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OPPORTUNITIES TO MONITOR 
POTENTIAL DOSE TO MAN 

FROM NUCLEAR EXCAVATION 

Abstract 

This report is a general discussion of 
the opportunities for making measure
ments relating to potential dose from 
nuclear excavation projects. Internal 
pathways of exposure are emphasized. 

Although preshot predictions of poten
tial dose to man from a nuclear excavation 
application will have identified the signifi
cant radionuclides, potential pathways, 
and critical population groups and assured 
the health and safety of the population at 
risk, measurements must be made in the 
actual situation to verify the predictions 
and guard against any "surprise" 
situations. 

The actual dose absorbed fay man 
cannot be measured directly. In the case 
of external gamma radiation the absorbed 
dose is easily inferred from instrumental 
measurement of exposure, subject to 
limitations at very low levels (near back
ground). Generally, radionuclide con
centrations at long distances from nuclear 
excavation are low, and external gamma 
radiation is not significant compared with 
other pathways of exposure. In this case 
the potential internal dose to man must 
be inferred from concentration measure-

Typical sampling and measurement sys
tems are discussed. Several hypothetical 
examples relating potential dose, con
centrations along the pathway, and typical 
measurement capability are presented. 

ments at points along the pathways to man. 
Because of chemical and biochemical 
fractionation effects, measurements for 
individual radionuclides generally must 
be made for meaningful inference of 
potential internal dose. 

Verification efforts that may be de
sirable can range from no downwind 
measurements at all to documentation of 
all significant radionuclides through all 
potential pathways to man. fn situations 
for which previous documentation of 
similar nuclear excavation has confirmed 
predictions and lor which predicted doses 
to tiie closest inhabitants are well below 
prescribed level?, it may be sufficient to 
confirm the shot-time meteorology and 
the vented source. (The latter can be 
accomplished by a few external gamma-
radiation measurements near ground zero.) 
Because the extent of venting is one of the 
prime determinants of - ' ̂ ntial dose to 
man and because it depends on the medium. 

Introduction 
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yield, and depth of burial, a previous 
excavation in the same medium would 
probably be required to render prediction 
of vented fraction sufficiently reliable for 
the nc-dowmvind-measurement situation. 
Similarly, previous measurements of the 
device radionuclide source would be re
quired to ensure that all potentially sig
nificant radionuclides have been considered 
a»d their productions verified. 

It can also be argued that, because 
nuclear excavation experience is limited, 
comprehensive programs to document the 
potential dose to man along all pathways 
should be carried out, at least for the 
first fev; applications, to better understand 
the phenomenology and refine the predic
tion of all the parameters involved. Such 
comprehensive programs are time-
consuming and expensive and, for appli
cations with temperate zones in the 
downwind path, are probably not necessary, 
since the critical pathways to man (cow-
milk and soil-root) are reasonably well 
understood. Fairly reliable dose esti
mates can be made from predicted con
centrations in the cloud and ground-level 
air when the downwind meteorology is 
defined. Under these conditions, down
wind monitoring efforts can be terminated 
when measured cloud and deposition con
centrations assure a potential dose less 
than some prescribed level. 

For applications in areas in which ex
perience is generally lacking and the 

pathways of radionuclides to man undocu
mented, comprehensive monitoring along 
all potential pathways of significant radio
nuclides is not only desirable but probably 
necessary. An example would be in arctic 
regions, where the lichen-caribou food 
chain is known to concentrate certain 
radionuclides but is not well understood 
for a broad spectrum of radionuclides. 
Planning for nuclear excavation in such 
regions should include studies relevant 
to predicting radionuclide behavior in 
these food chains and predictive models 
used to estimate potential dose to man. 
However, measurements along the various 
steps of the food chain will be necessary 
to verify and refine the predictive model 
for possible future applications. 

Thus, the extent of measurement efforts 
for dose verification in nuclear excavation 
':an vary widely and can only be defined 
for the specific situation. The following 
sections present a general discussion of 
the opportunities for measurements ger
mane to dose calculation, together with 
examples of sampling and measurement 
systems and methods ol analysis. Par
ticular emphasis is on regions at long 
distances, where external dose is gen
erally of less significance than other 
pathways of exposure. It is assumed that 
external dose would be measured (or cal
culated) along with other monitoring activ
ities and included in all potential-dose 
estimates. 

Opportunities for Sampling and Measurement 

CLOUD 

The effluent cloud is the initial source 
of all potential downwind exposure from a 

nuclear excavation event. Its path and 
areal extent with time define the primary 
ground-level areas of potential exposure 
sources, and the in-cloud radionuclide 
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concentrations serve as the basis for pre
dicting ground-level concentrations 
farther downwind when the meteorology 
is known. Generally, radionuclide con
centrations at cloud center are consider
ably higher than those at ground level. 
Thus, cloud concentration measurements 
with time can be used as an initial, sensi
tive indicator of potential downwind expo
sure and serve as the primary verification 
of meteorological predictions. With known 
downwind meteorology, early cloud meas
urements can define the locations for and 
the extent of further sampling and moni
toring in the downwind trajectory. 

