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FOREWORD 

The increasing use of nuclear power for electricity generation and the 
development of fuel reprocessing facilities may lead to increased discharges of 
radioactive effluents to both the atmosphere and aquatic environment. These 
effluents may contain radionuclides which become widely dispersed in the 
environment and which may have a radiological impact on populations far 
removed from the location of the discharge. 

This document reviews the environmental models currently available 
for the assessment of the radiological impact of the radionuclides that 
are of recognized significance on a regional and global scale, i.e. tritium, 
carbon-14, krypton-85 and iodine-129. The models are used in illustrative 
calculations to demonstrate the relative importance of pathways to man, the 
relative contributions to dose on a regional and on a global scale, and to 
indicate the temporal distribution of dose following environmental release. 
The document also contains an estimate of the magnitude of the future 
exposure of the world's population from releases of radionuclides that become 
globally dispersed on the basis of an assumed future world power programme. 

The report is a summary of the work of an Advisory Group meeting held 
in Vienna 1—4 June 1982. The Advisory Group reviewed a draft document 
prepared by K.F. Eckerman and G.N. Kelly during a consultants' meeting 
held in Vienna 13—17 July 1981. The document was revised on the basis of 
the discussions of the Advisory Group and again after the receipt of written 
comments on the revised version from members of the Advisory Group. 

The Secretariat gratefully acknowledges the co-operation and contribution 
made by all members of the Advisory Group, in particular G.N. Kelly for the 
preparation of the final version of this document. 
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1. INTRODUCTION 

Radionuclides in effluent streams from nuclear installations will be dispersed 
by the environmental medium into which they are released. The extent of this 
dispersion will depend upon many parameters, including the characteristics of the 
released material and the receiving environment. In some cases (e.g. because of 
radioactive decay or due to rapid sedimentation) dispersion may be essentially 
limited to within several kilometres of the release; alternatively, some radio-
nuclides may become widely dispersed throughout the atmosphere or the world's 
oceans. The extent to which material is dispersed will largely determine the size 
of the population that will be exposed as a result of the release. The potential 
exists for the dispersion of radionuclides, and hence for the exposure of 
populations, beyond the geographical boundaries of the country from which the 
release originated. 

The main purpose of this report is to review the basic features of models for 
the assessment of the radiological impact of radionuclides that may become 
dispersed on a regional or global scale, and to identify those types of model most 
suitable for this purpose. The estimation of the radiological impact of effluent 
releases has an important role in reaching decisions on the optimum waste manage-
ment practice for effluents. These issues are given more detailed consideration 
in IAEA Safety Series No.45 [1]. Two aspects are of particular importance in 
assessing the radiological impact: these are the exposure of critical groups, and 
the collective dose in the exposed population. Models to assess critical group 
doses were reviewed in detail in a recent IAEA publication [2] and are given only 
limited consideration here. Attention is therefore mainly directed towards models 
for the assessment of the collective dose, together with its distribution in time and 
among the individuals in an exposed population. The collective dose provides a 
measure of the health detriment of a given exposure and as such has a central role 
in the optimization of effluent releases (e.g. see Ref. [1]). In the optimization 
process the objective is to minimize the sum of the costs of the waste management 
system and the residual radiation detriment. The use of collective dose in such a 
quantitative framework has implications for the accuracy with which it is assessed. 

The basic features of models suitable for the assessment of the radiological 
impact of effluent releases are reviewed. Releases to both the atmosphere and 
the aquatic environment are considered. Models that predict the dispersion of 
the released material are described, together with those for evaluating the transfer 
of the released material to other sectors of the environment and subsequently to 
man. Attention is directed mainly towards identifying the important processes 
that need to be modelled in making a reliable estimate of collective dose, rather 
than attempting to judge which models are the most appropriate. Judgements 
on' the latter will be sensitive to the particular circumstances considered and the 
intended application of the models; in some cases a very simple approach may 
be sufficient, whereas in others a more rigorous analysis may be necessary. 
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In general, a large fraction of the collective dose will arise over an area far 
removed from the release and the models must therefore be capable of predicting 
the transfer of radionuclides in the environment on a regional, and in some cases 
on a global, scale. Separate models are described for each scale of transfer. For 
atmospheric releases a generally applicable model can be used to predict, the 
transfer on a regional scale and a generic framework for this purpose is outlined. 
For releases to the aquatic environment the adoption of a generic approach is 
not possible as much depends on the particular characteristics of the receiving 
water body; in these cases the transfer has to be modelled for the environmental 
system of interest. 

Because of regulatory controls on critical group doses, the potential for large 
collective doses from the regional transfer of radionuclides released to the environ-
ment is in most cases limited. Such controls have, however, less influence on 
the collective dose from those long-lived nuclides that become globally dispersed 
(e.g. carbon-14, krypton-85, tritium, and iodine-129). Because of the potential 
significance of these nuclides, models for their global circulation are given 
particular attention. A concern often expressed with regard to these nuclides is 
that, if their releases are not further controlled, they will accumulate in the 
environment and may reach unacceptable levels, particularly in the context of 
an expanding nuclear power programme. These issues are addressed and estimates 
made of the future per caput dose to the world population subject to an assumed 
nuclear power programme and waste management practice. 

2. RADIOLOGICAL CONCEPTS AND QUANTITIES 

Before discussing models used to describe the transfer of radionuclides 
through the environment to man it is pertinent to examine some of the under-
lying radiological concepts and to define the more important quantities used in 
this report. Many of these aspects are discussed in more detail in the IAEA Safety 
Series Report No.45, "Principles for Establishing Limits for the Release of 
Radioactive Materials into the Environment" [ 1 ] to which the reader is referred. 

The system of dose limitation recommended by the International Com-
mission on Radiological Protection (ICRP) [3] is commonly used as a basis for 
establishing limits for the release of radioactive materials to the environment. 
The fundamental requirements of this system are that all exposures should be 
'justified' (i.e. the practice giving rise to the exposure should produce a net 
benefit); that any exposures should be 'optimized' (i.e. the exposures should 
be reduced to as'low as reasonably achievable taking social and economic factors 
into account); and that the exposure of individuals should not exceed specified 
limits. Justification is rarely of concern in establishing release limits and con-
sideration can be limited to optimization of exposure and ensuring compliance 
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with dose limits. Radiological quantities that are useful in these respects are 
discussed. 

At the levels of individual dose equivalent typically encountered from 
releases of radionuclides during the normal operation of nuclear installations 
the potential health impact will be limited to the incidence of stochastic health 
effects. Stochastic effects are those for which the probability of occurrence, 
rather than the severity, is regarded to be a function of dose equivalent, without 
threshold. The more important effects are cancer in the exposed individuals 
and hereditary effects in their descendants. The quantity 'effective dose 
equivalent' has been introduced by ICRP as a measure of the individual risk 
from non-uniform irradiation of the body and for the purpose of comparison 
with dose limits [3, 4], Effective dose equivalent, HE , is defined as 

Hg = Z t w t H t (1) 

where w-j- is the weighting factor for tissue T, 
and H t is the dose equivalent in tissue T. 

The weighting factors for the various tissues of the body represent the ratio of 
the stochastic risk from irradiation of tissue T to that for uniform irradiation of 
the whole body. Weighting factors for various tissues of the body at risk have 
been specified by ICRP in their Publication 26 [3], In deriving the weighting 
factors the Commission chose to consider the risk of fatal cancer in all body 
organs, apart from skin, plus hereditary effects in the first two generations. 
Effective dose equivalent provides, therefore, only a measure of these particular 
health effects. 

Despite these limitations, effective dose equivalent has been used not only 
for comparison with dose limits but also in the assessment of the collective dose 
in an exposed population for the purpose of optimization. ICRP has reviewed 
the appropriateness of the use of effective dose equivalent in the latter context 
and in particular the implications of omitting some types of health effect [5], 
The omissions are non-fatal cancers and hereditary effects occurring beyond the 
first two generations. Although irradiation of skin is not included in the definition 
of effective dose equivalent, ICRP has recommended a procedure to take account 
of fatal skin cancers when assessing the health impact in an exposed population [5]; 
a weighting factor of 0.01 is applied to the dose equivalent in skin and this 
quantity added to the effective dose equivalent. Subject to a number of judge-
ments on the relative weight to be assigned to the different health effects, ICRP 
concluded that in most cases of external exposure, or internal exposure from a 
mixture of radionuclides, the use of effective dose equivalent alone would not 
significantly underestimate the total health detriment. Similar conclusions with 
respect to this issue have been reached by others [6], 
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Effective dose equivalent is used in this report as the main indicator of the 
health detriment of a given exposure. In some applications there may be an 
additional need to evaluate the dose equivalents in particular organs or tissues. 
Those organs or tissues most likely to be significant in this respect include the 
gonads, thyroid and skin. The dose equivalent in gonads would be required to 
enable the evaluation of the incidence of hereditary effects over all generations; 
those in skin and thyroid are the more important in estimating the incidence of 
non-fatal cancers having regard to the radionuclide composition of typical 
effluents and the probability of surviving different cancers. 

If the relationship between the probability of the incidence of stochastic 
effects and dose equivalent is assumed linear, without threshold, then the sum 
of the individual effective dose equivalents in an exposed population can be con-
sidered as proportional to the health detriment in that population. The sum of 
the effective dose equivalents, the collective effective dose equivalent, S E , is 
given by 

oo 

S E = J H E N ( H E ) d H E (2) 

0 

where H E is the effective dose equivalent, 
and N(H E ) dHE is the number of individuals in the exposed population 

experiencing an effective dose equivalent between Hg and 
H E + d H E . 

The period over which a collective dose is delivered is also important in 
judging its significance. The integral of the collective effective dose equivalent 
rate over all time provides a measure of the total health detriment and has been 
termed the collective effective dose equivalent commitment, S E , and is given by 

S | = / S | ( t ) d t (3) 

where S | is the collective effective dose equivalent rate. 

When this integral is limited in time, and the integral has not converged, the 
quantity is referred to as the truncated, or incomplete, collective effective dose 
equivalent commitment and it provides a measure of the health impact over the 
prescribed period. 

In evaluating the collective dose equivalent commitment it is convenient 
to distinguish between external and internal irradiation of the body. For external 
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radiation the integration of Eqs (2) and (3) is relatively straightforward. For 
internal radiation from radionuclides taken into the body the integration is 
complicated by the retention of radionuclides in some tissues. Rigorous evalu-
ation of Eqs (2) and (3) for internal irradiation would require information on 
the time variation of the dose equivalent rates in the various tissues at risk 
following the intake of radioactive material. Given such detailed information the 
dose equivalent fate in a tissue could be estimated, with proper account being 
taken of the contributions'arising from radioactive material taken into the body 
at various times. However, information at this level of detail, or in an appropriate 
form for a wide range of nuclides, is not generally available. Thus, Eq.(3) is 
more conveniently evaluated for internal irradiation as 

S E = H L , E / I C W d t (4) 

where H L E is the population-averaged effective dose equivalent per unit intake, 
via either ingestion or inhalation, of the radionuclide, 

and IC(t) is the collective intake rate, by inhalation or ingestion, of a nuclide 
by the population and is a quantity estimated using models that 
describe the transfer of the nuclide through the environment to man. 

The population-averaged effective dose equivalent per unit intake of a radio-
nuclide is given by : 

H l e = / H E ( L ) N ( L ) d L / / N(L)dL (5) 

where N(L) is the number of people with remaining life expectancy, L, 
and H e ( L ) is the integrated effective dose equivalent received by an individual 

with a remaining life expectancy, L, at the time of intake and is 
given by 

He (L)= / HE(t)dt (6) 

While the estimation of H L E is, in principle, a relatively straightforward 
calculational problem, such calculations, employing current dosimetric models, 
have not been reported as yet for a population of a defined age structure. In 
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many applications, therefore, the quantity H L E is assumed to be equal to the 
committed effective dose equivalent, H s o e> which is defined as the time integral 
of the effective dose equivalent rate, H E ( t ) , over a 50 year period following an 
intake, i.e. 

The quantity, committed dose equivalent, was introduced in the context of 
occupational radiation protection, fifty years being typical of the working life-
time. Committed effective dose equivalents per unit intake have been estimated 
for a wide range of radionuclides for intakes via inhalation and ingestion and are 
given by ICRP in Publication 30 and its supplements [7]. These values were, 
however, derived in the context of occupational exposure and caution should be 
exercised in their use for estimating the exposure of members of the public. Two 
factors are important: first, the possibility of varying metabolism with age at 
intake and, second, the chemical form of the radionuclides in the environment 
may be very different from the forms considered for the workplace. While varying 
metabolism with age at intake is unlikely to influence significantly the population-
averaged effective dose equivalent (the quantity of most use in assessing collective 
dose), it is important in the estimation of doses to critical groups. Larger differences 
may occur when due account is taken of the form in. which the radionuclide may 
be found in the environment, and this aspect needs careful consideration. The 
estimation of effective dose equivalents for the intake of radionuclides by 
members of the public is currently the subject of much effort at both national 
and international levels. Where available, such data should preferably be adopted 
in assessments of the radiation exposure of the public. 

For radionuclides whose retention in the body is relatively short (e.g. the 
order of a year) the committed and population-averaged effective dose equivalents 
will be comparable numerically, i.e. H L E ~ H s o e - For radionuclides with long 
retention times in .the body the use of the committed dose equivalent is likely to 
overestimate the actual dose equivalent received by the population. This over-
estimation arises because the dose equivalent delivered over a 50 year period 
following the intake is associated with each individual, regardless of the age of 
the individual and his remaining life expectancy. The magnitude of the over-
estimate will vary with the time of retention of the radionuclide in the body, but 
is unlikely to exceed a few tens of per cent for a typical age distribution in the 
population. The degree of overestimation may, however, be greater in evaluating 
the health impact of the exposure if the incidence of stochastic effects is assumed 
to be directly proportional to the collective dose determined in this way. This is 
a consequence of the dose, for nuclides with long retention times in the body, 

5 0 

(7) 

0 
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being delivered over an extended period and the significant delay between exposure 
and appearance of stochastic health effects. For radionuclides with very long 
retention times in the body, the potential overestimate of the health impact from 
adoption of this procedure may be as high as a factor of 2 or 3 [8]. 

In summary, collective effective dose equivalent commitments to an exposed 
population are generally evaluated as 

oo oo 

S | = J' S | x t ( t )d t + H5 0 ,E J IC(t)dt (8) 

0 0 

where S | x t (t) is the collective effective dose equivalent rate at time t associated 
with external irradiation and the other terms have previously been defined. 

The collective dose equivalent commitments for particular organs or tissues can 
be estimated by substitution of the appropriate organ or tissue dose equivalent 
for the effective dose equivalent in Eq.(8). 

