities 
in Czechoslovakia and stressed the importance of training for the preparation and 
development of nuclear programmes, particularly nuclear power. Different institu
tions are involved in training, the basic principles being the same as those that prevail 
in the GDR. Each organization working with radiation has to have a person responsi
ble. Three semester post-graduate courses are held. The Faculty of Nuclear 
Engineering of the University of Prague as well as other universities support special 
radiological protection programmes. The training of workers is tailored to the 
specific needs in the various fields and refresher courses are also held. The training 
of medical personnel in the hygiene services was underlined and the vital role of the 
radiation hygiene service of the Ministry of Health illustrated.

G. Köteles reported that the Atomic Energy Commission in Hungary has a 
Committee on Education and Training which has reviewed the knowledge require
ments at various levels. The work of the Committee is supported by advice from 
representatives of other ministries, such as the Ministries of Health, Education, 
Industry, etc. The Committee has reviewed the status of radiation hygiene and protec
tion instruction for specialized professionals, and also the ways of increasing the 
information level of non-nuclear physicians, biologists, and local officials. Teaching 
plans for the following categories have been elaborated:

(a) Graduates of technical institutes and universities who might serve as profes
sional health physicists (special courses are incorporated into the degree course)

(b) Graduates of technical and medical faculties who might use radiation sources 
(courses are of a minimum duration of 6 to 8 weeks)



SUMMARY 467

(с) Post-graduates who specialize in medical radiology or nuclear medicine (dura
tion of the course is several weeks).
The depth of the courses varies, but they all include the following basic 

elements: radiation physics, measuring techniques, dosimetry, radiation biology, 
radiotoxicology, radiation hygiene and protection, public health and occupational 
aspects, radiation protection practices according to the basic rules and regulations, 
and the organization of radiation protection services in the country. Certificates are 
issued and are a pre-condition for obtaining certain jobs, e.g. as an industrial health 
physicist. The essential features are refresher courses and periodic exercises. In 1980 
a national law on the uses of atomic energy allocated specific tasks and duties to the 
employer and the authorities. The importance of the availability of adequate training 
material was underlined and the suggestion was made that information on training 
material collated by the IAEA would enable people to harmonize the basic informa
tion required at various training levels.

J.R .A . Lakey reported that in 1960 a training structure for radiation protection 
was established in the United Kingdom. At that time three categories of staff to be 
trained at existing institutions were specified:

(a) Graduates with the capacity of assuming higher management or playing a lead
ing part in scientific development

(b) Graduates or non-graduates with day to day managerial responsibilites
(c) Non-professional supporting staff.

Numerous courses have been conducted for many years in the UK in support 
of the profession. A number of Master of Science courses continue. Courses closely 
aimed at the practice of radiation protection include the National Radiological Protec
tion Board’s post-graduate course and advanced course, which have been in operation 
since October 1969. Since January 1968 specialist radiation protection courses have 
been offered by the Royal Naval College; these have recently been extended to post
graduate diploma status and are now validated by the University of Surrey. Further 
details on training in the UK are contained in an article entitled Professional Stan
dards in Radiation Protection that was published in the J. Soc. Radiol. Prot. 4 2 
(1984) 74-79.

1.2. Needs

F.N. Flakus referred to the IAEA’s Radiation Protection Advisory Team 
(RAPAT) missions which consider the following minimum requirements for national 
radiation protection infrastructures: existence of: (a) an effective national authority 
for radiation protection; (b) at least general radiation protection regulations; (c) 
licensing and inspection practices; and (d) a technical base (e.g. personnel dosimetry 
service). These requirements yield the following basic training needs that enhance: 
the basic knowledge of radiation protection, the ability of transferring international 
recommendations on radiation protection into national regulations, and the capability
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of setting up operative radiation protection infrastructures, including licensing and 
inspection activities and technical services in support of radiation safety control. 
RAPAT findings confirmed the need for more training in the following subject areas: 
regulation, licensing and inspection to implement control, emergency planning and 
preparedness for non-nuclear fuel cycle facilities, handling of overexposed persons 
(for medical practitioners) and environmental monitoring (measurement programme, 
dose calculation and derived intervention levels). It was pointed out that manpower 
development is the most important component of activities aimed at successful tech
nology transfer and that efforts to strengthen the manpower in developing Member 
States need to be further accelerated. It was also stressed that training courses should 
be of the highest possible quality.