Specially equipped aircraft can be used 
to track and sample an effluent cloud 
whenever weather and terrain permit. At 
late times the tracking aircraft must be 
equipped with sensitive detectors to define 
the cloud boundary and locate the cloud 
for the sampling aircraft. Care must be 
exercised by the tracking aircraft to en
sure delineation of all portions of the 
cloud, which at late times is usually 
widely segmented, 

GROUND-LEVEL AIR 

Measurement of ground-level air con
centration during cloud passage can be 
used directly to i<ifer dose from inhalation 
and submersion. Coupled with a deposi
tion velocity, ground-level air concentra
tions are an indirect measure of dry 
deposition. 

Sampling must take place Huring cloud 
passage, so the systems must be em-
placed before cloud arrival. Wide area 
coverage is required to determine the 
actual cloud path. Generally, time-
integrated concentrations are measured 

during the entire cloud passage, although 
sequential sampling is possible. 

In the absence of cloud measurements, 
ground-level air samples can serve as a 
secondary verification of cloud trajectory 
and d i f f u s i o n predictions. They are 
primary indications of potential dose to 
man. 

DEPOSITION 

Although ground-level-air concentra
tion measurements are an indirect meas
ure of dry deposition, in some instances 
it is desirable to directly measure typical 
dry deposition with pre-emplaced col
lectors or by discrete sampling of surface 
dirt, surface water, or vegetation. These 
serve as the basis for estimates of poten
tial dose to man through the various food 
pathways. For instance, measurement of 
deposition on typical vegetation at time 
intervals after cloud passage can indicate 
radionuclide intake by foraging animals 
and serve to estimate potential dose via 
the cow-milk pathway. 

Since wet deposition is generally dose-
limiting, provision should be made to 
collect precipitation as well as dry depo
sition during cloud passage. Ground-
level-air concentration measurements 
are either unattainable or meaningless 
for inference of wet deposition. Without 
actual measurements the only useful 
methoo' to infer wet deposition levels is 
from upwind cloud concentration meas
urements prior to precipitation. As 
in the case of dry d e p o s i t i o n , wet 
deposition levels can be measured from 
samples of s u r f a c e dirt, water, or 
vegetation to e s t i m a t e potential dose 
to man. 
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FOOD-CHAIN SAMPLING 

Monitoring of food-chain pathways is 
one of the most direct ways of estimating 
the possible dose man might receive. 
The most critical food- chain pathways, 
tl>- critical population, and the critical 
radionuclides are dependent upon, and 
possibly unique to, the location of each 
shot and the meteorological conditions at 
the time of the detonation. However, 
there are several food chains that are 
important to many populations. Certain 
points within these food chains can be 
assayed to ascertain the concentration of 
radionuclides that are considered impor-

3 231 
tant, such as H and I, in leading to 
exposure of man. 

Cow-Milk Pathway 
A large food supply for many popula

tion groups, and in particular the children 
within the population, is milk and milk 
products. A routine milk-sampling net
work is spread throughout the United 
States and milk samples collected daily 

3 331 can be analyzed for H, I, and other 
isotopes. Milk from cows supplying 
individual families in specific areas can 
also be monitored to determine the degree 
of exposure of the people involved. The 
importance of milk in man's food chain, 
the ease of collection and analysis, and 
the fact that the activity in milk repre
sents the levels incurred by the animal 
while grazing large amounts ot vegetation, 
l-ialce this an important source not only 
for assessing the dose contribution to 
man but also for assessing environmental 
contamination. 

Other Food Chains 
Vegetation can also be collected, 

usually with relative ease, and assayed 
for any radioactive contamination. The 
type of vegetation collected would vary 
with the area in question; but vegetation, 
fruits, and grain that would be available 
to animals (such as livestock, chickens, 
or other animals used as meat supplies) 
or would be ingested directly by man 
should generally be obtained for analysis. 
This type of collection would occur in 
specified areas delineated by population 
and agricultural distribution. 

Water sources should also be assayed, 
especially any streams or lakes that con
tribute either fresh-water-fish products 
to the diet or contribute to the drinking-
water supply. Aquatic species sometimes 
accumulate and concentrate certain radio
nuclides, and therefore the fish products 
should also be obtained for analysis if 
water samples indicate the presence of 
a critical radionuclide. The watersheds 
that should be sampled should be fairly 
well defined by preshot estimates of 
direction of cloud travel. 

BODY LEVELS IN MAN 

Assaying the radioactive content o f 

the vegetation, milk, and water that con
tribute to the human diet leads to reason
able estimates of the dose likely to be 
received by man. Howevei, in certain 
specified areas a more direct approach 
could be taken; measurements could be 
ma'te directly on human subjects. This 
ould take the form of whole-bjdy count
ing, selective counting of specific organs 
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such as the thyroid or spleen, or the 
monitoring of the urine, a method that is 
particularly useful in determining the 3 dose from H. Such cases would have to 
be rather selective and would probably 
be directed by results obtained from 
other sources previously discussed, such 
as milk, vegetation, etc. 

ENVIRONMENTAL SAMPLING 

Organs from animals can also serve 
as very good samplers for certain specific 
isotopes. Data can be collected from 
areas where for various reasons no 
mechanical sampling systems were avail
able. An example is the use oi the thy
roid gland from animals such as sheep, 
goats, deer, or cattle to assess any en
vironmental contamination and possible 

131 risk to man from I. This gland is a 
very efficient sampler for determining 
the exposure and recent history of the 
immediate environment of the animal. 
Bone, liver, and kidney can serve as 
indicators for other isotopes. 