Collective dose is a composite quantity and may be made up in many 
different ways. For example, the same collective dose may be made up of a large 
number of very small individual doses or, conversely, the sum of a few large 
individual doses; equally it may represent the sum of individual doses accumulated 
over a short period or, conversely, the sum of minute individual doses that persist 
for millions of years. The composition of the collective dose may significantly 
influence the weight to be attached to it and therefore there is a need to under-
stand how a given collective dose is distributed both in time and among the 
exposed population. ' 

There are a number of practical difficulties associated with the estimation 
of the distribution of collective dose both in time and space. For collective 
doses delivered over extremely long time-scales (e.g. thousands or millions of 
years) the uncertainty in the prediction will increase with the time period of 
the integration; much will depend on the assumed variation in the size of the 
exposed population and its habits. In many calculations the assumption is made 
that the size of the current population and its habits remain unchanged over all 
time; while alternative assumptions could be made, they will equally be 
associated with considerable uncertainty for integration periods exceeding a few 
decades. As a consequence, the weight to be assigned to collective doses pre-
dicted to arise far in the future may be judged to be less than that assigned to 
doses arising in the shorter term, which can be predicted with greater confidence. 
A convenient means of illustrating the temporal distribution of collective dose 
is to evaluate the incomplete or truncated collective dose commitments at various 
times, e.g. 50, 100, 500 years; alternatively graphical presentations can be used 
to provide more comprehensive information on the temporal distribution. 
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Difficulties may also arise in the evaluation of the distribution of the 
collective dose among the individuals in the exposed population. For most 
exposure pathways (inhalation, external radiation) there is little problem because 
the individual dose is determined largely by the location of the individual relative 
to the release. For exposure via foodch'ains the commercial distribution of foods 
may significantly influence the individual dose distribution of the exposed 
population. Modelling of the commercial distribution of foods would be complex, 
not least because few data are readily available on this topic. Such sophistication 
is, however, rarely necessary because the resolution required when predicting 
the distribution of individual doses is in general not great. For example, it is 
often sufficient to determine the fraction of the collective dose arising from 
individual doses above (or below) a few specified levels. For these purposes a 
number of simplifying assumptions can be made with respect to the distribution 
of food products. 

In evaluating the distribution of the collective dose in the exposed population 
particular attention needs to be given to the exposure of critical groups. This 
has been, and continues to be, one of the major considerations in the establish-
ment of effluent release limits by national authorities. Individuals comprising 
critical groups are chosen to be representative of those receiving the greatest 
exposure and their habits are specified accordingly, e.g. residing close to the 
release with dietary and recreational habits involving intakes and exposures 
higher than the normal. In general, increasing realism is incorporated into the 
identification or specification of the habits of the critical group as the significance 
of the exposure increases. 

The decrease in the concentration of released radionuclides with distance 
largely rules out the need to consider the additivity or superposition of doses 
from various regional sources of release when evaluating critical group doses. 
In general, the critical group dose is dominated by the discharges of radioactive 
materials from the installation in their immediate environment, although 
exceptions to this generalization do arise. 

3. MODELS FOR THE ASSESSMENT OF RADIONUCLIDES 
RELEASED TO THE ATMOSPHERE 

3.1. INTRODUCTION 

Radioactive material released to the atmosphere will be transported downwind 
and dispersed by the normal atmospheric mixing processes. As the radioactive 
cloud travels downwind the exposed population will initially be irradiated by two 
principal routes: these comprise external radiation due to electrons and photons 
from radioactive decay processes, and inhalation of material in the plume. 
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FIG.l. Schematic diagram of pathways to man considered for atmospheric releases. 

Radioactive material will be removed from the cloud during its transit by 
deposition processes which occur by impaction of the cloud with the underlying 
surface over which its travels. The cloud will also be depleted by washout caused 
by rain. The transfer of material from the cloud to the ground results in irradiation 
of the population by three further important routes: external radiation by electrons 
and photons from the deposited materials, the inhalation of material that is sub-
sequently resuspended into the atmosphere, and the transfer of material through 
the terrestrial environment to foodstuffs that may be consumed by man. 

An assessment of the exposure of the population from the release of radio-
nuclides must therefore take account of the dispersion of material in, and its 
deposition from, the atmosphere as well as the subsequent behaviour of deposited 
nuclides in the terrestrial environment. The spatial and temporal distributions of 
nuclides in the atmospheric and terrestrial environments may be combined with 
the same distributions of the population and agricultural production to calculate 
the exposure of the population from both external radiation and from the intake 
of radionuclides by inhalation and ingestion. The main processes and pathways to 
man that need to be considered in evaluating the exposure of the population are 
shown schematically in Fig. 1. 

The distance over which radionuclides may be transported imthe atmosphere 
depends on many factors such as radioactive half-life, the physical and chemical 
form of the nuclide, meteorological conditions, and deposition processes. For most 
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nuclides commonly found in airborne effluents the majority of the released 
material is removed from the plume within a few thousand kilometres, either by 
radioactive decay or by deposition onto the ground. As a consequence the majority 
of the collective dose arises within such distances and quite often over a much 
smaller range. These aspects have been investigated by Jones and Kelly [9] for the 
release of a wide range of radionuclides, in various chemical forms, from locations 
typical of conditions in Western Europe. With a few exceptions, the collective dose 
arising within 1000 km of the release was found to represent considerably more 
than half, and that within 3000 km more than 90%, of the total collective dose. 
In most cases therefore an assessment of the dispersion, and transfer through the 
environment, of nuclides over such distances is sufficient to enable an adequate 
assessment of the collective dose in an exposed population. For a limited number 
of nuclides (either because of their inert behaviour and long radioactive half-life, 
or rapid exchange between the atmosphere and other sectors of the environment) a 
significant fraction of the released material may be transported further and eventually 
become globally dispersed, then representing a long-term, low-level source of 
exposure of the world's population. 

In the estimation of collective dose from a given release it is important to 
ensure that the integration of individual doses in the exposed population is continued 
until the integral has converged. For most nuclides this can be achieved by limiting 
the integration to the population within a few thousand kilometres of the release; 
for the few radionuclides that become globally dispersed the integration must be 
continued over the whole of the world's population. The estimation of collective 
dose can be simplified by evaluating separately the component arising from the initial 
(or 'first pass') dispersion of the released material and that from the subsequent 
global dispersion of the few nuclides significant in this context. This separation is 
merely to facilitate the process of calculating the collective dose and has no broader 
significance. Throughout the remainder of this report the collective dose arising 
during the initial (or first pass) dispersion is referred to as the 'regional' collective 
dose. The term regional is used loosely to refer to the area over which the collective 
dose mainly arises during the first pass dispersion of released material; the effective 
size of this region may vary with both the location of the release and the charac-
teristics of the released radionuclides. The use of regional is mainly to separate 
this component of dose from that which arises from the global circulation of some 
nuclides; it should not be interpreted as referring to a fixed geographic area. 

The techniques used in the estimation of collective dose from the initial 
(or first pass) dispersion are essentially independent of the nuclide discharged. 
These techniques are therefore described in a generic framework but with reference 
to particular nuclides as illustrative examples of the application of the techniques. 
Models for estimating the collective dose from global dispersion are described 
for each of the nuclides appearing in airborne effluents and of significance in a 
global context; they comprise krypton-85, carbon-14, tritium and iodine-129. 

Radionuclides released to the atmosphere may be dispersed beyond the 
geographical boundaries of the country from which they originated. The extent 
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to which this will occur will depend upon the location of the release and the 
characteristics of the radionuclides discharged. For radionuclides that are removed 
significantly from the atmosphere within a few thousand kilometres of their release 
(e.g. by radioactive decay or deposition onto the ground) the potential radio-
logical impact of their dispersion beyond national boundaries will in general be 
limited. This is largely due to procedures adopted by national authorities which 
have resulted in the exposure of critical groups being kept at small fractions of the 
appropriate ICRP dose limits. The limitation of critical group doses imposes an 
upper bound on the potential collective dose, the magnitude of which will vary 
with the released nuclide, the location of the release and the habits of the critical 
group. Jones and Kelly [9] have analysed the effect on collective dose of controlling 
the exposure of critical groups. For critical group doses that are a small fraction 
of ICRP dose limit the predicted collective doses were found in general to be very 
small, often of a magnitude where their further reduction would rarely be cost-
effective. The radiological impact of such releases, and in particular of that 
fraction of the release that disperses beyond national boundaries, will in general, 
therefore, be very small. 

Potential exceptions to this generalization are the releases of nuclides that 
become globally dispersed, and also the release of radon from the disposal of 
wastes arising during the mining and milling of uranium. Radon is significant 
because its release from this source, unlike that of radionuclides from nuclear 
installations, may continue over very long periods (millions of years). In such 
circumstances very large collective doses may arise despite the limitation of critical 
group doses to a low level. The predicted collective doses from such releases would, 
however, be delivered over extremely long periods and would be associated with 
large uncertainties. For the few nuclides that become globally dispersed the potential 
for much greater collective doses, and for radiological impact beyond national 
boundaries, will be enhanced. The transfer of these nuclides through the environ-
ment to man is therefore given more detailed consideration in the remainder of 
this chapter. 

3.2. THE ESTIMATION OF REGIONAL COLLECTIVE DOSES FROM THE 
INITIAL (OR FIRST-PASS) DISPERSION OF RELEASED RADIONUCLIDES 

3.2.1. General 

The basic steps in the estimation of regional collective doses are described 
in detail in Appendix A, together with, as an illustrative example, a mathematical 
formulation of a procedure developed for this purpose [8]. Reference should be 
made to Appendix A for a detailed understanding of this procedure. 

The estimation of the regional collective dose from the first pass dispersion 
of radionuclides essentially comprises the evaluation of the spatial and temporal 
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distribution of the nuclides in the environment and of the exposed population 
and its habits. Models used for this purpose in general comprise a number of 
sub-models each dealing with a particular facet of the problem, for example the 
initial dispersion in the atmosphere, the transfer of material through the terrestrial 
environment, dosimetry, demographic data, etc. 

Consideration is given to the general features of each of the major sub-models 
that are required in an overall analysis. At each sub-level a variety of models may 
be available which are adequate for the purpose of estimating collective dose. It is 
beyond the scope of this report to identify the most appropriate models because so 
much will depend upon their intended application. The degree of complexity, for 
example, incorporated into any analysis will often reflect the potential significance 
of the exposure. The intent of the following sections is therefore to identify the 
types of model that have found general application in the assessment of regional 
collective doses; particular models are then used as illustrative examples to estimate 
collective doses from the release of selected nuclides. The use of these models 
for illustrative purposes should not, however, be interpreted as implying that they 
are the most appropriate in any given circumstances. Judgements on this matter 
can only be made sensibly with knowledge of the intended application. The 
quantities that need to be evaluated in applying the models for the purposes of 
assessing regional collective doses can be ascertained from Appendix A. 

3.2.2. Atmospheric dispersion 

Material discharged into the atmosphere is carried along by the wind and 
dispersed by the action of turbulent diffusion. In the vertical direction the disper-
sion deepens the cloud until the turbulent boundary layer is uniformly filled. The 
boundary layer is of variable depth, and depends on the diurnal or seasonal energy 
flux, being typically some tens to hundreds of metres at night and from hundreds 
to one or two thousand metres during the day. The depth is usually determined 
by the thermal and dynamic energy available to maintain the turbulence. Hori-
zontally the diffusion process is affected by turbulence that draws its energy not 
only from the same sources as the vertical turbulence, but also from the disturbing 
influence of large clouds, meteorological depressions and anticyclones, and the 
effects of topography. 

The problem of predicting the distribution of airborne material released from 
a source is commonly approached by solving the diffusion transport equation. A 
number of models have been developed to solve the equation, depending upon the 
simplifying assumptions made and the boundary conditions imposed. These models 
have'recently been reviewed in a report by an IAEA Technical Committee [10] 
where the merits and limitations of the respective models are discussed for particular 
applications. Reference should be made to this report for a more comprehensive 
discussion of this topic. The various models differ markedly in complexity; the 
optimum model for use in any particular circumstances will depend on the intended 
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application. The dispersion model that has found most frequent application, for 
the purposes of estimating regional collective doses, is the Gaussian dispersion 
model. Clearly, other models exist that provide a better representation of the 
physical processes occurring in the atmosphere (e.g. eddy diffusivity models); 
however, such models are, in general, more complex, require considerably greater 
computation time to obtain results and have not been developed to a state where 
they can be readily applied. The major advantages of the Gaussian dispersion model 
are its relative simplicity, ease of use, and the availability of meteorological data 
expressed in terms of a diffusion typing scheme directly applicable to this model. 
In most applications the accuracy of its predictions is adequate within the frame-
work of collective dose assessments, particularly in the context of the inherent 
uncertainties in other parts of the overall assessment. 

Detailed descriptions of the Gaussian dispersion model can be found elsewhere 
(e.g. Ref. [11]) and only the basic features are summarized here. The dispersion of 
material described by a Gaussian distribution characterized by standard deviations, 
(diffusion parameters), a v and a7 , in the horizontal and vertical directions, y ^ 
respectively. Account is taken of the height at which material is released and of 
reflections from the ground and from the top of the mixing layer. The diffusion 
parameters and the depth of the mixing layer are functions of the prevailing 
meteorological conditions. Various diffusion typing schemes [11 — 13] have been 
proposed for classifying the meteorological conditions. Within each of these 
schemes representative values are assigned to parameters that influence diffusion 
such as the wind speed, height of the mixing layer, and diffusion coefficients for 
each of the meteorological categories. The diffusion coefficients in some schemes 
are specified as a function of distance travelled by the plume and in others as a 
function of its travel time. In some schemes the dispersion parameters are also 
functions of the roughness of the underlying surface. 

The Gaussian dispersion model essentially predicts the dispersion of inert, 
long-lived material as it travels downwind. A number of processes may act to 
reduce further the concentrations of released material; in particular, radioactive 
decay and deposition processes (wet and dry) need to be taken into account. 

Dry deposition is the process by which material is removed from the cloud 
by impaction with the underlying surface or obstacles on it. The rate at which 
material is deposited will depend on the nature of the airborne material and the 
underlying surface and is usually assessed using the concept of a deposition 
velocity. The deposition velocity is defined as the ratio of the amount of material 
deposited on the surface per unit area, per unit time, to the concentration of 
material in air per unit volume at the surface. The deposition velocity varies with 
the physical and chemical form of the airborne material; a detailed review of this 
subject is given by Slinn [ 14]. 

Wet deposition occurs as a result of rain falling through the cloud and is 
generally evaluated by means of a washout coefficient, which is dependent, 
among other factors, on the rainfall rate. The modelling of dry and wet deposition 
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is important both in evaluating the spatial pattern of material deposited from the 
cloud and the concentration of material in air. 

Dispersion models are used to predict the airborne concentration and 
deposition rate of the released nuclide as a function of distance and direction 
from the release point taking account of the frequency of particular wind directions 
and atmospheric stability. In general, the assumption is made that the atmospheric 
stability and wind direction remain constant (and also the nuclide release rate) 
throughout the whole transit of a given cloud. In reality both these parameters 
will vary considerably over the distances of concern and more complex models 
have been developed for this purpose (e.g. Refs [15, 16]). Estimates have shown, 
however, that the collective dose is relatively insensitive to the former assumption 
[17]. Similarly, a more rigorous treatment of actual plume trajectories would be 
unlikely to alter significantly the estimated collective dose; moreover, such an 
analysis would most probably be prohibitively expensive for general application. 