A question was raised by P. Beau of France as to what extent information 
needed by the public was provided in training courses to understand the aims of the 
industry. If this were not pursued properly then the nuclear power industry would 
not survive and with it would go other beneficial applications of radiation throughout 
the world. J.R .A . Lakey responded that in the courses under his supervision special 
attention was paid to the ability of the persons being trained to communicate effec
tively on a platform in public. H. Brunner stressed that radiation protection needs 
to be introduced into general education to be most effective. In addition, training in 
communication is necessary.

F.N. Flakus considered that the appropriate target group for conveying infor
mation on radiation protection to the general public was the ‘influential public’, such 
as medical doctors, teachers, journalists and politicians, and that efforts were needed 
to really reach this audience.

1.3. Course factors

Courses, in particular long term courses, should be independently validated and 
assessed to ensure that they meet the needs. The question of how to measure the 
success of training work was addressed in some length. Whereas some experts 
suggested that evaluation by participants at the end of a course is considered the best 
method, others reported that such evaluation depends entirely on the student 
audience. It was concluded that courses may be assessed by a student body, but that 
the students should not be allowed to determine the contents of the course. Pre
requisites should be established for entering a course.

The availability of training materials was another point of the discussion on 
course factors. A large supply of training material exists in the world and it was 
suggested that it might be of benefit to collect relevant information for use by those 
people who have to plan training activities. In this context it was proposed that the 
IAEA build up a reference library on training courses and training material, to be 
located in Vienna. H. Brunner referred to an example in Switzerland where a train
ing catalogue had been compiled. F.N. Flakus mentioned that within the IAEA 
sponsored ARCAL plan of activities, which is a long term regional technical
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co-operation project in Latin America, training course information had systematically 
been collected for the Latin America region. However, while he agreed to the 
principle of the IAEA acting as an agent, he did not see much benefit in the Agency 
compiling huge amounts of training course material collated from all over the world. 
Instead he saw much more benefit in the IAEA collecting some good training material 
and issuing this as reference training material. This could consist of a series of slides 
accompanied by text books.

R.C. Ricks warned that, as far as training is concerned, physicians only 
respond to training if someone has hands-on experience in the subject. He also 
pointed out that the probability of a physician anywhere in the world being involved 
in managing a radiation accident of any magnitude is approximately once a year, and 
that the probability of a physician being involved in managing a serious radiation 
accident case is less than once in an occupational lifetime. E. Kunz stressed that 
training should be provided by people who are simultaneously involved in research 
work. G. Köteles favoured introducing case studies, etc., into courses to make them 
more vivid and providing a means of checking what people have actually learned.

The training activities of the REAC/TS were considered to be a good model. 
J.R .A . Lakey stressed that the combination of training and service was the key to 
the success of the REAC/TS. H. Brunner stressed the fact that feedback was needed 
in training in order to be up to date and that what had already been taught should not 
simply be repeated. This updating can be achieved by, for example, recruiting 
outside experts for certain lectures. W. Kraus suggested that one way of achieving 
good feedback is to bring in inspectors. The national inspectorate in the GDR is heav
ily involved in refresher courses.

J.M . Palms of the USA said that an effective programme is run by the Institute 
of Nuclear Power Operators (INPO) through its Academy of Nuclear Training. The 
members are accredited US commercial nuclear power stations. The systematic ‘job 
performance based training programme’ begins by analysing the tasks that an 
individual is going to perform at a particular station, looks at the knowledge and skills 
that are required to perform these tasks, plans an appropriate course with the objec
tives clearly stated in writing and offers training programmes for the instructors.