Sampling Systems 

This section and those to follow pre
sent some typical systems in general use 
for documentating radioactive effluents. 
The list is by no means comprehensive, 
nor are the frontiers in the development 
of the state of the art represented. Gen
eral characteristics and limitations of 
typical systems are discus.. ;ed so that 
relative effectiveness of various methods 
used on a routine basis can be compared. 

The preceding has been a general dis
cussion of possibilities for measurements 
relating to human dose estimates. The 
extent of their employment would depend 
on the individual situation—the radio
nuclides encountered and their concentra
tions, the population at risk, etc. As a 
rule, the closer the measurement is to 
man in the steps along a pathway, the 
better the dose estimate. However, as 
downwind distances increase and as 
sampling progresses from the cloud to 
ground level and through the pathways to 
man, concentrations generally decrease 
and detectability becomes progressively 
more difficult—requiring more sophisti
cation and expense to make meaningful 
measurements. As radionuclide concen
trations approach background levels, local 
pre-event background data are necessary 
for interpretation. It is therefore reason
able that specific monitoring for an indi
vidual event would terminate when meas
urements at son -> point along the pathways 
to man assur . a potential dose below some 
predetermined level. 

and Techniques 

CLOUD 

Cloud sampling and measurement re
quires a mobile airborne platform with 
appropriate sampling systems, together 
with sensitive radiation-detection equip
ment for locating and delineating late-
time, low-concentration clouds. Those 
discussed below are all configured on 
fixed-wing a i r c r a f t , although other 
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airborne platforms would be no less ap
propriate. 

Twin-jet weather observation aircraft 
have been equipped with dual particulate 
sampling systems for obtaining very-high 
volume air samples. These are wing-
mounted ram-air sysiems designed for 
isokinetic sampling at nominal speed and 
altitude, although deviation by as much as 
a factor or two from isokinetic behavior 
has been observed for excavation cloud 
sampling conditions. At normal sampling 
velocity, the Kronisol- impregnated* 
IPC-1478 filter medium, used for high-
volume flow, is reasonably efficient down 
to particle sizes in the range of several 
tenths of a micron. For nominal condi
tions, sampling rates are 300 to 400 m 3/ 
min. The filters are 75 cm in diameter. 
Each sampler has a remotely operated 
valve at the entry to allow independent use 
of the two systems. 

These aircraft are also equipped with 
dual gas-sampling systems. Air is 
pumped with a remotely operand carbon-
vane pump through a small-bore tube to 
gas bottles with a capacity of about 5 m 3 . 
The sampling rate is about 0.1 m3/min. 
Samples are pumped through a particulate 
prefilter followed by a cartridge contain
ing either Mg<C104>2 for water or charcoal 
for gaseous iodine collection. 

Several of these aircraft also have 
fuselage-mounted ram-air particulate 
samplers that can be remotely sequenced 
for up to 12 independent samples. These 

Reference to a company or product 
T^ ,°SS f i u l m p l y a PP r o v » l cr recom-
mendaUon of the product by the University 
of California ov the U. S. Atomic Energy 
Comnnssion to the exclusion of others 
that may be suitable. 

also use IPC-1478 filter media; their 
sampling rate is 70- J00 m3/min for nomi
nal conditions. Although the extent of 
their isokinetic behavior ;s not known, 
samples compared with those from the 
wing-mounted systems have agreed within 
a factor of two in terms of inferred con
centrations. 

Because these aircraft aave no low-level 
radiation-detection equipment, they must 
rely on tracking aircraft for cloud position 
data at late times. Ther rfoi-e, the volume 
of cloud sampled cannot be reliab'y deter
mined. This is considered to be the 
limiting source of error in assessing 
cloud concentration using these aircraft. 

Two aircraft have been equipped specif
ically for monitoring radioactivity. Sim
ilarly equipped, the two differ basically 
only in range capability and crew comple
ment, ^ach can simultaneously record 
position, altitude, and meteorological 
information together with data on radiation. 

Because the primary function of the 
aircraft is to track and map effluent debris 
using a sensitive array of Nal detector?, 
entry of debris clouds is avoided when 
cloud concentrations are such that air
craft contamination is a possibility. There
fore, the sampling systems can only be 
used for clouds at very late times, when 
concentrations are very lo». The sampling 
systems are ram-air type designed for 
isokinetic behavior under nominal condi
tions. Sampling rate is about 5 m3/min. 
The IPC-1478 filters can be changed 
manually. A shielded Nal crystal and 
pulse height analyzer on beard the aircraft 
is used to qualitatively scan the filters for 
debris identification. 

For cloud tracking, each aircraft is 
equipped with an array of fourteen 
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4 in. X4 in. Nal crystals. The amplified de
tector output can be either recorded as 
gross count rate or pulse-height-analyzed 
for qualitative debris identification. 
Background for the 14-detector array 
varies with altitude. It is several 
thousand gross counts/sec at ground 
level and typically about 1300 gross 
counts/sec at 10,000 ft. Positive debris 
identification is usually considered to be 
about twice background; for typical in-
cloud geometry this corresponds to a 
gross gamma concentration level of the 
order of 50 pCi/m . With on-board 
gross gamma analysis of a 10-min filter 

3 
sample, 1 pCi/m can be detected. Gen
erally, when a cloud is located, a path 
around the boundaries of positive signal 
is periodically flown to delineate with 
time the debris location and extent. The 
Nal-crystal array can also be used for 
qualitative deposition identification, sub
ject to terrain limitations for low-level 
flying. 