The manner in which the results of the dispersion models can be used in the 
estimation of collective dose is discussed in further detail in Appendix A. The 
procedure consists essentially of evaluating for each annular segment (see, for 
example, Fig.Al) the concentration in air and the deposition rate of the released 
nuclide (and daughter nuclides where significant). The collective dose to the 
population in each segment from inhalation of. material and external radiation 
of the cloud can then be determined from the concentration in air and appropriate 
dosimetric models. The doses from external radiation from deposited material, 
inhalation of resuspended material and ingestion of contaminated foods are 
determined from the deposition of nuclides onto the ground together with 
appropriate dosimetric models and models for the behaviour of nuclides in the 
terrestrial environment. The general features of these additional models are described. 

3.2 .3 . Mode l s f o r t r ans fe r t h r o u g h the te r res t r ia l e n v i r o n m e n t 

Radioactive material deposited from the atmosphere onto land surfaces will 
be transferred to the terrestrial environment and may lead to the irradiation of 
man by three main routes: inhalation of resuspended material, external radiation, 
and ingestion of contaminated foodstuffs. The relative importance of each route 
of exposure will vary with the characteristics of the deposited nuclide and its 
behaviour in the terrestrial environment. As for atmospheric dispersion, a variety 
of models have been developed to describe the exposure of man by the various 
routes (e.g. Refs [2, 8, 18—20]). Only the general features of these models are 
summarized. 

3.2.3.1. Foodchains 

The transfer of radionuclides through the terrestrial environment into food-
chains is complex. Many processes are involved and much depends on the charac-
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teristics of the nuclide and the particular environment. The more important 
processes include the deposition onto, and removal of material from, plant surfaces, 
migration into soil and the transfer of material from soil to plants and from plants 
to animals, all governed by several mechanisms. 

Two main types of foodchain model have been developed and applied. They 
comprise 'equilibrium' and 'dynamic' models. In the former it is assumed that 
equilibrium has been established between the respective parts of the terrestrial 
environment, e.g. between soil, plants and animal products; in the latter the 
temporal variation of material in each part of the environment is modelled. The 
equilibrium model is simpler and more readily applicable; consequently, it has 
found most frequent application. Releases of effluents, in normal operation, from 
nuclear installations can in many cases be assumed to be essentially continuous. 
In these cases the equilibrium model is adequate, and indeed probably preferable 
bearing in mind its simplicity, for the estimation of exposure via foodchains. Where 
the release is very discontinuous (e.g. in the event of accidental releases) the use of a 
dynamic model would be preferable, particularly for radionuclides with long 
radioactive half-lives. When a dynamic model is applied to a continuous release 
the results obtained should be consistent with those obtained using an equilibrium 
model. Equilibrium models relate the level of radionuclides in various foodstuffs 
to the rate of deposition of these radionuclides from the atmosphere via a number 
of transfer factors between different sectors of the terrestrial environment. Further 
details of equilibrium models can be found in a number of references (e.g. 
Refs [2, 21—24]). 

Models of the type described above are generally used to predict the transfer 
of most nuclides through the environment. Notable exceptions are the transfer 
of carbon-14 and tritium where specific activity models [8] are commonly used. 

3.2.3.2. R esuspensio n 

In other than semi-arid environments resuspension rarely makes a major 
contribution to the total collective dose from effluent discharges; even then it is 
potentially significant only for those nuclides that are not readily incorporated 
into biological systems, e.g. plutonium. Nevertheless, it is a pathway that is 
included in many analyses, primarily for completeness. 

Existing models for resuspension are of an empirical type and are based mainly 
on measurements of the resuspension of plutonium in semi-desert environments 
following the testing of nuclear weapons. The models vary in complexity; the most 
commonly employed types adopt the concept of a resuspension factor. This factor 
relates the resuspended concentration of material in air to the concentration of 
material on the surface. 

Various empirical relationships have been derived representing the temporal 
variation of the resuspension factor with time following deposition. The range of 
variability in the factor is considerable and, moreover, the conservatism of these 
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relationships, when applied to well-vegetated, relatively damp conditions, must be 
recognized. For such conditions there is increasing evidence [25, 26] in support 
of much lower resuspension factors than those experienced in a semi-arid environment. 

While caution must be exercised in the appropriate choice of resuspension 
factor, these types of model enable estimates to be made of concentrations in air 
following the deposition of material. The use of appropriate dosimetric models 
enables the exposure from inhalation of this material to be determined. 

3.2,3.3. External radiation from deposited material 

The estimation of the external dose from material deposited onto the ground is a 
relatively straightforward procedure and a number of models exist for this purpose. 
These models are discussed in more detail in the following section. The migration 
of deposited nuclides down through the soil column is an important factor in the 
estimation of the external dose, in particular for long-lived radionuclides. A 
number of models have been developed to predict this downward movement but 
the experimental data to support the models are limited to a few nuclides and a „' 
few soil types. This process is nevertheless of considerable significance in determining 
the overall dose and has to be taken into account in order to make realistic estimates 
of collective dose. 

3.2.4. Dosimetric models 

Dosimetric models are required to enable estimates to be made of external 
radiation from the cloud and deposited material and of internal exposure from 
radioactive material taken into the body by inhalation or ingestion. 

3.2.4.1. Exposure from the cloud 

Two approaches are available for the estimation of the gamma dose from a 
dispersing cloud; these comprise the semi-infinite and finite cloud models. The 
former is adequate where the vertical and horizontal concentration profiles of 
material are relatively uniform over the volume of that part of the cloud contri-
buting significantly to the exposure (typically a few hundred metres). This 
situation may only be realized at several tens of kilometres from the release or at 
even greater distances for releases in particular conditions. In general, the semi-
infinite cloud model is inadequate for the purpose of estimating collective dose 
via this pathway. A number of schemes have been suggested where modifying factors 
can be applied to the dose estimated from a semi-infinite cloud to obtain more 
realistic assessments (e.g. Ref. [27]). 

The alternative, and in many respects preferable approach, is to use a finite 
cloud model where the dose is evaluated at any downwind distance by integrating 
the contributions to the dose over the cloud volume elements. Descriptions of such 
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models are given, for example, by Jones [28], Irrespective of the type of model 
employed, account should be taken of shielding afforded by building structures 
etc. in the dose estimation. 

The evaluation of the dose in skin from beta radiation from the cloud can be 
made directly from the airborne concentration of the nuclide at the location of 
interest. Various compilations have been made of the skin dose per unit concentration 
of material in air for a wide range of nuclides (e.g. Refs [29, 30]). 

3.2.4.2. Exposure from deposited material 

As discussed previously, one factor central to the dose estimate via this pathway 
is the representation of the migration of the nuclide down through the soil column 
after deposition. For short-lived nuclides, which do not migrate significantly, this 
aspect is of limited interest. However, for longer-lived nuclides it can be very 
important. 

The temporal variation of the vertical profile of material can be utilized to 
estimate the dose at appropriate points above the surface. A technique generally 
employed is to divide the soil column into a number of layers and evaluate the 
contribution to the dose from each; the total dose is then evaluated by integration 
over the various layers. Compilations using this procedure have been made of the 
variation of the dose rate following unit deposition of a large number of radio-
nuclides [8]. 

As for exposure from the cloud, account must be taken of the shielding 
afforded by buildings, of occupancy factors etc. when estimating the collective 
dose. 

3.2.4.3. In ternal exposure 

The collective dose from the intake of radionuclides is determined from the 
product of the intake by the population and the appropriate committed dose per 
unit intake of activity (see Section 2 and Appendix A). This approach, which is 
discussed in Section 2 and in greater detail elsewhere [8], is adequate in most 
cases but may lead to an overestimation in dose up to a few tens of per cent for 
the intake of radionuclides with very long retention times in the body. The 
potential overestimate in the incidence of health effects for the intake of such 
nuclides may, however, be greater (but rarely exceeding a factor of two or three) 
if no account is taken of the delay between exposure and the appearance of late 
health effects. 

Committed dose equivalents for unit intake of a large number of radionuclides 
have been evaluated and published in ICRP Publication 30 and its supplements [7]. 
The doses are given for intake by inhalation and ingestion and for nuclides in various 
chemical forms. For inhalation the doses are presented for the material in the form 
of a 1 jum AMAD (activity median aerodynamic diameter) aerosol. 
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While the compilation of doses in ICRP Publication 30 is the most exhaustive 
currently available, a few cautionary remarks with regard to their use are appropriate. 
The doses were evaluated in a framework for the control of occupational exposure 
and this influenced the choice of the forms of material considered and their meta-
bolism when taken into the body. In many cases the same data will be adequate 
for the assessment of the exposure of the public, particularly when taking account 
of other uncertainties in the overall evaluation of collective dose. For some nuclides 
the forms that may be found in the environment could differ from those considered 
in Publication 30 and alternative dose estimates will be required. 

As discussed in Section 2, improvements in the availability data may be 
expected in the future but for the present there is little alternative but to use the 
ICRP 30 data. 

3.2.5. Demographic data and environmental characteristics 

The previous discussion has been concerned with the evaluation of the 
temporal and spatial distribution of released material in the environment and how 
it is transferred to man. The estimation of collective dose also requires the 
prediction of the temporal and spatial distribution of the exposed population and 
its habits, in particular of agricultural practices. 

In general, the majority of the regional collective dose will be delivered within 
a relatively short period following the release and only rarely will the period 
exceed a few tens of years. In assessing the collective dose from a given source 
of release it is rarely necessary, therefore, to take account of the temporal variation 
of the population or of agricultural practice. In those few cases where such tem-
poral factors might significantly affect the collective dose they should be given 
due attention. 

In general, it is sufficient to assume that population and agricultural practice 
remain constant in time. Data on these parameters can in general be obtained 
from national statistics, which can then be compiled into various forms (e.g. see 
Refs [31, 32]) compatible with the procedures used to calculate the temporal 
and spatial distribution of released material in the environment. Typically the 
data can be compiled within grid systems (based on area or latitude/longitude) 
which can be transformed to give the population and agricultural production in 
annular segments relative to any given release location (see Fig.Al). Finer 
resolution is in general required in compiling these data near the release point than 
at greater distances. The distance bands given in Table Al for the purpose of 
illustration have been found to provide adequate precision in the estimation of 
collective doses in a wide range of circumstances; values other than these may, 
however, be equally suitable for particular applications. In some cases data may 
not be available to such a level of detail and some loss of precision may ensue. 

In addition to the population, details are required of the distribution of 
agricultural produce. The range of products that need to be considered may be 
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influenced by the region under consideration and by the nuclides released and, 
therefore, may vary significantly. For Western Europe the range of products, 
which in general are most important when assessing collective doses, are listed 
in Table All [8]. Account must also be taken of the utilization and preparation 
of the various foods; the fraction of the radionuclide initially in the food that 
appears in human diet and the delay period between harvest and consumption 
are factors that can have considerable influence on the estimated collective dose. 
These parameters may vary significantly with the foodstuff and region considered 
and require careful consideration. 

3.2.6. Illustrative estimation of regional collective doses for selected radionuclides 

As an illustrative example, estimates are given of the regional collective dose 
from unit release of selected nuclides to the atmosphere using the procedure 
described in Appendix A [8]. Estimates of the global collective doses are 
subsequently made for the few nuclides that become globally dispersed (see 
Sections 3.3 and 3.4). It is important to note that the regional collective doses 
presented are solely illustrative; significant variation can be expected in the 
collective dose depending upon the location of the release and, in particular, 
the population and agricultural practice within a thousand kilometres, or so, of 
the release. The results presented may, however, be considered representative of 
the order of magnitude of doses that might be experienced from the release of 
material from nuclear installations sited in conditions typical of Western Europe. 

The models and data used in the estimation of the collective doses are 
described in Refs [8, 33]. The adoption of alternative models or sub-models for 
particular facets of the overall assessment would be unlikely to alter the dose 
estimates significantly. The nuclides selected for illustration include those that 
are important in a global context; the remainder, with the exception of radon-222, 
are a selection from those nuclides that have been found to be the more significant 
in airborne effluents from nuclear installations. The general techniques used for 
the estimation of the regional collective doses from these nuclides are, however, 
equally applicable to other nuclides. The collective doses given for radon-222 
require further qualification. Releases of this nuclide are mainly associated with 
the disposal of wastes from mining and milling of uranium, which in general is 
undertaken in remote areas with low population densities. The population 
distributions assumed in the illustrative estimates of collective doses in this report 
were typical of reactor locations in Western Europe. The regional collective doses 
evaluated for radon-222 may therefore significantly overestimate those that might 
occur in reality. 

The regional collective effective dose equivalent commitment per unit release 
of each nuclide is summarized in Table I. The contribution made by each pathway 
of exposure is indicated. Each nuclide has been assumed to be released in the 
oxide form and (apart from krypton-85, radon-222 and iodine-129) as a 1 jum 
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TABLE I. ILLUSTRATIVE REGIONAL COLLECTIVE EFFECTIVE DOSE EQUIVALENT COMMITMENTS FOR UNIT 
RELEASE OF SELECTED NUCLIDES TO THE ATMOSPHERE3 

Regional collective effective dose equivalent commitment 
(man-Sv-MBq" 1 ) 

Cloud 0, 7 Deposited 0, y Inhalation Ingestion Resuspension Total 

Tritium 0 0 1.3 X 10~9 7.8 X 10"9 0 9.0 X 10~9 

Carbon-14 0 0 2.3 X 10" ' ° 1.5 X 10"6 0 1.6 X 10~6 

Krypton-85 6.3 X 10~12 0 0 0 0 6.3 X 10"12 

Stront ium-90 1.4 X 10"14 1.8 X 10"8 2.4 X 10"7 2.7 X 10~5 9.3 X 10"8 2.7 X 10~s 

Technetium-99 1.5 X 10"16 2.4 X lO"11 5.5 X 10"9 1.3 X 10"5 2.0 X 10-9 1.3 X 10~5 

Ruthenium-106 5.1 X 1 0 " n 1.9 X 10"7 3.6 X 10"7 4.2 X 10"7 1.1 X lO"7 1.1 X 10"6 

Iodine-129 4.0 X 10"13 1.1 X 1 0 ' 7 1.7 X 10~7 7.4 X 10"5 6.4 X 10~8 7.5 X 10" s 

Caesium-137 1.8 X 10 - 1 0 7.5 X 10"4 3.8 X 10"8 1.0 X 10"5 1.4 X 10"8 1.8 X 10"5 

Radon-222 2.5 X 10"9 0 1.9 X 10"7 0 0 1.9 X 10"7 

Plutonium-239 2.0 X 10"14 9.7 X 10"8 2.5 X 10"* 1.6 X 10" s 9.2 X 10"5 3.5 X 10"* 

Americium-241 4.3 X 10"12 6.8 X 10"8 3.8 X 1 0 ^ 8.1 X 10"5 1.4 X 10-4 .6.1 X 10"4 

a Collective doses evaluated using models and data in Refs [8, 33] and averaged over unit release from several di f ferent locations. 
A shielding factor of 0.5 has been used in the estimation of external 7-doses; no account was taken of shielding in calculating external (3-doses. 