J.C .E . Button of Australia described the current course being held at Lucas 
Heights within the framework of the IAEA’s RCA regional technical co-operation 
programme.

1.4. Certification

With respect to certification techniques it was generally emphasized that some 
form of an award, or recognition, has to be given to indicate that a course was 
attended or completed and that the experience gained meets some predetermined 
requirement (regulatory, national society, international). J.R .A . Lakey mentioned 
that at the IRPA Congress an overwhelming majority of the participants had 
requested that the IRPA try to define some minimum form of certification.
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F.N. Flakus reported on the IAEA training efforts and stressed the concept of 
training the trainers, i.e. the transfer of training capability. He briefly summarized 
the various training opportunities that the IAEA is offering to its Member States, 
including long term educational courses, short term courses on specific subjects, 
visiting training courses, in-country courses, fellowships and scientific visits. In 1987 
one out of four fellowships granted was in the field of safety; about 500 persons from 
developing Member States received 1300 man-months of training, i.e. 2.6 man- 
months on average. Although these training activities were judged to have been 
successful in training persons in specific subjects, e.g. personnel monitoring, training 
of trainers was not. However, it is the number of trained people that needs to be 
further magnified. In responding to a comment from the floor, F.N. Flakus 
confirmed that the IAEA has no mechanism for sponsoring individual long term 
academic training and that fellowships are generally limited to a maximum duration 
of 12 months. It was noted that in certain instances, long term academic training is 
sponsored by a fellow’s home country or by the recipient country. Although the 
policy of the IAEA did not permit the support of long term degree courses, it was 
generally felt that there was adequate access to such courses through the normal inter
national academic framework. Nevertheless, the desire was expressed to broaden 
opportunities of carrier development for persons from developing countries.

A participant from Malaysia suggested that the IAEA pursue the idea of univer
sity training, since such training is very effective. He considered it highly desirable 
that the Agency develop curricula on radiation protection for universities. H. Brun
ner stated that there are always new university courses being established, such as on 
environmental impacts, etc., and that it is clear that radiation protection should be 
introduced into such courses. He also suggested that a directory of training facilities 
should first be introduced and then support given to people to travel to training sites 
to gain experience and transfer it to their countries.

In this connection R.C. Ricks noted that training in Brazil had begun 10 years 
ago. At that time personnel were sent to the USA, the Federal Republic of Germany, 
France, the UK and Canada. On their return home, these people sponsored courses 
and disseminated the information they had acquired. When the accident at Goiânia 
occurred, the authorities showed a much better than average response to the accident. 
The value of external training only becomes visible when it is carried back to a 
country.

The concept of training the trainers was also recognized and the question asked, 
“ Who are the trainers?” It was agreed that trainers were those people who had the 
potential to transmit their knowledge to others.

F.N. Flakus said that human resources are the most important asset of any 
organization or institution. If you have good people you can achieve almost anything; 
if not, even with the best financial resources, you will achieve very little. Manpower 
development is the key issue for the desired transfer of successful technology.

1.5. Role of the IAEA
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There was general consensus that there is clearly a need to train the trainers, 
who in turn could train others through a cascade of training programmes at the 
national level. A problem appeared to arise from the fact that radiation protection 
education and training produced people of a high standard as a result of the courses, 
but that these people often did not remain in their posts long enough to pass on their 
knowledge to members of the national infrastructure. When setting up national 
courses for those responsible it was particularly difficult to obtain training materials 
such as films, video tapes, slides, etc., and it was evident that some form of support 
was needed. A particular feature was the need to train personnel in public relations 
techniques and for specific tasks, such as monitoring, which demand highly specia
lized courses.

The factors affecting courses were discussed, including the need for validation. 
It was recognized that validation implied the requirement of an examination and the 
course needed to be validated before it was offered. With regard to the availability 
of training materials, it was agreed that an international film library and an interna
tional slide collection were most important and that these could well be linked with 
the provision of public relations material. At this stage it was not evident who should 
collate this library. The Fachverband für Strahlenschutz offered access to its slide 
library. It was also evident that a directory of national courses would be of value to 
those people who were seeking specialized training, for example, for X-ray 
personnel.