A cryogenic sampler is probably the 
most reliable system so obtain data for 
gaseous effluents. Air is pumped through 
a particulate prefilter, and rare gases 
and water are collected on a charcoal bed 
cooled to 84°K. A typical sampling rate 3 is about 0.1m /mm. 

GROITID-LEVEL SAMPLERS 

Typical ground-level air samplers 
consist of an efficient particulate prefilter 
followed by an optional charcoal cartridge 
for gaseous iodine. A pumping rate of 3 approximately 0.3 m /min is maintained 
by battery or motor-generator power so 
that the samplers can be operated for up 
to several lays without maintenance. 

A rapid method of collecting air-
moisture samples is by using a dry-ice-
cooled cylinder placed on a collector 
tray. Atmospheric water is rapidly con
densed on the outer surface of the cylinder, 
from which it is scraped and collected for 
analysis. Integrated air activities can be 
determined for sampling times ranging 
from 20 min to several hours. 

Another very easy and rapid meth< 
for collecting air-moisture samples i 
sists of exposing perferated sacks o'. 
hygroscopic materials such as CaSO r 

The air moisture trapped in the chem: tl 
over a given period of time can be re 
trieved by heating it and collecting tl -
released water vapor. 

The data obtained from thes< ;e iplers 
are the activities per milliliter. f- r water. 
Relative humidity and temperatur read
ings taken concurrently with pla< anient 
and collection of the samplers P apply the 
information necessary to convr c to the 
corresponding activity per cut c meter 
of air. 

Various samplers are eff ctive for dry 
deposition. A saii-pler should collect and 
retain deposition from a fi:.ed surface 
area, and its configuration should be such 
that the air flow at the sampling surface 
is disturbed as little as possible. Place
ment must be in a typical area away from 
obstructions such as trees, bushes, etc., 
that could disturb the flow of deposition 
to the surface. 

A large polyethylene sheet coated with 
a thin layer of petroleum jelly has been 
found to be effective as a collecting sur
face for long-range deposition. The 
sampling surface is protected until just 
before cloud arrival and recovered im
mediately after cloud passage is assured 
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to avoid background contamination. Upon 
return to the laboratory the petroleum 
jelly, together v/Un particulate deposition, 
is washed from the s-irf&ce with chloro
form, filtered, and analyzed. 

Fallout trays are also widely used; 
however, their size may limit effective 
use for sampling at long ranges, where 
concentrations are low. 

Vegetation makes a very nice natural 
collection system for determining the dry 
deposition in selected areas. The foliage 
of trees, the leaves of ground vegetation, 
and grasses are easily obtained by simply 
clipping the particular specimen desired. 

Samples can be obtained for analyzing 
dry deposition or. soil simply by collecting 
surface soil. Soil water can be extracted 
for tritium analysis. If more detailed 
information is desired, standard core 
samples can be taken. The soil core can 
then be extracted and the depth distribu
tion of the radioisotopes determined. 
This information is helpfui in assessing 
the length of time the radioisotopes may 
be in the root zone and available to the 
surrounding vegetation. 

Precipitation can be collected in 
almost any conventional manner in which 
volume per unit area is measured. Care 

The method of analysis chosen depends 
largely on the concentration Ic/els, the 
sample size, and the number and kinds of 
radionuclides present. With the large 
number of samples anticipated for com
prehensive monitoring of a nuclear exca
vation event, minimal effort in analysis 
is highly desirable. Radiochemical sep-

should be exercised to ensure that all 
particulate matter collected is recovered 
for analysis. As in the case of dry depo
sition, soil and vegetation samples can 
be used to infer wet deposition. 

Fixed sampling networks operating 
daily for routine surveillance of environ
mental radioactivity can be used to 
monitor ground-level radionuclide con
centrations resulting from a nuclear 
excavation event, and in many cases they 
can save specific pre-emplacement of 
long-range sampling equipment. 

For instance, the surveillance network 
in the United States covers most urban 
areas, and stations are sufficiently spaced 
to cover a large cloud. Typically, sam
ples of grou 1-level air and dry and wet 
deposition samples are collected; Ar 
samples are generally changed and 
screened for gross activity daily. Sam
ples so obtained in the path of a cloud 
from nuclear excavation could be used to 
analyze for specific radionuclides to 
document potential dose from that par
ticular cloud. A pasteurized-milk network 
also is operated for routine surveillance 
of radionuclides in milk. These samples 
could also be used to monitor potential 
dose from a specific event. 

aration and purification is time-consuming 
and tedious and is therefore avoided 
whenever other methods are adequate. 

A well-equipped radiochemical labora
tory can measure any radionuclide at 
background levels if the situation requires 
the effort. Detectability levels are there
fore a subject for qualitative discussion; 

Methods of Analysis 
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they depend largely on the degree of 
sophistication one is willing to use. Typi
cal detectability levels of a given type of 
analysis also vary with the laboratory and 
instrument design as well as with sample 
size, geometry, background, etc. Re
gardless of the methods used, however, 
the radiochemical assay of a sample gen
erally introduces the smallest error in 
assessment of potential dose compared 
with other steps in the procedure. 

This section presents a qualitative 
discussion of methods of analysis gener
ally used, their limitations, and Some 
typical detectability limits. The next 
section considers a few specific examples 
of typical detection limits for various 
types of samples as they relate to poten
tial dose. 