TABLE II. ILLUSTRATIVE REGIONAL COLLECTIVE DOSE 
EQUIVALENT COMMITMENTS TO INDIVIDUAL ORGANS FOR UNIT 
RELEASE OF SELECTED NUCLIDES TO ATMOSPHERE3 

Regional collective dose equivalent commitment in individual organs 
Nuclide (man • Sv • MBq"1) 

Effective Gonads Thyroid Skin 

Tritium 9.0 X 10"9 9.0 X 10-9 9.0 X 10-9 9.0 X 10"9 

Carbon-14 1.6 X 10 - 6 1.6 X 10"* 1.6 X 10"6 1.6 X 10"6 

Krypton-85 6.3 X 10"12 5.0 X 10"12 5.6 X 10"12 1.8 X 10"9 

Strontium-90 2.7 X 10" s 1.1 X 10"6 1.1 X 10"6 • 1.8 X 10~6 

Technetium-99 1.3 X 10~5 3.4 X 10"6 2.3 X 10-4 3.4 X 10"6 

Ruthenium-106 1.1 X 10"6 2.7 X 10-7 2.8 X 10-7 6.6 X 10"1 

Iodine-129 7.5 X 10" s 2.0 X 10-7 . 2.5 X 10-3 4.4 X 10"7 

Caesium-137 1.8 X 10~5 1.6 X 10-5 1.6 X 10"5 1.7 X 10-5 

Radon-222 1.9 X 10"7 4.7 X 10-9 4.9 X 10-9- 1.4 X 10"8 

Plutonium-239 3.5 X 10"4 4.9 X 10"s 1.1 X 10-7 1.3 X 10-7 

Americium-241 6.1 X 10"4 1.4 X 10-4 7.7 X 10"8 1.3 X 10-7 

a Collective doses evaluated using models and data in Refs [ 8 , 3 3 ] and averaged over unit 
release f rom several different locations. 
A shielding factor of 0.5 has been used in the estimation of external 7-doses; no account was 
taken of shielding in calculating external (3-doses. 

AMAD aerosol from an effective height of release of 30 m. The estimated 
collective doses are not, however, sensitive to reasonable variation in this latter 
parameter. The collective dose from iodine-129 is evaluated for its release in an 
inorganic form. The collective dose equivalent commitments in gonads, skin, and 
thyroid, in addition to the effective dose, are summarized in Table II. For some 
nuclides which preferentially irradiate particular organs or tissues there are 
significant differences between the respective doses. The temporal distribution of 
the collective, dose commitment is illustrated in Table III; with a few exceptions 
almost all of the dose is delivered within a few years of the release. 

The distribution of the collective dose among the exposed population is an 
important parameter to be considered when reaching judgements on effluent 
control. As an illustrative example, a distribution of the collective effective dose 
equivalent, into ranges of individual dose, is given in Fig.2 for unit release of 
krypton-85 from a particular location [34]. It is evident that the majority of the 
collective dose is accumulated at levels of individual dose well below the maximum 
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TABLE III. TEMPORAL PATTERN OF ILLUSTRATIVE REGIONAL 
COLLECTIVE EFFECTIVE DOSE EQUIVALENT FOLLOWING UNIT 
RELEASE TO ATMOSPHERE OF SELECTED NUCLIDES3 

Regional collective effective dose equivalent rate 
Nuclide integrated to various times 

(man-Sv-MBq" 1) 

10 a 50 a 100 a 500 a <*> 

Tritium 9.0 X 10" - 9 9.0 X 10--9 9.0 X 10' - 9 9.0 X 10" -9 9.0 X 10" - 9 

Carbon-14 1.6 X 10* -6 1.6 X 10" -6 1.6 X 10' -6 1.6 X 10" -6 1.6 X 10" -6 

Krypton-85 6.3 X 10--12 6.3 X 10" -12 6.3 X 10' -12 6.3 X 10 -12 6.3 X 10 -12 

Strontium-90 1.4 X 10--s 2.5 X 10' -5 2.7 X 10 -s 2.7 X 10' -5 2.7 X 10" -5 

Technetium-99 7.1 X 10' -5 1.2 X 10" -s 1.3 X 10 - 5 1.3 X 10" -5 1.3 X 10 -5 

Ruthenium-106 1.1 X 10" -6 1.1 X 10" -6 1.1 X 10 - 6 1.1 X 10" -6 1.1 X 10" -6 

Iodine-129 4.3 X 10" -5 5.6 X 10" - s 6.2 X 10 - 5 7.4 X 10" -5 7.5 X 10" - s 

Caesium-137 1.3 X 10 -S 1.7 x 10' -5 1.8 X 10 - 5 1.8 X 10' - 5 1.8 X 10 - 5 

Radon-222 1.9 X 10' - 7 1.9 x 10' - 7 1-9 X 10 - 7 • 1.9 X 10 - 7 1.9 X 10 - 7 

Plutonium-239 3.5 X 10' - 4 3.5 x 10" - 4 3.5 X 10 - 4 3.5 X 10 - 4 3.5 X 10 - 4 

Americium-241 6.0 X 10' - 4 6.0 x 10 - 4 6.0 X 10 - 4 6.1 X 10 - 4 6.1 X 10 - 4 

a Collective doses evaluated using models and data in Refs [8, 33] and averaged over unit 
release from several different locations. 
A shielding factor of 0.5 has been used in the estimation of external 7-doses; no account 
was taken of shielding in calculating external (3-doses. 

resulting from the discharge. The doses presented have, of course, little absolute 
significance, given that they are for unit release. They can, however, be readily 
scaled to provide perspective for releases that are typical of operating practice at 
nuclear installations. The exact distribution of individual doses would of course 
vary with the release location; nevertheless, the observation that the majority of 
the collective dose is accumulated at levels well below the maximum individual dose 
would remain valid irrespective of the release location (apart, perhaps, from the 
release of very short-lived radionuclides, which would be unlikely to give rise to 
large regional collective doses). 

In addition to the distribution of individual dose, particular attention needs 
to be given to the exposure of critical groups in the population and the proximity 
of their exposure to dose limits. An accurate assessment of the exposure of critical 
groups in the population can only be made with detailed knowledge of the dis-
charge practice and of the habits of the group. Such an evaluation is clearly beyond 
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FIG.2. Illustrative distribution of the regional collective dose in individual dose ranges for 
the release of 1. Bq/a of SSK. 

the scope of this report. However, for the purposes of illustration and to provide 
perspective, assumptions have been made with regard to hypothetical critical groups 
and estimates made of their exposure. The critical group has been assumed to 
comprise adults permanently located at 1 km from the release and to derive their 
total diet uniformly from an area within 5 km of the discharge. The assumed diet 
is that adopted by Bouville et al. [33]. The illustrative critical group doses for unit 
release of each nuclide are summarized in Table IV. 

3.3. THE ESTIMATION OF THE COLLECTIVE DOSE FROM THE 
GLOBAL-SCALE DISPERSION OF RELEASED NUCLIDES 

Of the radionuclides released during the normal operation of nuclear installa-
tions tritium, carbon-14, krypton-85 and iodine-129 have been identified as 
important in terms of their dispersion on a global scale. The radioactive half-lives 
of these nuclides and their mobility in the environment are such that they become 
widely dispersed and act as long-term, low-level sources of exposure of the world 
population. 
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TABLE IV. ILLUSTRATIVE CRITICAL GROUP ANNUAL 
EFFECTIVE DOSE EQUIVALENTS FOR UNIT RELEASE OF 
SELECTED NUCLIDES3 

Nuclide 
Effective dose equivalentb 

(Sv-a - 1 per MBq-a" 1 ) 

Caesium-137 

Tritium 

Carbon-14 

Plutonium-239 

Technetium-99 

Radon-222 

Ruthenium-106 

Iodine-129' 

Americium-241 

Krypton-85 

Strontium-90 

3.5 X 10"15 

6.1 X 10~13 

5.9 X 10"18 

1.1 X 10~ u 

2.9 X 10"12 

3.5 X 10 ' 1 2 

9.5 X 10~ n 

1.3 X 10"11 

9.2 X 10"13 

1.7 X 10~9 

2.7 X 10~9 

a These doses are solely indicative; in reality the doses received would be very 
dependent upon the habits of the exposed group. 
A shielding factor of 0.5 has been used in the estimation of external 7-doses; no 
account was taken of shielding in calculating external /3-doses. 

b The tabulated doses are the annual doses received from external radiation plus the 
committed doses received from the annual intakes, by inhalation and ingestion, 
of the particular nuclide. 

c Iodine-129 discharged in an inorganic form. 

The radioactive half-lives of these nuclides are in general long in comparison 
with the time required for them to become well mixed in the parts of the environ-
ment that are significant in determining the exposure of man. The transfer of these 
nuclides through the environment can therefore be described adequately using 
compartment models, where a compartment is used to represent a particular sector 
of the environment; within that compartment the nuclide is assumed to be uniformly 
dispersed. Transfer between compartments is typically described using linear, first-
order kinetics. Given a release or release rate of the radionuclide into the atmos-
phere, a system of coupled differential equations can be solved yielding the estimated 
inventory of the radionuclide in each compartment at various times. From these 
inventories estimates can be made of the concentrations of the nuclide in the approp-
riate environmental materials as a function of time after the release. The transfer of 

2 4 



radionuclides to man, and the individual and collective doses, can be evaluated from 
these concentrations and knowledge of man's use of the environment. 

In the following sections global models for tritium, carbon-14, krypton-85 
and iodine-129 are discussed. The models are briefly described and where possible 
closed-form or numerical solutions are presented for the response of the model to 
an instantaneous unit release of a nuclide to the atmosphere. 'Per-caput' and 
collective dose (to world population) equivalent rates at various times following 
the release are presented. The collective effective dose equivalent commitment 
(and values truncated at particular times) per unit release are also given for each 
nuclide. The relative magnitude of the collective doses from first-pass and global 
dispersion can be ascertained by reference to the illustrative regional collective 
doses estimated in Section 3.2.5. 

The global models should be qualified in a number of respects. The temporal 
response of the various models is based on the assumption of instantaneous, uniform 
mixing in the atmosphere and in other environmental compartments. Such mixing 
in reality is not attained instantaneously following a release from an isolated point 
source. Thus the temporal response of the models in the period immediately 
following the release is probably distorted. The inaccuracies introduced by this 
approximation will vary with the model and nuclide considered but are unlikely 
to be significant in terms of the predicted collective effective dose equivalent 
commitment. Furthermore, they would be of less importance when evaluating the 
impact of releases of these nuclides from a world-wide nuclear industry, which 
could then be considered as a well-distributed set of point sources. Estimates of 
truncated collective dose commitments may, however, be associated with greater 
uncertainty, particularly if the time of truncation was comparable with or less than 
the mixing.time in the compartment of interest. 

Finally, it should be reiterated that the separate assessment of the collective 
dose from the first-pass and global dispersion of released nuclides is solely to 
facilitate the modelling procedure. In judging the significance of a given discharge 
the two contributions need to be combined, although the time distribution of the 
total collective dose will be an important consideration. The separation of the 
dose assessment into two components does, however, raise some problems at the 
interface, in particular the possibility of'double counting' of some doses. It is 
recognized that this will occur in the procedures described here but any over-
estimation of dose from this approximation will not be significant. 

3.3.1. Global dispersion of tritium released to the atmosphere 

Several models are available for predicting the global dispersion of tritium 
[8, 35-37] . These models, which are all based on the global hydrologic cycle, 
are similar in structure but differ somewhat in detail, e.g. number of assumed 
environmental compartments and magnitude of some of the transfer rate constants. 
For illustrative purposes the global model derived by Easterly and Jacobs [36] is 
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FIG.3. Seven-compartment model of world hydrological cycle (compartment volumes are in m3, 
flux values in m3/a) [37], 

described; this was also recently used by the US National Council on Radiation 
Protection and Measurements (NCRP) in their report on tritium in the environment 
[37], 

The model of the world hydrologic cycle used by the NCRP is shown in Fig.3. 
The mean residence time of water in any of the seven compartments of the model 
can be obtained as the quotient of the water volume of the compartment divided 
by the rate of flow (flux) into or out of the compartment. The volume of water 
associated with the various compartments and the fluxes are given in Fig.3. 

Tritium can be considered to be released into any one of the environmental 
compartments. The transfer of tritium between the various compartments can then 
be represented by a set of equations of the following general form: 

j = N 

dA- V k*vkiiAi-XAi (9) 

j=i 
where A; is the activity at time t in compartment i (Bq) 

kjj is the rate of transfer of tritium from compartment i to j ( a - 1 ) 
with ka = 0 

X is the radioactive decay constant for tritium, 
and N is the number of compartments in the system. 

The rates of transfer, k;j-, between compartments are given by 

R;j 
( 1 0 ) 
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FIG.4. The fraction of the tritium inventory in each compartment as a function of time after 
the release of tritium to the atmosphere. 

where V; is the volume of water in compartment i (m3), 
and Rjj is the volume exchange of water from compartment i to j (m3 /a). 

The values Vj and Ry are given in Fig.3. The variation of the inventory 
of tritium in each compartment can be obtained by numerical solution of the set 
of simultaneous equations (of the form given in Eq. (9)) which describe the transfer 
processes in the model illustrated in Fig.3. The fraction of the tritium inventory 
in each of the important compartments is illustrated in Fig.4 as a function of time 
following an instantaneous release of tritium into the atmosphere. 

The inventory of tritium in each compartment, and thus its concentration 
in water, can be used to estimate the exposure of man from knowledge of man's 
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TABLE V. DAILY INTAKES OF WATER AND THEIR ORIGINS 
USED IN THE TRITIUM GLOBAL MODEL 

Origin of water intake 
(and compartment number, see Fig.3) 

Daily water intake 
( L d - 1 ) 

Atmosphere (1) 

Surface soil water (2) 

Surface streams and freshwater lakes (3) 

Ocean surface (5) 

Deep ground water (6) 

1.0 

0.78 

0.98 

0.02 

0.24 

TOTAL 

use of the environment. The water balance assumed for Reference Man [38] of 
3 L-d - 1 consists of 1.2 L-d_ 1 from drinking water, 0.22 L-d_ 1 from inhalation 
and passage through the skin of atmospheric water, and 1.56 L-d_ 1 associated 
with food consumption and its metabolism. The pathways model adopted by 
NCRP [37] has been adopted in estimating the intake of water by man from the 
different compartments. One half of the water intake in food is assumed to be 
associated with the surface soil compartment of the model and the remaining 
fraction assumed to be derived from atmospheric water. Eighty per cent of the 
drinking water is assumed to be derived from the compartment representing 
streams and freshwater lakes with the remaining 20% obtained from deep ground 
water. A small water intake of 0.02 L-d"1 is also assigned to the consumption of 
seafood and this is associated with the water in the ocean surface compartment. 
The daily intake of water from the respective compartments by References Man is 
summarized in Table V. 