In discussing the role of international organizations it was apparent that the 
provision of fellowships by the IAEA was an important resource. The policy of the 
Agency did not permit the support of long term degree courses and it was generally 
felt that there was adequate access to such courses through the normal international 
academic framework.

The role of the Agency was discussed and J.R .A . Lakey suggested that support 
beyond that of providing training was needed, since the experts generated by training 
should, themselves, become team leaders within their organizations and be utilized 
within the nations to apply and refresh their knowledge of radiological protection. 
Without the provision of a national resource in which this experience could be gained, 
it would be difficult to support the infrastructure. Even so, it may well be necessary 
for both team leaders and members of the infrastructure to gain experience overseas 
as well as to make use of national resources. In his view the aim should be to produce 
trainers who could themselves effectively run an active programme and he considered 
that the REAC/TS was an excellent model of the organization required. Also stressed 
was the vital importance of good public information being made available if the 
nuclear energy industry were to survive.

In summary, the concept of ‘training the trainers’ was recognized. Development 
of a training material database was encouraged. Certification of radiation protection 
education and training is most important, this being an area in which the International

2. CONCLUSIONS
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Radiation Protection Association could play a highly effective role. It was generally 
agreed that training should be established such that national resources could become 
self-sustaining, but that more work was needed to create a structure which would 
achieve this aim.
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This Conference has concentrated on radiation protection issues arising from 
the production of nuclear energy and has stimulated much discussion. In addition to 
a wealth of experience contributed by the participants, some basic principles have 
been re-examined in the light of the latest available research and suggestions have 
been made for improving the practical application of radiation protection in the 
nuclear sphere. Several recurring themes have become evident during the course of 
discussion, reflecting common interests of the moment. Some of these will be 
reviewed following a brief outline1 of the Conference proceedings.

Sessions 1, 2 and Special Session
Appropriately, the Conference began with a paper by A.J. Gonzáles of the 

International Atomic Energy Agency, which introduced the philosophy behind recent 
moves towards a unified approach to radiation safety, including the IAEA’s recent 
Consultative Document on that topic. There is a need for international guidance on 
policy development to include probabilistic situations in a generalized radiation safety 
strategy. Subsequent papers in this first session developed related aspects of the 
problem: the distinction between nuclear safety engineering and radiation protection 
practices, the need for consistency of approach, international standardization through 
the International Organization for Standardization and the International Electrotech
nical Commission, the evaluation of protection against accidents, the long term 
aspects of low probability events, and problems of reliability and degradation of 
sources of exposure.

The subsequent session covered a wide range of topics from assessment of 
cancer risk estimates, particularly at low doses, through a mathematical approach to 
risk analysis based on probability theory, to the effects of radiation on foetal brain 
cells and the effect of Aboriginal lifestyle on dose assessment of nomadic groups. An 
interesting idea was developed in a paper by T. Domanski, which proposed a biologi
cal mechanism, based on the action of endogenous radioprotectors, that could lead 
to non-linear dose-response relationships without the need to postulate ‘two event’ 
cancer induction processes.

1 Space does not permit individual mention of all the papers presented; selection of the small 
number specifically identified in this summary is simply a reflection of the subjective response of the 
reviewer.
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The first day concluded with a Special Session on The Dose-Response Relation
ship: Implications for Nuclear Energy, and an ensuing Panel Discussion. D.J. Benin- 
son explained the rationale behind retaining a linear dose-response hypothesis for 
radiation protection purposes, and four short presentations followed which examined 
current problems. M.R. Hayns raised the issue of de minimis levels of exposure — is 
a ‘cut-off value justifiable for collective dose calculations which involve very large 
numbers of people exposed at very low doses? H.L. Thompson urged an international 
consensus on exemption levels for radioactive wastes — the idea that the low doses 
implied from some practices and materials may be considered ‘below regulatory 
concern’. R. Hock explained how dose limitation practice.s which result in a reduc
tion in collective dose to the public may require an increase in occupational exposure 
or may imply greater non-radiological occupational risks. All risks should be taken 
into account when developing radiation control strategies. Finally, R.E. Alexander 
made a strong personal plea for pragmatism in interpreting the dose-effect relation
ship and for emphasizing that risk coefficients should be treated not as constants but 
as indices of probability.