GROSS COUNTING 

Gross beta or gross gamma analyses 
are rapid and require a minimum of equip
ment; however, the data are of little or 
no use for assessing potential internal 
dose. This type of qualitative analysis 
can be useful for selecting samples for 
further analysis or alerting other monitor
ing activities. 

GAMMA SPECTROSCOPY 

Gamma spectroscopy using a Nal 
crystal affords a rapid, quantitative 
measurement of gamma-emitting radio
nuclides when only one or a few photon 
emitters are present in the sample. 
Because energy resolution is poor, for 
good quantitative data the photon energies 
from the several nuclides must be well 
separated. Efficiency varies with photon 

energy and crystal size but is relatively 
high, allowing fairly rapid analysis. 

This method is routinely used to analyze 
for photon-emitting radionuclides in whole 
milk, in which the number of radionuclides 
pi esent is usually small. Levels detect
able are of the order of 10 pCi/liter. 

Recent development of the lithium-
drifted germanium detector (Ge-diode) 
has provided a unique method for quanti
tative assay of large number of gamma-
emitting radionuclides in a sample without 
the necessity of radiochemical separation 
and purification. The extremely high 
energy resolution of gamma-ray photopeaks 
allows radionuclide identification by gamma 
energy and quantitative assay with cali
brated photon efficiency. Occasional 
energy overlap from radionuclide mixtures 
can give ambiguous results; however, used 
with discretion, a Ge-diode can yield quanti 
tative data for almost all abundant gamma 
emitters in a sample. Efficiencies are 
relatively low and vary with size of de
tector, photon energy, and effective geom
etry of the 3ample. 

RADIOCHEMICAL SEPARATION 

Radiochemical separation and purifica
tion followed by appropriate counting is 
time-consuming and tedious; however, it 
is necessary for quantitative assay of 
pure beta or alpha emitters as well as 
for very-low-level radionuclides. These 
techniques are the most sensitive for any 
radionuclide. 

WHOLE-BODY COUNTING 

Whole-body counters for the in situ 
assay of gamma emitting radionuclides in 
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the human body use Nal c rys ta l s in a 
heavily shielded environment to l imit 
background. They can be ei ther pe rma
nent or mobile. Counting t imes for most 
radionuclides a r e of the o rde r of 30 min, 
and detection l imits in the picocurie range 
a r e possible. For example, the detection 
limit for ' ' I in the thyroid with the 
c rys ta l near the neck a rea is about 
5 pCi-g. 

TRITIUM 

f .Lquid scii-tillation counting of liquid 
samples provides a rapid means of 
a s sess ing t r i t ium concentration in en
vironmental samples with sufficient 

A large number of radionuclides can 
contribute to internal dose by a variety of 
pathways to man. The significant radio
nuclides and pathways can only be defined 
for the par t icu lar case . In this section 

131 internal dose contributions by I and 
t r i t ium a r e considered as examples of 
the relation of measurements to the poten
tial dose in a typical situation. Because 
of i ts significance in t empera te zones, 
the fo rage -cow-n i lk pathway was selected 
for emphasis . 

HYPOTHETICAL CLOUD 

A hypothetical base surge cloud 
1000 km downwind (at approximately 
30 hr) is assumed for these examples . 
A cloud passage t ime of about 10 h r is 
appropr ia te to this situation, and for dry 
deposition a rat io of cloud-center concen-

sensitivity to monitor extremely low 
doses from this radionuclide. Lyophi-
lization water from vegetation or meat 
samples o r water from s t r e a m s , lakes, 
etc . , can be analyzed using up to 4-ml 
volumes with a detection limit of about 
2 pCi/ml (618 t r i t ium units). Gas count
ing or electrolyt ic enrichment followed by 
gas counting can reduce this l imit by a 
factor of 100 or 1000, respect ively. 

GASES 

Noncondensible gases a r e generally 
radiochemical ly separa ted and purified 
by elution chromatography and appro
pr ia te ly counted ei ther externally or 
internally. 

t ra t ion to ground- level -a i r concentration 
of 10 is typical . 

TYPICAL SAMPLES 

Table 1 l i s t s the samples for m e a s u r e 
ment that will be considered for the 

131 potential dose a s se s smen t of I in the 
forage-cow-milk pathway example. 

The example presented will consider 
only t r i t ium in the form of water . Sam
ples therefore need only be sufficiently 
la rge to yield 8 pCi of t r i t ium in a volume 
up to 4 ml of water. For a cloud at 
10,000 ft, 4 ml of water is contained in 

o 
about 1 m of a i r ; for ground-level a i r it 

o 
would be about 0.5 m in the typical case . 

T. V. Crawford, Lawrence Radiation 
Laboratory, L ivermore , California, 
personal communication. 

Concentration, Dose, and Measurement 
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Table 1. Hypothetical samples for dose 
assessment of 1*11 in the 
forage-cow-milk pathway. 

Cloud— 10 min sample at 5 m 3 / m i n 
= 50 m 3 

Ground-Level Air — sample taken for 
entire cloud passage (10 hr at 
0.3 m 7 m i n = 180 m 3 ) 

2 
Deposition — 1 m 

Forage — 300 g (dry) 

Milk— 1 l i te r at maximum concentration 

Thyroid — selected individual 

ANALYSES 

Routine Nal-spect ra l analysis for 1 3 1 I 
is assumed for milk and whole-t>ody 
counting for thyroid measurement . 