These intakes of water, together with the concentrations of tritium in water 
in the respective compartments, can be used to predict the intake of tritium by 
man following unit release to the atmosphere. The committed effective dose 
equivalent per unit intake of tritium, in the form of tritiated water, is 
1.7 X 1 0 _ n Sv-Bq - 1 [7], for intake via inhalation, ingestion or absorption through 
the skin. The committed dose equivalent to other organs is the same as the 
effective dose equivalent. Individual doses can be estimated from the intake rate 
of tritium and the above dose conversion factor. 

Per-caput and collective effective dose equivalent rates and commitments 
are given in Table VI for the release of 1 MBq of tritium to the atmosphere. A 
world population of 1010 was assumed in the collective dose estimate; this is 
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TABLE VI. PER-CAPUT AND COLLECTIVE EFFECTIVE DOSE 
EQUIVALENT RATES AND COMMITMENTS FOR THE RELEASE OF 
1 MBq OF TRITIUM TO THE ATMOSPHERE3 

Dose rate Dose commitment 
Time after (Sv-a"1 per MBq) (Sv-MBq - 1 ) 
release _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 

(a) Per caput Collective Per caput Collective 

10 3 . 7 X 1 0 " " 3.7 X 1 0 " n 4.0 X I O " 2 0 4.0 X 10"10 

20 7.8 X 10"23 7.8 X 10"13 4.1 X 10~20 4.1 X 10"10 

30 2.6 X 1 0 " 2 3 2.6 X 10"13 4.2 X 10"20 4.2 X 10 _ I ° 

60 2.0 X 10"24 2.0 X 10"14 4.2 X 10"20 4.2 X i o " ' ° 

80 5.2 X 1 0 " 2 5 5.2 X 10"15 4.2 X 10"20 4.2 X 10~10 

100 1.5 X 10"2S 1.5 X 1 0 " 1 5 4.2 X I O " 2 0 4.2 X 10"10 

°° 0 0 4.2 X 10~20 4.2 X 10~10 

a Released as HTO. 

about a factor of 2 greater than the current population but is indicative of the 
projected size of the world population early in the next century. 

3.3.2. Global dispersion of carbon-14 released to the atmosphere 

Several models have been developed for global cycling of carbon-14, e.g. 
[8,'39—42]. In general these models have similar features and they yield compa-
rable estimates of the collective dose equivalent commitment per unit discharge 
of carbon-14 to the atmosphere. The model presented by Killough [39] can be 
considered to be the state-of-the-art and is illustrated in Fig. 5. It includes as 
environmental compartments, the atmosphere, terrestrial biosphere, the ocean 
mixing layer, and the deep ocean. Killough has included a box-diffusion model to 
describe exchange between the ocean mixed layer and deep ocean. The addition 
of a non-linear exchange between the ocean mixed surface layer and the atmos-
phere, and the box-diffusion model to represent exchange of the ocean's mixed 
layer with the deep ocean, yields a model that is capable of reproducing the 
distribution in the ocean of carbon-14 produced by the testing of nuclear weapons 
in the atmosphere. 

The model has been applied to evaluate the amount of carbon-14 per unit 
mass of carbon in each of the environmental compartments as a function of time 
following the release of 1 MBq of carbon-14 to the atmosphere (taken for the 
purpose of illustration as occurring in 1980). The results are shown in Fig.6 
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FIG.5. Schematic presentation of the box-diffusion model of the global carbon cycle. 
Y = non-radioactive carbon; X = 14C; C = C(z, t) = concentration of carbon of depth z and 
time t; K = diffusion coefficient. 

for one of the compartments, the atmosphere. The amount of carbon-14 per unit 
mass of carbon (MBq of carbon-14 per kg of carbon) is obtained as 

1.65 X 108(X)/(X + Y) (11) 

where X and Y are the masses of the released carbon-14 and non-radioactive , 
carbon, respectively, in the compartment at a particular time, 

and 1.65 X 108 MBq-kg"1 is the specific activity of carbon-14. 
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Time after release (a) 

FIG.6. The variation in the carbon-14 content of atmospheric carbon as a function of time 
after the release of 1 MBq of carbon-14 to the atmosphere as carbon dioxide. 

The environmental levels of both X and Y are dynamic variables whose time 
histories are obtained from computer simulation considering a future scenario for 
production of atmospheric carbon from combustion of fossil fuels. The model 
simulation is initiated at a pre-industrial point in time (1860), and the carbon 
dioxide from combustion of fossil fuels is added to the system in accordance with 
historical data compiled by Keeling [43] and Rotty [44] up to 1974. Future release 
rates can be simulated using a suitable function and in the calculations presented here 
the total fossil fuel carbon ultimately released is taken as 3.1 X 1015kg. Predictions 
of future trends in fossil fuel utilization are obviously uncertain but do not signifi-
cantly influence the predicted collective doses from the atmospheric discharge of 
carbon-14. The estimates of collective dose equivalent commitment are not, 
however, very sensitive to these parameters; the use of simpler models (e.g. [8, 40—42]) 
that do not take into account the variation in the stable carbon content of the 
atmosphere yields results that are comparable with those of the more complex 
and complete model of Killough. 

The inventory of carbon-14 and non-radioactive carbon in each environmental 
compartment can be used to evaluate the intake of carbon-14 by man. The intake 
of carbon by Reference Man [38] is 300 g -d - 1 through diet; the intake by 
inhalation is negligible by comparison ( < 1% of the total). From this dietary intake 
and the carbon-14 content of carbon in diet the intake of carbon-14 by man can be 
determined. To a good approximation the carbon-14 content of dietary carbon can 
be taken as equal to that in atmospheric carbon. The exposure of the population 
can be determined directly from the intake of carbon-14 and the committed 
effective dose equivalent per unit intake by ingestion of 5.7 X 10"10 Sv-Bq - 1 [7]. 
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TABLE VII. PER-CAPUT AND COLLECTIVE EFFECTIVE DOSE EQUIVALENT 
RATES AND COMMITMENTS FOR A RELEASE OF 1 MBq OF 14C TO 
THE ATMOSPHERE3 

Dose rate Dose commi tmen t 
Time af ter (Sv -a - 1 per MBq) ( S v - M B q - 1 ) 
release 
(a) Per caput Collective Per caput Collective 

10 2.3 X io-17 2.3 X 10~7 4.1 X 10"16 4.1 X 10"6 

102 4.0 X 10"1 8 4.0 X 10~8 1.1 X 10"1S 1.1 X 10" s 

103 1.5 X io-18 1.5 X 10~8 3.1 X io- l s 3.1 X 10~5 

104 5.4 X io-19 5.4 X 10"9 9.1 X 10" I S 9.1 X io-s 

oo 0 0 1.4 X io-14 1.4 X 10"4 

a Released as carbon dioxide. 

Hemisphere 1 
0.5/3 ( 

Hemisphere 1 Hemisphere 2 

1.9x !0 1 8 kg 
, 0.5/a 

1 . 9 x ! 0 , s kg 1.9x !0 1 8 kg 1 . 9 x ! 0 , s kg 

Release 

FIG. 7. Global model for krypton-85. 

Per-caput and collective effective dose equivalent rates and commitments 
at various times following the release of 1 MBq of carbon-14 into the atmosphere 
are given in Table VII. The collective doses are based on an assumed constant 
world population of 1010. 

3.3.3. Global dispersion of krypton-85 released to the atmosphere 

The prediction of the global transfer of krypton-85 is considerably simpler 
than that for other nuclides as the interaction of this noble gas radionuclide 
with environmental compartments, other than the atmosphere, can be neglected. 
Various models have been proposed to predict the global dispersion of krypton-85. 
They are all of the same basic form and are in general agreement with regard to 
their predictions of dose, particularly at times greater than a few years. 

For illustrative purposes the model of Kelly et al. [40] has been adopted and 
is illustrated in Fig. 7. This model represents the atmosphere as two well-mixed 
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FIG.8. The variation in the inventory of krypton-85 in the atmosphere as a function of time 
after its release into one hemisphere. 

compartments into which krypton-85 is dispersed; each compartment represents 
a hemisphere. The time constant for transfer of material between the two hemi-
spheres is 0.5 a - 1 . 

For an instantaneous release of unit activity of krypton-85 into one hemi-
sphere at time zero, the inventories Qi(t) and Q2(t) in the respective hemispheres, 
at time t, are given by 

Qi (t) = \ {exp(— Xt) + exp[(2k + X)t]} 

and 

Q2(t) = - H e x p ( - X t ) - e x p [ ( 2 k + X)t]} (12) 

where k denotes the transfer coefficient for exchange between the hemispheres 
(0.5 a"1), 

and X is the radioactive decay constant of krypton-85 (0.065 a - 1 ) . 

The inventory of krypton-85 in each of the hemispheres as a function of time 
following unit release into one hemisphere is shown in Fig.8. The variation in the 
level of krypton-85 with time in the atmosphere can be used to predict the exposure 
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of man. Because it neither interacts with environmental media, nor is metabolized 
by man to a significant extent, the only important pathway of exposure is that of 
external irradiation of the body. The collective effective dose equivalent rate 
S | ( t ) , per unit released activity, is thus given as 

2DP 
S | ( t ) = T7 £ -rN 1 Q 1 ( t ) + N2Q2(t)'] (13) 

^ M 

where DE is the effective dose equivalent rate per unit krypton-85 
concentration in air (Sv-a"1 per Bqkg" 1 ) , 

Ni and N2 are the sizes of the exposed population in the respective 
hemispheres, 

Ch (t) and Q2(t) are the krypton-85 inventories in the respective hemispheres, 
and M is the total mass of the atmosphere, 3.9 X 1018 kg. 

The effective dose equivalent rate per unit concentration of krypton-85 in air is 
4 X 1CT9 Sv-a"1 per Bq-kg"1; the dose equivalent in skin for the same concen-
tration of krypton-85 in air would be 5.4 X 1CT7 Sv a"1 per Bq-kg"1 [8]. These 
values are applicable to people outdoors and take no account of the effect of 
shielding afforded by buildings, etc. Doses of about half those indicated would 
result if such factors were taken into account. 

The per-caput and collective effective dose equivalent rates and commitments 
are presented in Table VIII as a function of time after the release of 1 MBq of 
krypton-85 to the northern hemisphere. The world population was assumed to 
remain constant at a level of 1010 and 90% were assumed to reside in the northern 
hemisphere. The doses have been estimated assuming a shielding factor of 0.5 for 
external 7-exposure; no account has, however, been taken of shielding from 
external /3-irradiation and exposure via this source will therefore be an overestimate. 
Factors to convert the effective dose equivalent to dose equivalents in other organs 
are given in Table VIII. 

3.3.4. Global dispersion of iodine-129 released to the atmosphere 

A number of models have been developed to predict the global environmental 
transfer of iodine-129 [8, 45, 46 ] and that proposed by Kocher [46] can be 
considered as representing the state-of-the-art. The model developed by Kocher is 
shown in Fig. 9 and it includes nine environmental compartments: the land 
atmosphere, ocean atmosphere, ocean mixed layer, deep ocean, ocean sediments, 
surface soil, shallow subsurface soil, deep subsurface soil, and the terrestrial 
biosphere. The inventory of iodine in each compartment, and the transfer rates 
between compartments, are indicated in Fig.9. Within each compartment the iodine 
is assumed to be uniformly distributed. 

Following the release of iodine-129 into one of the environmental compart-
ments its subsequent distribution throughout the system can be determined as a 
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TABLE VIII. PER-CAPUT AND COLLECTIVE EFFECTIVE DOSE 
EQUIVALENT RATES AND COMMITMENTS FROM THE GLOBAL 
CIRCULATION OF 1 MBq OF 85 Kr RELEASED TO THE ATMOSPHERE3 

Time after 
release 

(Sv 
Dose rate 
a"1 per MBq) 

Dose commitment 
(Sv-MBq - 1 ) 

(a) Per caput Collective Per caput Collective 

10 2.8 X 10~22 2.8 X 10~12 4.2 X 10"21 4.2 X 10"1 

20 1.4 X 10"22 1.4 X 10"12 6.0 X 10~21 6.0 X 10"' 

30 7.5 X 10"23 7.5 X 10"13 7.5 X 10~21 7.5 X 10"' 

60 1.1 X 10~23 1.1 X 10"13 8.0 X 10~21 8.0 X 10"1 

80 3.0 X 10~24 3.0 X 10 - 1 4 8.7 X 10~21 8.7 X 10"1 

100 8.0 X 10~2S 8.0 X 10"1S 8.7 X 10 ' 2 1 8.7 X 10 - 1 

OO 0 0 8.7 X 10"21 8.7 X 10"1 

a A shielding factor of 0.5 has been used in the estimation of external 7-doses; no account 
was taken of shielding in calculating external /3-doses. 
Dose equivalent in skin, thyroid and gonads can be obtained by multiplying the effective 
doses given in the table by a factor of 260, 0.88 and 0.79, respectively [8], 

function of time by numerical solution of a set of simultaneous differential equations 
of the following form: 

- I k j i A j - k i A - ^ i 

N 
dA; 

dt 11 1 (14) 

j=l 

where A( is the iodine-129 activity in compartment i at time t(Bq), 
kjj is the time constant for transfer from compartment i to j (a - 1 ) , 
N is the number of compartments in the system, 

and X is the radioactive decay constant of iodine-129 (a - 1) . 

The rate of transfer from compartment i to j, ky, is given by 

where Py is the rate at which stable iodine is transferred from compartment i 
t o j (g a _ 1 ) , 

and MIj is the mass of stable iodine in compartment i (g). 
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FIG.9. The model developed by Kocher [46] to describe global environmental transfer of 
iodine. (The inventories of iodine in each compartment are specified together with the 
transfer rates between compartments.) 

The variation in the inventory of iodine-129, following its release into the 
atmosphere, is illustrated in Fig. 10 for each of the compartments that are important 
in determining the transfer of iodine to man. 

From the predicted time variation of iodine-129 in the various compartments 
estimates can be made of its transfer to man from knowledge of man's intake of 
stable iodine and its origins. The intake of stable iodine by Reference Man [38] 
is 230 Mg-d"1 and, following Kocher [46], can be assumed to be derived from the 
various environmental compartments as indicated in Table IX. 

The daily intake by man of iodine-129 is thus given by 

N 

i = 1 

AjDI/MIj (16) 
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FIG.10. The distribution of iodine-129 in the environment as a function of time after its 
release into the land atmosphere compartment. 

where DIj is the daily intake of stable iodine by man from compartment i, 
and the other symbols are as previously defined. 