Sessions 3 and 4
A very full session on the regulation of radiation protection covered the 

experience of several countries in implementing dose limitation recommendations, 
and the de minimis and below regulatory concern themes re-emerged. Risks of the 
order of 10"7 seem to define the region that is likely to become regarded as trivial, 
with specific activity levels of around 0.1 Bq/g being suggested as low enough for 
unrestricted release of wastes.

There followed a session on optimization and decision aiding, which included 
general strategies, case studies and the use of expert systems. An illuminating over
view by G.A.M. Webb discussed approaches to handling some of the less quantifi
able aspects of optimization, such as multicriterion outranking analysis and multi
attribute utility analysis. M. Chaix discussed the possible uses of an expert 
(computer) system to aid diagnosis and decision making in emergency situations 
when human operators may be prone to error.

Session 5 and Special Panel Discussion
Mid-way through the Conference, there was discussion of occupational radia

tion protection covering the experience of several countries: Argentina, Canada, the 
Federal Republic of Germany, Italy, Japan, the United Kingdom and Yugoslavia. 
There was also a glimpse into the future: to an age when radiation protection in space 
may become a much more important issue, should large numbers of people become 
space travellers. F.N. Flakus presented an overview of the radiation protection side 
of the IAEA’s Technical Co-operation programme, and noted that there had been 
some 30 RAPAT (Radiation Protection Advisory Team) missions to date.
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While many of the Conference delegates spent the afternoon visiting the 
Australian Nuclear Science and Technology Organisation, those remaining partici
pated in a Special Panel Discussion on Radiation Protection Education and Training. 
There seemed to be a consensus, after much discussion, that the emphasis of training 
programmes should be on training the trainers. F.N. Flakus invited contributions on 
possible additional roles for the IAEA. The best received ideas included suggestions 
that the IAEA might provide a co-ordinating function in collating or producing educa
tional materials, and might maintain a database of radiation protection courses avail
able throughout the world.

Sessions 6 to 9
Four shorter sessions covered a range of topics: Limitation of Radioactive 

Releases, Safe Disposal of Radioactive Wastes, Radiological Impact of Nuclear 
Facilities, and Accident Response Planning.

A review of discharge limitation in European Community countries by P.I. 
Mitchell noted significant variation between states. Although ALARA is used almost 
universally, its implementation varies, and little weight seems to have been given to 
the concept of collective dose in setting discharge limits. Two papers discussed 
models for estimating doses resulting from radionuclide releases. There seems to be 
a clear need for some form of harmonization of methodologies for setting discharge 
limits.

Of the six papers on safe disposal of radioactive wastes, four concerned waste 
repositories and two discussed the effects of disposal into the sea. The latter presenta
tions both noted that protection strategies considered adequate for mankind may not 
protect all species in the sea — there is a need to consider fauna in impact studies. 
Discussion of waste repositories covered siting, immobilization in Synroc and model
ling of geophysical processes.

Estimates of the radiological impact of nuclear facilities seem to be decreasing 
in severity, despite an increase in power generating capacity. The UK experience, 
in particular, shows that the significance of the discharge of 137Cs from the 
reprocessing plant at Sellafield has decreased by an order of magnitude over the last 
decade.