Fo r the other samples , gamma-
spect ra l analysis for 1 3 1 I using an 8 - c m 3 

Ge-diode is assumed. A typical effective 
geometry for these types of samples is 
5 cm. This corresponds to an overal l 
efficiency of 0.0019 for the prominent 
364-keV gamma ray of , 3 1 I . An accumu
lation of 25 counts for the 364-keV photo-
peak in a 100-min count then corresponds 
to 70 pCi in the sample with about a 20% 
precis ion if negligible background and no 
interference from other radionuclides is 
assumed. This hypothetical analysis ' 
method will be used to show the relat ive 

131 detectability of I corresponding to 
potential dose in the forage-cow-milk 
pathway for the samples indicated in 
Table 1. It is not intended to represen t 
actual detectability l imi t s . Much g rea te r 
sensitivity can be attained with longer 
counts, l a rge r detectors, o r by radio
chemical separation. 

Liquid scintillation counting of 3 H as 
water is assumed. For a 4-ml water 
sample, a reasonable detectability limit 
is about 2 pCi /ml . 

I IN THE FORAGE-COW-MILK 
PATHWAY 

Several models and se t s of pa ramete r s 
can be used to a s s e s s the potential dose 
from I via the forage-cow-milk path
way. These show a spread of about a 
factor of 6 in dose for a given deposition. 
For this example the p a r a m e t e r s shown 
in Table 2 have been assumed for poten
tial dose to a chi ld 's thyroid. These 
yield a relat ionship of infinite dose to 

Table 2. P a r a m e t e r s used for 1 3 1 l 
in the forage-cow-milk food-
chain example. 

UAF = Grazing a rea utilized by cow 
= 38 m /day 

MPD = Mass of forage uti l ised by cow 
= 14 kg (dry)/day 

T v = Effective half-life on vegetation 
= 5.1 days 

T e = Effective half-life in infant's 
thyroid = 5.7 days 

T m = E f f e c t i v e half-life in milk 
= 0.95 days 

f m = F , r a c t i ° n of cow's daily intake of 
I secre ted per l i ter of milk 

= 0.005/l i ter 
f w = F r a c t i o n of 1 3 1 l ingested by 

human reaching thyroid = 0.3 
m = Mass of infant's thyroid = 2 g 

L c = Volume of milk consumed pe r 
day by infant = 0 . 7 5 l i te r /day 

e = Effective decay energy of 1 3 1 I 
* 0.23 MeV/disintegration 
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deposition of 1 rad per 0.047 ;xCi/m , or 
an F, value of 0.047 fiCi/m 2-rad. 

Figure 3 shows the relationship with 
131 

time of 1 concentrations in the forage-
cow-milk food chain corresponding to a 
dose of 10 rnrad to an infant's thyroid 
based on the parameters in Table 2. An 
initial deposition of 470 pCi/m leads to 
a maximum concentration in milk of 
about 80 pCi/Iiter in about 3 days and a 
maximum thyroid content in the infant of 
80 pCi in about 8 days. With a deposition 
velocity of 0.01 m/sec, an initial deposi-2 tion of 470 pCi/m correspcnds to an 
integrated ground-level-air concentration 
of 4.7 X 10 4 pCi-sec/m 3 . For tht hypo
thetical cloud in this example this corre
sponds to a cloud-center concentration 
of 13 pCi 1 3 1 I / m 3 . If the assumed model 
and parameters are appropriate to the 
actual situation, the concentration meas
urements of the above levels along the 
food c-oain would correspond to a potential 
dose of 0.01 rad to a child's thyroid. 

For the above model, the thyroid dose 
and corresponding concentration along the 
food chain will scale linearly with the 
initial deposition and concomitant ground-
level-air and in-cloud concentrations. 
Figure 2 shows the relationship of poten
tial infant thyroid dose in millira'*s to 
concentrations at the various steps where 
measurements can be made. Relative 
detection limits are indicated by arrows 
for the hypothetical samples and methods 
discussed previously. It appears that with 
nominal samples and analyses, a potential 
thyroid dose of less than several millirads 
is measurable at any step in the forag«-
cow-milk food chain and that detection 
sensitivity does not vary significantly along 
the food chain. However, the reliability 

of the potential-dose assessment becomes 
much greater as the measurements ap
proach man in the food chain. Thus, if 
this model and these parameters are ap
propriate to the situation encountered, 
routine monitoring of milk can be used to 
reliably document the potential infant 
thyroid dose at levels down to 1 mrad. 

TRITIUM 

131 As in the case of I, the potential 
dose due to tritium in comparison with 
concentrations and measurements for 
these examples are based on an assumed 
model with reasonable parameters that 
may or may not be appropriate to an 
actual situation. 

It is assumed for the following exam
ples that for late-time clouds with rela
tively long passage times, vegetation 
water comes to the same specific tritium 
activity as water in ground-level air 
during cloud passage. Thus, at the end 
of cloud passage, the water in vegetation 
will have the same tritium concentration 
as the water in the ground-level air under 
the cloud regardless of the cloud passage 
time or the deposition of other radio
nuclides. This is a conservative but 
simplifying assumption. 