The exposure of man from this intake of iodine-129 can be evaluated as the 
product of the intake, as given in Eq. (16), and the committed effective dose 
equivalent per unit intake of iodine-129 by ingestion which is 7.5 X 10"8 Sv-Bq -1 [7], 
Because the biological half-time for iodine in the thyroid in only about 120 days [7], 
the above dose factor gives, to a good approximation, the dose equivalent rate 
in Sv-a"1 for a chronic intake at a rate of 1 Bq -a - 1 . Radionuclides of iodine taken 
into the body preferentially irradiate the thyroid and the committed dose equiva-
lent to the thyroid from ingestion of iodine-129 is 2.5 X 10 - 6 Sv-Bq"1. 

The per-caput and collective effective dose equivalent rates and commitments 
are presented in Table X as a function of time after the release of 1 MBq of 
iodine-129 to the land atmosphere. The world population was again assumed to 
remain constant at a level of 1010 over all time. The extremely long time-scale 
over which the dose from the global circulation of iodine-129 is delivered should 
be noted. For example only about 25% of the total is delivered within 100 000 years. 
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TABLE IX. STABLE IODINE INTAKES BY MAN AND THEIR ASSUMED 
ORIGINS 

Compartment 
(and number, see Fig.9) 

Source of intake 
Daily intake of stable iodine 
( / i g d - 1 ) 

Land atmosphere (2) 

Ocean mixed layer (3) 

Surface soil region (4) 

Shallow subsurface 
region (8) 

Deep subsurface 
region (9) 

Inhalation", foliar deposition 
on plants 

Salt-water fish 

Root uptake into plants, 
freshwater fish, drinking water 

Freshwater fish, drinking water 

Freshwater fish, drinking water 

19 

17 

190 

1.7 

0.03 

Less than 1% arises f rom inhalation. 

TABLE X. PER-CAPUT AND COLLECTIVE EFFECTIVE DOSE EQUIVALENT 
RATES AND COMMITMENTS FROM THE GLOBAL CIRCULATION OF 
1 MBq OF 129I RELEASED TO THE LAND ATMOSPHERE2 

Dose rate Dose commitment 
Time after (Sv-a"1 per MBq) (Sv-MBq - 1 ) 
release " 
(a) Per caput Collective Per caput Collective 

10 1.0 X l O ' 1 7 1.0 X 10" 7 4 . 4 X lO"15 4 . 4 X 10" 5 

10 2 9 .9 X lO ' 1 8 9 .9 X 1 0 ' 8 5 . 3 X 10" 1 5 5 . 3 X 1 0 - 5 

10 3 8.1 X 1 0 ' 1 8 8.1 X 10" 8 1.3 X i o - 1 4 1.3 X 1 0 - 4 

10 4 1.1 X 1 0 ' 1 8 1.1 X 10~ 8 4 . 4 X i o - 1 4 4 . 4 X 1 0 - 4 

1 0 s 6 .1 X i o - 2 0 6.1 X 1 0 - 1 0 5 .5 X lO"14 5 .5 X 1 0 - 4 

10 6 1.2 X i o - 2 0 1.2 X 1 0 - . o 8 . 0 X 10" 1 4 8 . 0 X 1 0 - 4 

1 0 7 4 .1 X j 0 - 2 1 4 . 1 X l o - 1 1 1.3 X lO"13 1.3 X 1 0 - 3 

oo 0 0 2 . 2 X i o - 1 3 2 . 2 X 10" 3 

a Thyroid dose equivalents can be obtained by dividing the above values by 0.03. 
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TABLE XI. COMPARISON OF REGIONAL AND GLOBAL COLLECTIVE 
EFFECTIVE DOSE EQUIVALENT COMMITMENTS FROM THE REGIONAL 
AND GLOBAL DISPERSION OF UNIT RELEASE OF EACH NUCLIDE TO 
THE ATMOSPHERE3 

Integral of collective effective dose equivalent rate to various times 
(man Sv-MBq"1) 

Nuclide — 
Regional Global Total (% global) 

Integral to 50 a 

Tritium 9.0 X 10"9 4.2 X 1 0 - 1 0 9.4 X 10-" (4.5) 

Carbon-14 1.6 X 10"6 8.3 X 10"6 9.9 X 10"6 (84) 

Krypton-85 6.3 X 10"12 8.2 X 1 0 " 1 1 8.8 X 1 0 - 1 1 (93) 

Iodine-129 5.6 X 10" 5 4.9 X 10~s 1.1 X 10"4 (47) 

Integral to 100 a 

Tritium 9.0 X 1 0 - 9 4.2" X 1 0 - i o 9.4 X l o : 9 (4.5) 

Carbon-14 1.6 X 10~6 1.1 X 10~5 1.3 X 10- 5 (87) 

Krypton-85 6.3 X 10"12 8.7 X 1 0 - " 9.3 X 1 0 - " (94) 

Iodine-129 6.2 X 10"5 5.3 X 10~5 1.2 X 10-4 (46) 

Integral to °° 

Tritium 9.0 X 10- 9 4.2 X 10- ' ° 9.4 X 10-9 (4.5) 

Carbon-14 1.6 X I0~6 1.4 X 10- 4 1.4 X 1 0 ^ (99) 

Krypton-85 6.3 X 1 0 - 1 2 8.7 X 10~ u 9.3 X 1 0 - " (94) 

Iodine-129 7.5 X 10~5 2.2 X 10"3 2.3 X 10- 3 (97.) 

a A shielding factor of 0.5 has been used in the estimation of external 7-doses; no account 
was taken of shielding in calculating external j3-doses. 

The uncertainties associated with dose predictions over such time-scales are con-
siderable. 

3.4. COMPARISON OF THE REGIONAL AND GLOBAL COLLECTIVE 
EFFECTIVE DOSE EQUIVALENT COMMITMENTS FROM 
FIRST-PASS AND GLOBAL DISPERSION 

The collective effective dose equivalent commitments (and truncated values) 
from the regional (or first-pass): and global dispersion of the four nuclides that 
become dispersed on a global scale are compared in Table XI for unit release of each 
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nuclide to the atmosphere. Some qualifications should be placed on the respective 
doses before detailed comparisons are made. While the doses from global dispersion 
will be essentially independent of the location of the release, the regional doses 
could be very sensitive to this parameter and can, therefore, only be considered 
as illustrative (see Section 3.2). The regional collective doses have been estimated 
for release conditions typical of Western Europe; smaller or greater doses may 
occur for releases from other locations. Despite these qualifications some general 
observations can be made on the relative magnitude of the regional and global 
doses summarized in Table XI. 

The global dispersion of tritium makes only a small contribution to the 
overall collective dose from the discharge of this nuclide. Reservations about 
the adequacy of state-of-the-art models used to describe the global circulation 
of tritium (see Section 3.3.1) are therefore of little practical significance in terms 
of estimating the total collective dose from the release of this nuclide. 

For the other three nuclides global circulation makes by far the major 
contribution to the total collective effective dose equivalent commitment. For 
carbon-14 and krypton-85 this same conclusion is valid when consideration is 
given to truncated collective dose commitments. For iodine-129, however, the 
contribution from global circulation is less than 50% for times of truncation less 
than about 1000 years. 

The collective doses summarized in Table XI are for unit release of each nuclide. 
In Section 5 consideration is given to the potential magnitude of doses from 
assumed future releases of these nuclides from the nuclear fuel cycle. These 
estimates are made subject to a number of assumptions as to the utilization of nuclear 
energy in the future and to the waste management practices adopted for these 
nuclides. 

4. ASSESSMENT MODELS FOR RELEASES TO 
THE AQUATIC ENVIRONMENT 

4.1. INTRODUCTION 

Radioactive material released to the aquatic environment will be transported 
and dispersed by advective and turbulent processes occurring in the receiving 
water body. The magnitude of these processes is strongly dependent on the type 
of receiving water body and on the use man makes of the water body in terms 
of drinking water, harvest of aquatic foods, and recreational activities. Thus the 
radiological impact associated with discharges of radionuclides to the aquatic 
environment will vary markedly with the type and use made of the receiving 
water body (e.g. lake, river, sea). 
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FIG.11. Aquatic pathways to man. 

As assessment of the exposure of a population from releases of radionuclides 
to the aquatic environment must account for the dispersion of the released radio-
nuclides within the water as well as their removal from the water column through 
sedimentation. The transfer of radionuclides from the water column to sedi-
ments, while reducing their concentrations in water, may result in the irradiation 
of the population by other pathways (e.g. the use of the shoreline for recreational 
purposes). The spatial and temporal distribution of radionuclide concentrations 
in the water and sediments may be combined with data on drinking water usage, 
harvesting of aquatic foods, and recreational usage of the water body to estimate 
both collective and individual doses. The major processes involved in the 
estimation of the collective dose from discharges to the aquatic environment are 
illustrated in Fig. 11. 
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The distance over which a radionuclide may be transported in the aquatic 
environment depends on many factors such as its radioactive half-life, its physical 
and chemical properties, and the nature of the water body. In general, for radio-
nuclides discharged into the aquatic environment the major contribution to the 
collective dose arises from exposures directly associated with the receiving water 
body. In some cases, however, it is necessary to consider the more widespread 
transfer of nuclides into larger water bodies (e.g. the world's oceans) where such 
transfer makes a significant contribution to the exposure of the population. 

Ideally, a model used to describe the transfer of a released nuclide through 
the aquatic environment should include all the transfer processes and water bodies 
of significance. In order to simplify the modelling procedure it has been common 
practice to develop more detailed models that describe the transfer of radio-
nuclides in the water body (or system of water bodies) into which the release 
is made, with the more widespread dispersion being estimated using simpler and 
more generalized models of the type discusssed in Section 3.3 for predicting 
global dispersion. The estimation of collective dose from discharges to the 
aquatic environment can therefore be conveniently divided into two components, 
that arising from the dispersion in the receiving water body (or system of water 
bodies), and that from the more widespread dispersion (essentially global) of 
those nuclides for which this is significant. The former has commonly been 
referred to as the collective dose arising from regional-scale dispersion (to distinguish 
it from local or global dispersion) and this convention is adopted here. It should 
be noted, however, that the extent of transfer that needs to be considered on a 
'regional scale' may vary considerably with the nuclide and characteristics of the 
water body. The overriding consideration in defining the bounds of the water 
system to be modelled is that proper account is taken of all significant contributions 
to the exposure of the population. 

4.2. THE ESTIMATION OF THE COLLECTIVE DOSE FROM THE REGIONAL 
DISPERSION OF RELEASED RADIONUCLIDES 

For releases of radionuclides to the atmosphere it is possible to derive a 
generally applicable model to evaluate dispersion and collective dose on a regional 
scale. Such a model was described in Section 3.2 and it can be applied broadly 
by the appropriate choice of input data particular to the release location. A 
comparable approach cannot, however, be adopted to predict the transfer of 
radionuclides released to the aquatic environment. This is due to such transfer 
being very sensitive to the detailed characteristics of the receiving water body. 
Models therefore need to be developed specifically for the water system of interest. 
For these reasons the following discussion is limited to the general processes and 
features that need to be incorporated into a model for describing transfer through 
the aquatic environment. Some estimates are, however, subsequently made of 
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the collective dose for discharges of nuclides at two particular locations. It must 
be stressed that these estimates are presented solely for illustrative purposes and 
are particular to the release locations considered; considerable variation may 
occur for releases elsewhere. ; 

4.2.1. Dispersion 

The models used to estimate the transport and diffusion of radionuclides 
released to the aquatic environment are very dependent on the characteristics of 
the receiving water body. This dependence reflects the boundary conditions 
imposed on the dispersion process due to constraints introduced by the geometry 
of the water body. For example, in a river channel the cross-current as well as 
vertical dispersion is limited while at a lake or ocean site the cross-current 
dispersion is largely unlimited. The magnitude of the turbulent processes and 
the advective transport are also specific to the characteristics of the water body. 

A number of hydrologic dispersion models for various types of water body 
have been postulated by the US Nuclear Regulatory Commission [47]. The 
solutions to the transport and diffusion equations in these models predict the 
concentration in water for the release of a conservative material, i.e. no loss of 
material is assumed to occur at any of the boundaries. The sedimentation process 
may act to reduce further the concentrations estimated by these models. 

Sedimentation is the process by which waterborne particulate material is 
removed from the water column either through gravitational settling or by 
impaction at the water-sediment interface. The extent to which this process 
may remove radionuclides from the water column depends on: the concentration 
of suspended sediment in the water, the fraction of the waterborne radionuclide 
inventory attached to sediment particles, the settling velocity of the suspended 
sediment, and the depth of the water column. The sedimentation processes can 
significantly alter the spatial and temporal distributions of radionuclides in the 
aquatic environment. 

4.2.2. Pathways to man 

Radionuclides released to the aquatic environment may lead to the irradia-
tion of man by three main routes: ingestion of drinking water, ingestion of con-
taminated aquatic foodstuffs, and external irradiation from radionuclides deposited 
on the shoreline. In some locations the use of water to irrigate crops may also be 
important. This use of irrigation water leads to the transfer of radionuclides to 
man via the terrestrial foodchain pathways which were discussed in Section 3.2.2. 

4.2.2.1. Drinking water 

For the release of radionuclides to freshwater bodies, the consumption of 
drinking water often makes the major contribution to the regional collective 
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dose. In evaluating this pathway, it is generally assumed that the concentration 
of the radionuclide in the water supply serving the population is the same as the 
concentration in the water body at the location from which the water was 
obtained. Corrections are often applied for any radionuclide decay between 
extraction from the water body and consumption; however, removal of radio-
nuclides within water treatment systems is often neglected, despite its potential 
importance. Denham and Soldat [48] have indicated that significant decontami-
nation factors may exist for water treatment systems, although the magnitude 
will be very dependent on the nature of the physical-chemical processes employed 
in treating the water and the nuclide considered. 

4.2.2.2. Aquatic foods 

Radionuclides may be incorporated into the tissues of aquatic biota following 
ingestion, absorption or adsorption from the water. The transfer to aquatic biota 
is generally estimated by use of radionuclide concentration factors between the 
water and the relevant organism. These concentration factors are commonly 
referred to as bio-accumulation factors, Cf, and are defined as 

_ Radionuclide concentration in organism 
Cf 

Radionuclide concentration in water 

The use of bio-accumulation factors is valid only when a steady-state distribution 
of the radionuclide exists between all relevant parts of the aquatic environment 
(e.g. the water, sediments, the aquatic food web, and the biota). The concen-
tration of a radionuclide in a particular organism obtained from some medium 
other than water (e.g. ingestion of sediment) would only be proportional to the 
concentration in water provided the concentrations in the other relevant media 
were proportional to that in water. 

Bio-accumulation factors for specific radionuclides, organisms, and type of 
receiving water body (fresh or salt water) may be determined by a number of 
different methods. The most widely used procedure is based on knowledge 
of the stable element concentration in the organism and the water. These factors 
are, at best, approximate representations of the complex mechanisms governing 
the uptake and retention of radionuclides by aquatic biota. Their use, however, 
is the only tractable method for predicting the concentration of a large number 
of radionuclides in a wide range of aquatic organisms. 