In discussing accident response planning, B.W. Emmerson stressed the need for 
an internationally uniform approach to the setting of intervention levels. H. Jammet 
explained the approach of the Commission of the European Communities countries 
to setting derived intervention levels for foodstuffs, characterized by an exemption 
level corresponding to an estimated dose of 5 mSv and a prohibition level 
corresponding to 50 mSv. The calculation from these to derived concentrations in 
foodstuffs requires consideration of individual radionuclides, different age groups, 
different food groups and psycho-sociological factors.
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The final session of the Conference was devoted to Accident Experiences, with 
about half the papers discussing the aftermath of the Chernobyl accident. L.A. IT in 
described some of the organizational and practical problems immediately after the 
accident, and emphasized some of the equipment shortcomings. He suggested that to 
improve public trust in nuclear power, non-nuclear power industries should be 
subjected to the same types of risk assessment. Subsequent papers described the 
experiences of some nearby countries — Hungary and Austria — and the measures 
taken to monitor the consequences of the accident.

Sealed source accidents were discussed in the next group of papers. A historical 
review of major sealed source accidents was combined with a description of 
REAC/TS (Radiation Emergency Assistance Center/Training Site) in the United 
States of America. The accident at Goiânia and its consequences were also described, 
and some of the difficulties of monitoring and cleanup activities explained. Finally,
H. Jammet presented a review of the clinical treatment of some overexposed persons. 
It is clearly vital not only that we have available experienced organizations, such as 
REAC/TS, ready to assist in response to accidents, but also that we must ensure that 
the whereabouts of every hazardous sealed source is accounted for at all times 
through appropriate national and state procedures.

Highlights
Some topics recurred frequently during the discussions following each session. 

The linear dose-response relationship remains a controversial subject. However, as
D.J. Beninson pointed out, it is not the shape of the dose-response curve around zero 
dose that is of principal concern in a radiation protection context, but rather the 
incremental change in dose above a cumulative mid-life ‘background’ dose of 70 to 
100 mSv. There seems to be no justifiable alternative at present to assuming a linear 
correlation between dose and effect for this incremental circumstance, which applies 
to the vast majority of public and occupational exposures.

However, as expressed by L.A. Il’in and R.E. Alexander, among others, there 
is a very powerful desire for movement towards regulatory strategies that ignore 
‘insignificant’ doses. We can expect further development of the ideas of de minimis 
and below regulatory concern in the future. Several countries do appear to be moving 
towards exemption criteria of one kind or another.

The adoption of the linear hypothesis has, of course, a crucially important 
consequence in that it allows for the concept of collective dose. Collective effective 
dose equivalent (commitment) is perhaps the best numerical measure of detriment yet 
available for mathematical optimization exercises, although, as G.A.M. Webb has 
noted, cost-benefit analyses are only part of the overall optimization exercise. The 
various novel approaches to handling the less quantifiable aspects of the problem,

Session 10
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such as multi-attribute utility analysis, seem certain to provide much opportunity for 
further development.

Also likely to be the subject of continuing debate is the possible consequence 
for radiation protection standards of the revision of risk estimates coming from 
‘DS86’, the new assessment of Hiroshima and Nagasaki bomb survivors, and from 
re-evaluation of the risk factors for exposure to radon daughters. The interim 
guidance provided for the UK by its National Radiological Protection Board has not 
met with widespread approval. The United States Nuclear Regulatory Commission 
will not be recommending any change to the 50 mSv annual occupational dose limit. 
Continued exposure of an individual near 50 mSv/а, however, is likely to be unac
ceptable, and it seems likely that some countries, and perhaps even the International 
Commission on Radiological Protection, will in time feel obliged to provide advice 
similar in character to that given by the NRPB.

An interesting development in the last year or two has been the attempt to incor
porate low probability events within a unified approach to risk assessment. Is an 
exposure which is certain and which leads to a probability of fatal cancer equivalent 
to the same numerical probability of a catastrophic event which leads to certain death? 
The IAEA’s recent Consultative Document on this topic will no1 doubt provoke much 
discussion of the problem in the months ahead.