The parameters in Table 3 are used 
for tritium in the forage-cow-milk food 
chain. Figure 3 shows the relationship 
with time of tritium concentrations in 
this food chain corresponding to a dose 
of 1 mrad to an infant for these assump
tions and parameters. For an initial 
vegetation-water specific activity of 

4 3 
1.2 X 10 pCi H/ml water, a maximum 
concentration in milk of about 800 pCi/mi 
would be observed in about 3 days. At 
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10' — I ' — 1 — r _ 

f-Fresh forage (pCi /kg-dry) 

Areal concentration (pCi /m ) 

2 
Vegetation (pC i /m ) 

- "-Chi ld 's thyroid (pCi) 

Mi lk ( p G / l i t e r ) - 1 

I I I 
10 15 20 25 

Time — days after cloud passage 
30 35 

Fig. 1, Concentrations of " l j j n j n e forage-cow-milk food chain corresponding to a 
10-mr-ad dose to child's thyroid. 

-13-



100 pr 

'5 

10 100 
Maximum thyroid concentration — pCi /2g 

< - - • ! I I I I I I 1 1 ' ' I i i ' I I I 

10 100 
Maximum milk concentration — pCi / l i te r 

i i i 111 _j i ' 
100 1,000 10,000 

Initial forage concentration — p G / k g (dry) 

- i ' • • • • • ! 

1000 10 100 
Initial dry deposition — pCi /m^ 

-LXIXL - J ' ' t . » • ( 1 ' ' ' ' ' ' I 

10* 10H 10 s 

Integrated ground-level air concentration — pCi-sec/m 

I, i i I i 11 i l 1 i i 1111 

1 10 

Cloud-center concentration — pCi/ ir 
100 

Mg, 2. Plot of * J l l concentrations at various levels vs infinite dose to infant's thyroid 
via the forage-cow-milk pathway—based on hypothetical base surge cloud, dry 
deposition, about 30-hr downwind (assumes 10-hr cloud passage and in-cloud 
cone ground-level a i r con : = 10). The hypothetical detection levels a r e indi
cated by a r r o w s (for maximum concentration). Detection methods a r e : thyroid, 
whole-body count; milk, standard Nal spectra l analysis; forage, Ge-diode 
analysis (300-g sample); deposition, Ge-diode analysis (1 -m- sample); ground-
level a i r , Ge-diode analysis (10-hr cloud-passage sample); and cloud, Ge-
diode analysis (50-m^ sample) . 
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Table 3. P a r a m e t e r s used for tr i t ium in the forage-cow-milk food-chain example, 

MPD = Mass of forage utilized by cow = 44 kg (green)/day 
Water from vegetation intake by cow = 30 kg'day 

T = Effective half-life of 3 H as water of vegetation = 2 d a y s 3 

T = Effective half-life in infant = 3.2 days 
T = Effective half-life in milk = 3.5 days m 

= Fract ion of cow's daily intake secreted per l i ter of milk = 0.0017/li ter 
3 

= Fract ion ingested by human reaching cr i t ical organ (total body for H) = 1 
= Volume of milk consumed per day by infant = 0.75 l i t e r /day 
= Effective decay energy of H = 0.0063 MeV/disintegration 

m = Mass of infant = 10 kg 
_ g 

The use of a 2-day half-life for H in vegetation is sti l l open to some question. 
The loss of t r i t ium from plants after brief exposures to t r i t ia ted water vapor appears 
to involve three components. The half-t ime of the first component is of the o rde r of 
1 hr, the second component 1-2 days, and the third component more than 10 days. 
When the exposure t ime is 1/2 to 1 hr, the f irs t component accounts for more than 
99% of the t r i t ium loss . However, as the exposure t ime increases , component 1 
accounts for much l e s s of the loss and component 2 becomes significant. Component 3 
always accounts for a small portion of the total . Unfortunately, there a re not enough 
data available yet to determine the re la t ive importance of components 1 and 2 as a 
function of exposure t imes longer than 1 h r to t r i t ia ted water' vapor. Therefore , the 
use of 2 days for the half-t ime in vegetation seems justified and may be quite conserv
ative when considering sho r t - t e rm exposure as we a r e in this paper. 

f m 
f w 

L c 
e 

about 7 days an infant drinking this milk 
exclusively would have a maximum body 
water and urine concentration of about 
300 pCi /ml of t r i t ium. 

Figure 4 shows the relationship of 
potential infant whole-body dose in 
mic ro rads to the t r i t ium concentrations 
at the various s teps in the forage-cow-
milk pathway based on the above model 
and p a r a m e t e r s . Detection l imits for 
liquid scintillation counting of the various 
hypothetical samples a re indicated. Since 
for t r i t ium no concentration mechanisms 
a r e known to operate (in contrast to iodine 
in the cow-milk food chain), dilution along 
the food chain is shown dramatically by 
the detectability l imi ts ; water concentra
tions in the cloud a r e about 1000 t imes 
those for body water. Even so, routine 
measurements for t r i t ium in milk or 
body water can reliably document the 

dose from t r i t ium down to extremely low 
levels—approaching background for this 
radionuclide. 

Table 4 summar izes dose detectability 
levels for t r i t ium via several pathways 
in addition to the milk pathway to infants. 
In these cases also, liquid scintillation 
counting of samples appears to be ade
quate to measu re extremely low doses 
from t r i t ium. 