4.2.2.3. External irradiation from shoreline deposits 

Various studies [ 4 9 - 5 1 ] have indicated that exposure to contaminated 
sediments on tidal flats and along river banks is an important exposure pathway 
for critical groups. Its importance as a contributor to the collective dose is 
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generally limited to sites where significant recreational use of the shoreline could 
be expected. The radionuclide concentration within a particular area of the 
shoreline is related to the rate of deposition of the suspended radionuclide and 
the rate of loss of the deposited radionuclide. The rate of deposition onto the 
shoreline is dependent on the concentration and characteristics of the radio-
nuclide and also on the physical and chemical characteristics of the water body. 

4.2.3. Demographic data and environmental characteristics 

The previous discussion has been concerned with the evaluation of the 
temporal and spatial distribution of material released into the aquatic environ-
ment and how it might reach man. The estimation of collective dose also requires 
the prediction of the temporal and spatial distribution of the exposed population 
and of the use made of that environment (e.g. sources of drinking water, 
irrigation water, aquatic foods, etc.). In general, the majority of the regional 
collective dose from aquatic releases will be delivered within a relatively short 
period following the release. In assessing the regional collective dose it is there-
fore rarely necessary to take into account the temporal variation of the population 
and its habits. 

Data are required on a number of aspects of which the following are the 
more important: the location and amount of water extracted for use as drinking 
water and the size of the exposed population; the location and amount of water 
extracted for irrigation and the quantity and type of terrestrial foods subjected 
to irrigation; the amounts and locations of aquatic foods derived from the water 
body. Proper account must also be taken of delays that occur between food 
harvest and consumption. The detail with which these various data need to be 
compiled will vary with the water body and nuclide considered. Overall, however, 
it is important that the level of detail is commensurate with the accuracy required 
of the estimate of the collective dose. 

4.2.4. Illustrative estimates of regional collective dose and its distribution 

As an illustrative example, estimates are given of the regional collective dose 
from unit release of selected nuclides to the aquatic environment. Two receiving 
environments have been considered for the releases, a major European river and 
the Irish Sea. It must be stressed that these doses are solely illustrative; the 
location of the release and the subsequent utilization of the water body to which 
the release is made (e.g. as a source of drinking water or irrigation) will have a 
major influence on the collective dose. The variation in the collective dose with 
the location of the release will, in general, be much greater for liquid effluents 
than for airborne effluents. 

The models and data used in the estimates of the regional collective doses 
are those described in Refs [8, 33], The adoption of alternative models or sub-
models for particular facets of the assessment would not alter the dose estimates 

Text continued on p. 52. 
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TABLE XII. ILLUSTRATIVE REGIONAL COLLECTIVE EFFECTIVE DOSE EQUIVALENT COMMITMENTS 
From unit release of selected radionuclides to a major European river and to the Irish Sea3 

RELEASE TO A MAJOR EUROPEAN RIVER 

Regional collective effective dose equivalent commitment 

Nuclide (man- S v - B q - 1 ) 
Drinking Freshwater Irrigated External Seafood Total 
water fish foodstuffs irradiation 

Carbon-14 1.4 X 10" -15 5.4 X 10" - 1 4 0 0 8.5 X 10" - 1 4 1.4 X 10" - 1 3 

Tritium 3.9 X 10" -16 5.9 X 10" -19 2.4 X 10" - 1 7 0 1.2 X 10" - 1 8 4.1 X 10" -16 

Iodine-129 2.3 X 10" -12 1.0 X 10" -13 1.3 X 10" -12 0 6.2 X 10" -12 9.9 X 10" -12 

Strontium-90 8.1 X 10" -14 1.9 X 10" -14 2.1 X 10" - 1 3 0 1.7 X 10" -16 3.1 X 10" - 1 3 

Technetium-99 5.7 X 10" -15 2.6 X 10" -16 1.3 X 10" 
- 1 3 0 2.2 X 10" -15 3.4 X 10" - 1 3 

Ruthenium-106 4.1 X 10" -17 7.4 X 10" -17 2.4 X 10" - 1 7 2.5 X 10" -15 1.5 X 10" -21 2.6 X 10" -15 

Caesium-137 1.3 X 10" - i s 2.1 X 10" -14 2.7 X 10" -16 9.3 X 10" - 1 4 3.9 X 10" - 1 7 1.1 X 10" "13 

Plutonium-239 1.2 X 10" -15 1.8 X 10" -15 9.2 X 10" -16 7.0 X 10" -16 2.0 X 10" - 2 0 4.6 X 10" -15 

Americium-241 5.8 X 10" - I S 2.7 X 10" -14 5.2 X 10" -15 1.6 X 10" -15 1.8 X 10" - 1 9 4.0 X 10" -14 



RELEASE TO THE IRISH SEA 

Nuclide 
Fish 

Regional collective effective dose equivalent commitment 
(man-Sv-Bq" 1 ) 

Crustacea Mollusca Total 

Carbon-14 3.2 X 10" •13 1.2 X 10" - 1 4 1.0 X 10" -14 3.4 X 10" - 1 3 

Tritium 1.5 X 10" •18 6.0 X 10" - 2 0 4.8 X 10' - 2 0 1.6 X 10" -18 

Iodine-129 4.0 X 10" •12 7.7 X 10" - 1 3 1.5 X 10" -12 6.2 X 10" -12 

Strontium-90 2.9 X 10" -15 1.2 X 10" - I S 9.4 X 10" -16 5.0 X 10" -15 

Technetium-99 1.5 X 10" -16 5.1 X 10" - 1 6 5.3 X 10" -16 1.2 X 10" -15 

Ruthenium-106 1.1 X 10" •16 3.1 X 10" - I S 9.2 X 10" -15 1.2 X 10" -14 

Caesium-137 6.1 X 10" -14 1.5 X 10" - I S 1.2 X 10" -15 6.4 X 10" - 1 4 

Plutonium-239 1.3 X 10" •14 5.4 X 10" - I S 4.5 X 10' - 1 4 6.3 X 10" - 1 4 

Americium-241 5.9 X 10" •14 5.3 X 10" -14 4.2 X 10" - 1 3 5.3 X 10" - 1 3 

a These doses are solely illustrative and may vary significantly with the exact location of the release. 
Doses estimated using the models and procedures described in Refs [8, 33], 



TABLE XIII. ILLUSTRATIVE REGIONAL COLLECTIVE DOSE EQUIVALENT COMMITMENT TO SPECIFIED ORGANS 
From unit release of selected radionuclides to a major European river and to the Irish seaa 

RELEASE TO A MAJOR EUROPEAN RIVER 

Regional collective dose equivalent commitment in individual organs 

Nuclide (man-Sv-Bq" 1 ) 
Effective Gonads Thyroid Skin 

Carbon-14 1.4 X 10" •13 1:4 X 10" - 1 3 1.4 X 10" -13 1.4 X 10" - 1 3 

Tritium 4.1 X 10" -16 4.1 X 10" -16 4.1 X 10" -16 4.1 X 10" -16 

Iodine-129 9.9 X 10" -12 1.3 X 10" -14 3.3 X 10" -10 2.4 X 10" -14 

Strontium-90 3.1 X 10" - 1 3 1.2 X 10" -14 1.2 X 10" -14 1.2 X 10" -14 

Technetium-99 3.4 X 10" -13 9.0 X 10" -14 6.3 X 10" -12 9.0 X 10" -14 

Ruthenium-106 2.6 X 10" -15 2.0 X 10" -15 2.2 X 10" -15 3.2 X 10" -15 

Caesium-137 1.1 X 10" - 1 3 9.5 X 10" -14 9.6 X 10" -14 1.4 X 10" - 1 3 

Plutonium-239 4.6 X 10" -15 1.4 X 10" -15 7.7 X 10" -16 9.6 X 10" -16 

Americium-241 4.0 X 10" -14 . 1.0X 10" -14 1.7 X 10" -15 2.9 X 10" -15 



RELEASE TO THE IRISH SEA 

Nuclide 
Effective 

Regional collective dose equivalent commitment in individual organs 
(man-Sv-Bq" 1 ) 

Gonads Thyroid Skin 

Carbon-14 3.4 X io-13 3.4 X 10"1 3 3.4 X 10"1 3 3.4 X 10"1 3 

Tritium 1.6 X io-18 1.6 X 10"1 8 1.6 X 10"1 8 1.6 X 10"1 8 

Iodine-129 6.2 X IO-" 8.1 X 10"1 5 2.1 X 10~10 1.5 X io-14 

Strontium-90 5.0 X 10"15 2.0 X 10"1 6 2.0 X 10"16 2.0 X 10~16 

Technetium-99 1.2 X 10" I S 3.1 X 10"1 6 2.2 X 10"14 3.1 X 10" 1 6 

Ruthenium-106 1.2 X lO"14 3.4 X 10_ 1 S 3.0 X 10"1 5 3.0 X 10"1 5 

Caesium-137 6.4 X 10"14 6.4 X 10"1 4 5.9 X 10~14 4.6 X IO-14 

Plutonium-239 6.3 X 10"14 1.4 X 10"1 4 4.0 X 10"19 4.0 X 10"1 9 

Americium-241 5.3 X 10"1 3 1.2 X 10- 1 3 3.6 X 10"1 8 3.6 X 10"1 8 

a These doses are solely illustrative and may vary significantly with the exact location of the release. 
Doses estimated using the models and procedures described in Refs [8, 33]. 



TABLE XIV. TEMPORAL DISTRIBUTION OF ILLUSTRATIVE REGIONAL COLLECTIVE EFFECTIVE DOSE 
EQUIVALENT COMMITMENTS 
From unit.release of selected radionuclides to a major European river and to the Irish Seaa 

RELEASE TO A MAJOR EUROPEAN RIVER 

Regional collective effective dose equivalent rate integrated to various times 
Nuclide ( m a n - S v - B q - 1 ) 

50 a 100 a 500 a 

Carbon-14 3.8 X 10"14 6.7 X 10"14 1.3 X 10"1 3 1.4 X 10"1 3 

Tritium 4.1 X 10~16 4.1 X 10"16 4.1 X 10"16 4.1 X 10"16 

Iodine-129 2.7 X 10~12 3.0 X 10"12 3.3 X 10~12 9.9 X 10"12 

Strontium-90 1.4 X 10"13 2.7 X 10~13 3.1 X 10 - 1 3 3.1 X IO"13 

Technetium-99 8.3 X 10~14 3.4 X 10"13 3.4 X 10"13 3.4 X 10"13 

Ruthenium-106 2.6 X 10~1S 2.6 X 10"15 2.6 X 10"15 2.6 X 10"1S 

Caesium-137 1.0 X 10~13 1.1 X 10"13 1.1 X 10"13 1.1 X 10"1 3 

Plutonium-239 3.8 X 10"15 4.1 X 10~IS 4.4 X 10"1S 4.6 X 10"1S 

Americium-241 3.7 X 10~14 3.8 X 10~14 3.9 X 10"14 4.0 X 10"14 



RELEASE TO THE IRISH SEA 

Regional collective effective dose equivalent rate integrated to various times 
Nuclide (man-Sv -Bq - 1 ) 

50 a 100 a 500 a 

Carbon-14 3.0 X 10"1 3 3.1 X 10" 1 3 3.1 X 10"1 3 3.4 X 10~13 

Tritium 1.6 X 10~18 1.6 X 10"1 8 1.6 X 10"1 8 1.6 X 1 0 ' 1 8 

Iodine-129 1.7 X 10 - 1 3 1.7 X 10"1 3 1.7 X 10"1 3 6.2 X 10~12 

Strontium-90 5.0 X 10 ' 1 5 5.0 X 10~15 5.0 X 10~ IS 5:0 X 10 ' 1 5 

Technetium-99 8.6 X 10~16 8.7 X 10 - 1 6 8.8 X 1 0 ' 1 6 1.2 X 10_ 1 S 

Ruthenium-106 1.2 X 10"14 1.2 X 10"1 4 1.2 X 10~14 1.2 X 10"1 4 

Caesium-137 6.4 X 10"14 6.4 X 10"1 4 6.4 X 1 0 ' 1 4 6.4 X 10"1 4 

Plutonium-239 5.8 X 10"14 5.9 X 10"1 4 6.0 X 10"14 6.3 X 10"1 4 

Americium-241 5.2 X 10"13 5.3 X 10"1 3 5.3 X 10"1 3 5.3 X 10"1 3 

a These doses are solely illustrative and may vary significantly with the exact location of the release. 
Doses estimated using the models and procedures described in Refs [8, 33]. 



significantly in comparison with the differences that would emerge from assuming 
alternative release locations. The nuclides considered include those that are 
often found to be the more significant in contributing to the collective dose from 
liquid effluents released from nuclear installations. The procedures used for the 
estimation of the collective doses are, however, equally applicable to other nuclides. 

The collective effective dose equivalent commitment per unit release of each 
nuclide to a major European river and to the Irish Sea are summarized in 
Table XII. The contribution of the various pathways of exposure are identified. 
For release to a river, the major pathways of exposure are drinking water, 
ingestion of fish and irrigated food products, and external radiation from sedi-
ments; in addition, account is taken of the dose arising from the regional dis-
persion of that fraction of activity transferred from the river to the seai. The 
contribution to the collective dose from nuclides transferred from the river to 
the sea is in general small, although for a few nuclides (e.g. carbon-14, iodine-129) 
that have long radioactive half-lives and long residence times in the water phase 
it may be significant. These nuclides are also important in terms of their global 
circulation throughout the world's oceans and also for their transfer from the 
oceans to the atmosphere and terrestrial environment. This aspect is considered 
further in Section 4.3. For releases directly to the sea the major contributor to 
the collective dose is the consumption of seafoods, in particular, fish. 

The collective dose equivalent commitments in gonads, skin and thyroid, 
in addition to the effective dose, are summarized in Table XIII for releases to 
the river and sea, respectively. For some nuclides that preferentially irradiate 
particular organs or tissues (e.g. iodine-129 which preferentially irradiates the 
thyroid) there are significant differences between some of the doses. The temporal 
distributions of the regional collective doses are illustrated in Table XIV and in 
general most of the dose is delivered within a few years of the release. Notable 
exceptions are the doses for the release of carbon-14 and iodine-129. 

The distribution of the collective dose among the exposed population may 
be an important factor in reaching judgements on effluent control. No attempt 
is made here to evaluate this distribution for the releases analysed. In general, 
the estimation of the distribution of the collective dose among the exposed 
population for releases to the aquatic environment is more complex than that 
for releases to the atmosphere. The collective dose from releases to the aquatic 
environment is often dominated by transfer through foodchains and an estimate 
of the individual dose distribution via this pathway requires the commercial 
distribution of aquatic foods to be modelled. No attempt is made either to 
evaluate doses to the critical group in the population; these doses, even more 
so than for airborne releases, will be very dependent on the characteristics of 
the receiving environment and of the habits of the critical group. However, as 
for airborne releases, the majority of the regional collective dose from releases 
to the aquatic environment will arise at levels of individual dose well below the 
maximum in the exposed population. 
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4.3. THE ESTIMATION OF THE COLLECTIVE DOSE FROM THE GLOBAL 
DISPERSION OF RELEASED RADIONUCLIDES 

Models for predicting the global dispersion of tritium, carbon-14, krypton-85 
and iodine-129 released to the atmosphere were described in Section 3.3. Of 
these nuclides only tritium and iodine-129 currently appear in significant amounts 
in effluents discharged to the aquatic environment. The global models previously 
described for these nuclides in the context of releases to the atmosphere are 
equally applicable for releases to the aquatic environment. The sole difference 
is in the application of the model, in particular the environmental compartment 
into which the release is made. Reference should be made to the various 
qualifications placed on the global models in Section 3.3, in particular with regard 
to their deficiencies in predicting the temporal distribution of radionuclides over 
short time-scales (because of the assumption of instantaneous uniform mixing 
within each environmental compartment) and their interfacing with the first-pass 
or regional models where some 'double counting' of doses may occur. These 
same qualifications are appropriate in the present context, although they are in / 
general of little importance in the estimation of the total collective dose commit-
ment from releases of the radionuclides considered. 