A final recurring theme has been that of communication. It has been noted that 
the viewpoint of the nuclear safety engineer is not the same as that of the health physi
cist, and that each has to define common terms in order to speak the same language. 
It is also important that international bodies to which national authorities look for 
advice should express their recommendations clearly, simply and unambiguously, so 
that differing interpretations of that advice do not lead to inconsistencies of 
implementation between countries. The problem of establishing universal values for 
derived intervention levels in foodstuffs, for example, has also illustrated the commu
nication issue. Several speakers noted the public confusion and anxiety that can be 
caused when different countries adopt different approaches. Communication between 
countries to work towards common strategies in such areas can have very significant 
benefits for communication with and for the understanding of the public.

‘Communication’ is an appropriate topic with which to end a conference. From 
the comments made during the week by delegates from all over the world, this 
Conference seems to have provided an excellent opportunity for communication of 
ideas, results of scientific research and experience. The organizers and the many 
contributors and participants are to be congratulated on a very successful conference.

In closing, I would like to make an observation as a delegate from your host 
country, Australia, and I think these sentiments are shared by a number of the 
Australians in the audience: that this week and last week and, for some of us, the 
week before have been tremendously valuable and stimulating for the radiation 
protection community in this country and I would like to thank all of you, expert and 
non-expert alike, for coming to Australia and for sharing your experiences with us.
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L.B. Sztanyik
‘Frédéric Joliot-Curie’ National Research Institute 

for Radiobiology and Radiohygiene, 
Budapest, Hungary

With the summary just given by G.C. Mason we have come to the conclusion 
of our Conference. For the great majority of the participants it is the end of three 
consecutive meetings: the 7th International Congress on Radiation Protection Prac
tice, organized by the International Radiation Protection Association (IRPA), the 
Jubilee Meeting which marked the 60th Anniversary of the International Commission 
on Radiological Protection (ICRP), and the IAEA’s International Conference on 
Radiation Protection in Nuclear Energy. Whereas the IRPA Congress mainly 
covered practical radiation protection aspects, the IAEA Conference focused atten
tion on radiation protection principles and policies. The programmes of the two meet
ings were closely co-ordinated by their scientific programme committees in order to 
avoid possible overlaps and to make attendance at both meetings attractive to 
participants.

The three events together have constituted a unique and unprecedented occasion 
in the history of radiation protection. This was the first time that all three organiza
tions (IRPA, ICRP and IAEA) arranged to hold radiation protection activities 
consecutively. This has attracted a great number of participants, including scientists, 
health physicists and radiation protection policy makers from all over the world. The 
outstanding interest in these events can also be attributed to the high standard of 
professional work in the field of radiation protection of our Australian colleagues, 
and partly to the celebration of the Bicentenary of the host country.

At the conclusion of our activities, I would like to express — on behalf of the 
Scientific Programme Committee of the IAEA’s International Conference on Radia
tion Protection in Nuclear Energy — our sincere appreciation to the Government of 
Australia for inviting and hosting this important meeting in Sydney, to the Hon. John 
Kerin, Minister for Primary Industries and Energy, for welcoming the participants, 
to the Australian Conference Director, I.W. Morison, and the Australian Liaison 
Officer, J. Willis, and to the Australian Secretariat for excellent preparation of the 
Conference and for their most valuable assistance during the meeting. Thanks are 
also to be expressed to the International Atomic Energy Agency, to its Director 
General, Hans Blix, to M. Rosen, to the members of the IAEA scientific secretariat,
F.N. Flakus, B.W. Emmerson and A. Moiseev, to the administrative secretariat, the 
editors, the records and press officers, the interpreters, the members of the technical 
staff and, in general, to those persons who worked behind the scenes; their compre
hensive and efficient services contributed greatly to the success of the Conference.
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I would also like to thank the members of the Scientific Programme Committe, 
in particular H. Brunner, Chairman of the IRPA-7 International Programme Commit
tee, for smooth co-operation at all times.

Last, but not least, I would like to thank the participants for their continued 
interest in the meeting and for their active participation in the discussions, the authors 
of papers, panelists, and panel and session chairmen for their most valuable contribu
tions. Finally, I wish everyone a safe return to their home countries.
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