The foregoing examples have been used 
to i l lustrate how concentration m e a s u r e 
ments can be used to infer potential dose 
for two of the more significant radio
nuclides encountered in nuclear excava
tion. Other radionuclides and other 
pathways can be t rea ted s imi lar ly to 
a s se s s relat ive detectability. In an actual 
situation, measurements o r es t imates 

-15-



io-
• Specific activity of ground-levef-air 
water during cloud passage (pCi /m! ) 

10 15 20 25 

Time — days after cloud passage 

30 

3. Concentrations of tritium in the forage-cow-milk food chain corresponding to 
a 1-mrad dose to infant (whole body), assuming that at the end of the cloud 
passage the water of green forage is at the same specific activity as ground-
level air during cloud passage. 
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l U l l I 1 I I I 

T3 

Ground-level-air 
water and vegetotion 
water 

-Cloud-center water 

° - 0 , ( £ ^ o , _ ! I ' I I I I i 

0.1 1 
Infant body water and urine — p O / m l 

l l 
0.01 0.1 10 

Maximum milk concentration — pCi /ml 

i 
1 10 

Initial vegetation water and ground-level-air water 

i ; i > i i l l - ' ' 1 ' i i i i i i 

100 
— pCi /ml 

i L . .,, 
JO J00 1000 

Cloud-center water — pCi /ml 

Fig. 4. Plot of tritium concentrations at various levels vs whole-body dose to an infant 
via the forage-cow-milk pathway—based on hypothetical base surge cloud, dry 
deposition, about 30 hr downwind, and 10 -hr cloud passage (specific activity 
model). Arrows indicate the detection levels for liquid scintillation counting 
(for maximum concentration). 

for all significant radionuclides via all 
significant pathways must be added for 

the critical individual to assess the 
potential risk. 
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Table 4. Infinite whole-body dose from tritium corresponding to a detection limit for 
liquid scintillation counting of 2 pCi/ml for various samples via several ex
posure pathways. 

Whole-body potential dose (^rad) from tritium via the 
indicated pathway for a concentration of 2 pCi.'ml 

in a sample 
For a 10-kg infant For a 70-kg adult 

Inhalation and Submersion 
Cloud-center water o.ooc 
Ground-level-air water 0.01 
Max urine concentration 2 

Forage-Cow-Milk ' c 

Cloud-center water 0.01 
Ground-level-air water 0.2 
Forage water 0.2 
Max milk concentration 2 
Max urine concentration 6 

Vegetation ' k 

Cloud-center water — 
Ground-level-air water- — 
Vegetation water — 
ME.X urine concentration — 

0.001 

0.02 

7 

0.003 
0.06 
O.0C 
1 

10 

0.01 
0.2 
0.2 
9 

Hypothetical base surge cloud at late times; cloud-center conc/ground-level-air 
cone ' 1 0 ; cloud passage time = 10 hr. 

Assumes vegetation water at end of cloud passage is at the same specific activity 
as water in ground-level air during cloud passage; 8 ml water/m^ ground-level air; 
4 ml water 'm^ at cloud center. 

Assumes green forage is 70% water. 
Assumes an adult eats 450 g of vegetation/day; H effective half-time in adult is 

1 2 days. 

Summary and Conclusions 

Potential dose to man cin be inferred 
from radionuclide concentration measure
ments in the downwind region from nuclear 
excavation. The actual dose to individuals 
from some radionuclides can be infer red 
directly from measurements of organ and 
excretion concentrations. Potential dose 
differs from actual dose in that for the 
former the critical individual is assumed 

to be in. the "worst case" situation. 
Potential dose may never be realized in 
the actual case but is the critical param
eter for risk considerations. 

As a rulu, the closer the measure
ment is to man along a given pathway of 
potential exposure, the more accurate 
the potential dose assessment. However, 
as downwind distances increase and as 
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sampling p rogresses from the cloud to 
ground level and through the pathways to 
man, concentrations generally decrease 
and detectability becomes progressively 
more difficult—requiring more sophist i
cation and expense to make meaningful 
measurements . As radionuclide concen
t ra t ions approach background levels, 
local pre-event background data a r e 
necessary for meaningful interpretat ion. 
Therefore, it is reasonable that specific 
monitoring for an individual event would 
te rminate when measurements at some 
point along the pathways to man a s s u r e 
a potential dose below some predetermined 
level . 

It should be emphasized that, to a s s e s s 
potential internal dose, measuremen t s for 
individual radionuclides must be made. 
Gr<. :7s beta o r g ro s s gamma concentration 
data a r e at best only qualitative for inter
nal dose a s sessment , although they can 
se rve as indicators for more extensive 
analysis . 

Existing sampling sys tems appear to 
be adequate for usefal cloud and ground-
level measurements . Routine analysis 
p rocedures a r e general ly capable of 
measur ing radionuclide concentrations 

equivalent to very low dose levels. More 
sophisticated procedures car a s se s s con
centrat ions at or near to background, if 
necessary . 

Cloud and ground-level measurements 
during cloud passage se rve as the earl iest 
indication of potential dose levels and, 
with known meteorology, can be used to 
a le r t and position ground-ievt l sampling 
far ther downwind. In addition, cloud 
sampling appears to be one of the most 
sensi t ive methods for potential dose 
assessment . However, because of 
meteorological considerations, difficulties 
in a s se s s ing sample volume, and question
able sampling efficiency, dose assessment 
from these measurements a r e considered 
to be the least accura te . 

The extent of measurement efforts 
necessa ry for a ssess ing potential dose 
to man f.'om a nuclear excavation event 
can only be determined lor the individual 
situation. It will depend on the radio
nuclide source, the population at risk, 
and the cr i t ical pathways to man. Alter
natives range from verification of shot-
t ime meteorology and vented fraction to 
documentation of all significant radio
nuclides through all pathways to man. 
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