4.3.1. Tritium 

The model for the global circulation of tritium is illustrated in Fig.3 and 
described in Section 3.3.1. For unit release of tritium into the surface ocean 
compartment, per-caput and collective effective dose equivalent rates and 
commitments have been calculated and are shown in Table XV. The collective 
doses are based on a constant world population of 1010 people. The collective 
doses in Table XV are appropriate for the global circulation of tritium following 
its release into coastal waters or into a major river that has a relatively short 
time of transit before reaching the sea. 

The collective dose commitment from the global circulation of tritium 
following its release to the surface oceans is somewhat lower than that for its 
release to the atmosphere (see Tables VI and XV). 

4.3.2. Iodine-129 

The model for iodine-129 is illustrated in Fig.9 and is described in 
Section 3.3.4. The time variation of the inventory of iodine-129 in each of the 
more relevant environmental compartments is illustrated in Fig. 12 for the 
release of iodine-129 to the ocean surface compartment. For unit release of 
iodine-129 into this compartment the per-caput and collective effective dose 
equivalent rates and commitments have been calculated and are summarized in 
Table XVI. Again a constant world population, of size 1010, was assumed in 
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TABLE XV. PER-CAPUT AND COLLECTIVE EFFECTIVE DOSE 
EQUIVALENT RATES AND COMMITMENTS 
From the global circulation of 1 MBq of tritium released to ocean surface 
compartment 

Time after Dose rate Dose commitment 
release (Sv-a"1 per MBq) (Sv-MBq - 1 ) 
(a) Per caput Collective Per caput Collective 

10 1.8 X 10~22 1.8 X 10~12 2.7 X 10"21 2.7 X 10~ u 

20 6.1 X 10"23 6.1 X 10"13 3.8 X 10"21 3.8 X 10~" 

30 2.1 X 10-2 3 2.1 X 10"13 4.1 X 10~21 4.1 X 10~ n 

60 1.1 X 10"24 1.1 X 10~14 4.3 X 10"21 4.3 X 10~ n 

80 2.4 X 10~25 2.4 X 10"1S 4.3 X 10"21 4.3 X 1 0 " n 

100 6.6 X 10"26 6.6 X 10~16 4.3 X 10"21 4.3 X 1 0 ~ u 

OO 0 0 4.3 X 10"21 4.3 X 10"11 

Time after release (al 

FIG.12. The variation in the inventory of iodine-129 following unit release into the surface 
ocean compartment. 
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TABLE XVI. PER-CAPUT AND COLLECTIVE EFFECTIVE DOSE 
EQUIVALENT RATES AND COMMITMENTS 
From the global circulation of 1 MBq of iodine-129 released to the ocean 
compartment2 

Time after Dose rate Dose commitment 
release (Sv-a"1 per MBq) I (Sv-MBq"1) 
(a) Per caput Collective Per caput Collective 

10 4.3 X 10"19 4.3 X 10"9 5.5 X 10"1 8 5.5 X 10~8 

102 3.2 X lO"20 3.2 X lO"10 1.6 X 10"1 7 1.6 X 10"7 

103 3.8 X lO"2 0 3.8 X 10"10 4.6 X 10"1 7 4.6 X 10"7 

104 6.9 X lO"2 0 6.9 X lO"10 5.8 X 10"16 5.8 X 10"6 

10 s 6.1 X 10"20 6.1 X 10"10 6.6 X 10"1S 6.6 X 10"5 

106 1.2 X lO"20 1.2X; iO" 1 0 3.2 X 10"14 3.2 X 10"4 

107 4.1 X 10"21 4.1 X: 1 0 " n 8.0 X 10"14 8.0 X 10"4 

oo 0 0 1.7 X 10"13 1.7 X 10"3 

a Thyroid dose equivalents can be obtained by dividing the above values by 0.03. 

these calculations. The collective doses in Table XVI are appropriate for the 
global circulation of iodine-129 following its release into coastal waters or into 
a major river that has a relatively short transit time before reaching the sea. It 
is of interest to compare the collective doses in Table XVI with those in Table X 
which were calculated for the global circulation of iodine-129 following its 
release to the atmosphere. The collective dose commitment from global 
circulation for a release to the atmosphere is comparable with that for a release 
to the surface ocean; large differences are, however, apparent when consideration 
is given to the truncated collective dose commitments for the respective releases. 

4.4. COMPARISON OF THE COLLECTIVE DOSES FROM REGIONAL AND 
GLOBAL DISPERSION 

Estimates of the collective effective dose equivalent commitments for the 
release of selected nuclides into particular water bodies are given in 
Sections 4.2 and 4.3 for regional and global dispersion, respectively. The sums 
of the regional and global collective doses are presented in Table XVII for the 
two nuclides that are potentially significant in a global context; doses are given 
for a release to a major European river and to the Irish Sea. As discussed earlier, 
the regional collective doses are particular to the characteristics of the receiving 
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TABLE XVII. COMPARISON OF THE REGIONAL AND GLOBAL COLLECTIVE EFFECTIVE DOSE 
EQUIVALENT COMMITMENTS 
For unit release to a major-European river and to the Irish Sea 

RELEASE TO A MAJOR EUROPEAN RIVER 

Integral of collective effective dose equivalent rate to time, t 
Nuclide Source of 

exposure t = 50 a 
(man-Sv-MBq"1) 

t = 500 a t = oo 

Tritium Regional 

Global 

4.1 X 10"10 

4.3 X 10"" 

4.1 X 10"'° 

4.3 X 10"" 

4.1 X 10"10 

4.3 X 10"" 

Total (% global) 4.5 X 10"10 (9.6) 4.5 X 10"10 (9.6) 4.5 X 10"'° (9.6) 

Iodine-129 Regional 

Global 

2.7 X 10"6 

1.3 X 10"7 

3.3 X 10~6 

3.1 X 10"7 

9.9 X 10"6 

1.7 X 10"3 

Total (% global) 2.8 X 10"6 (4.6) 3.6 X 10~6 (9) 1.7 X 10"3 (100) 

RELEASE TO THE IRISH SEA 

Nuclide Source of 
exposure 

Integral of collective effective dose equivalent rate to time, t 
(man-Sv-MBq"1) 

t = 50 a t = 500 a t = °° 

Tritium Regional 

Global 

1.6 X 10"12 

4.3 X 10"" 

1.6 X 10"12 

4.3 X 10"" 

1.6 X 10"12 

4.3 X 10"" 

Total (% global) 4.5 X 10"" (96) 4.5 X 10"" (96) 4.5 X 10"" (96) 

Iodine-129 Regional 

Global 

1.7 X 10"7 

1.3 X 10"7 

1.7 X 10"7 

3.1 X 10"7 

6.2 X 10"6 

1.7 X 10"3 

Total (% global) 3.0 X 10"7 (43) 4.8 X 10"7 (65) 1.7 X 10"3 (100) 



water body (e.g. see Table XII) and doses very different from those presented 
could occur for releases elsewhere. 

Several observations can be made on the relative magnitude of the regional 
and global collective doses given in Table XVII; such observations must, of 
course, be qualified because of the potential range of variation in the regional 
doses for the reasons outlined above. For releases to a major European river the 
regional collective dose makes the greatest contribution to the total collective 
dose for tritium; this is also true for iodine-129, apart from when the collective 
dose rate is integrated over extremely long time periods. The collective dose 
commitment (i.e. integrated over all time) for iodine-129 is dominated by the 
global component, although the uncertainty associated with integration of doses 
over such time periods is considerable. For releases to the Irish Sea the significance 
of the regional contribution to the collective dose is reduced in comparison with 
that for releases to a major European river; for both tritium and iodine-129 the 
total collective dose is then determined mainly by their global circulation. 

The results presented so far have been for unit release of particular nuclides. 
In Section 5 consideration is given to potential doses in the future from nuclides 
which become globally dispersed, subject to an assumed nuclear power programme 
and waste management practice. 

5. FUTURE EXPOSURE FROM THE 
GLOBAL CIRCULATION OF RELEASED NUCLIDES 

5.1. INTRODUCTION 

Controls exercised by national regulatory authorities on the doses received 
by critical groups from effluent releases will also place constraints on the potential 
magnitude of the total collective dose. The habits of the critical group, the 
nuclides released, and the surrounding population distribution will all have an 
influence on the extent to which the collective dose will consequently be limited. 
For levels of dose to which critical groups have in general, been limited (i.e. a 
small fraction of the ICRP dose limit) the resulting collective doses would in 
most cases be very small [9]. The radiological impact on populations beyond the 
boundaries of the country of origin of a release would, in general, therefore also 
be small. 

Possible exceptions to this generalization are the releases of those long-
lived radionuclides (i.e. tritium, carbon-14, krypton-85 and iodine-129) that 
become globally dispersed and act as long-term, low-level sources of exposure of 
the world's population. For such nuclides relatively large collective doses may 
occur despite the limitation of critical group doses. A concern often expressed 
with regard to these nuclides is that if their releases are not further reduced then, 
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TABLE XVIII. PROJECTED NUCLEAR 
POWER PROGRAMME 

Year Installed capacity 
(GW(e)) 

1980 159 

1985 274 

1990 462 

1995 770 

2000 1200 

2005 1650 

2010 2150 

2015 2700 

2020 . 3350 

2025 3900 

The data are taken from the 'high case' 
projection in the INFCE study [52]. 

in the context of an expanding nuclear programme, they may accumulate in the 
environment and reach an unacceptable level. It is of some interest therefore 
to examine the potential magnitude of future doses from releases of these 
nuclides and to ascertain the extent to which their accumulation in the environ-
ment might present a problem in the future. 

In the remainder of this section estimates are made of future per-caput 
doses to the world population subject to an assumed nuclear power programme 
and waste management practice. 

5.2. PROJECTED NUCLEAR POWER PROGRAMME AND ASSUMED 
RELEASES 

Projections of installed nuclear power generating capacity were recently 
made in the International Nuclear Fuel Cycle Evaluation (INFCE) study [52]. 
Of the various scenarios considered in that study the 'high case' projection was 
adopted for the purposes of this analysis and is summarized in Table XVIII. 

In deriving estimates of the release rates of each of the few globally significant 
nuclides the following simplifying assumptions were made here with respect to 
the nuclear programme: 

(1) The installed capacity comprises solely light water reactors (LWR) 
(2) All reactors operate at a load factor of 0.7 
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TABLE XIX. RELEASE RATES ASSUMED FROM THE VARIOUS NUCLEAR 
INSTALLATIONS (MBq per MW(e) a) 

Nuclide PWR a BWR a F R P b Total 

Airborne 

Tritium "7.8 X 103 3.4 X 103 4.6 X 104 5.2 X 104 

Carbon-14 2.2 X 102 5.2 X 102 5.6 X 102 8.8 X 102 

Krypton-85 - - 1.3 X 107 1.3 X 107 

Iodine-129 - - 5.6 X 1<T2 5.6 X 1 0 ' 2 

Liquid 

Tritium 3.8 X 104 1.4 X 103 9.3 X 105 9.6 X 10 s 

Iodine-129 - - , 4.4 X 101 4.4 X 101 

a Values taken f rom Ref.[53], 
b Values taken from Ref.[54]. 

(3) The LWRs comprise pressurized and boiling water reactors in the ratio of 2:1 
(4) No delay is assumed between fuel irradiation and reprocessing. 

The release rates assumed for each nuclide during reactor operation and fuel 
reprocessing are summarized in Table XIX and are quoted per MW(e)-a of electrical 
energy generated. The release rates from reactors were taken from the 1982 
UNSCEAR report [53]. Those for the reprocessing plant are based on projected 
discharges for a thermal oxide fuel reprocessing plant (THORP) planned for con-
struction in the UK [54], The liquid effluents from this reprocessing plant would 
be released to the marine environment. Essentially the total amount of krypton-85 
and carbon-14 in the reprocessed fuel js assumed to be released in airborne 
effluents; also the majority of the tritium and iodine-129 content of the fuel is 
assumed to be discharged, largely in liquid effluents. 

Estimates of the annual release rates of each nuclide are given in Table XX 
for the period 1980—2025 and have been derived from the assumed power 
programme and release rates per unit energy generated summarized in Tables XVIII 
and XIX, respectively. The release rates given in Table XX can, for several reasons, 
be considered as upper estimates of what is likely to occur in practice. First, the 
assumed power programme is taken from the 'high case' scenario in the INFCE 
study; secondly, fuel reprocessing is assumed to occur immediately after fuel 
irradiation; and thirdly, and perhaps most important, the release rates adopted 
assumed little or no retention of the four nuclides during fuel reprocessing. In 
some countries standards have already been established that will limit the release 
of some of these nuclides to levels significantly lower than those assumed [55]. 
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TABLE XX. ANNUAL RELEASE RATES FOR EACH RADIONUCLIDE FOR THE PROJECTED FUEL CYCLE (MBq a - 1 ) 

Tritium Carbon-14 Krypton-85 Iodine-129 
Airborne Liquid Airborne Airborne Airborne Liquid 

1980 5.8 X 10® 1.1 X 1011 9.8 X 107 1.5 X 1012 6.2 X 103 4.9 X 106 

1985 1.0 X 1010 1.8 X 1011 1.7 X 10 s 2.5 X 101 2 1.1 X 104 8.4 X 106 

1990 1.7 X 101 0 3.1 X 1 0 " 2.9 X 10 s 4.2 X 1012 1.8 X 104 1.4 X 107 

1995 2.8 X 1010 5.2 X 1 0 " 4.7 X 108 7.1 X 1012 3.0 X 104 2.4 X 107 

2000 4.3 X 1010 7.8 X 1 0 u 7.3 X 108 1.1 X 101 3 4.6 X 104 3.7 X 107 

2005 6.0 X 1010 1.1 X 1012 1.0 X 109 1.5 X 1013 6.4 X 104 5.1 X 107 

2010 7.8 X 1010 1.5 X 1012 1.3 X 109 2.0 X 1013 8.3 X 104 6.6 X 107 

2015 1.0 X 1011 1.8 X 1012 1.7 X 109 2.4 X 1013 1.0 X 10 s 8.3 X 107 

2020 1.3 X 1 0 " 2.2 X 1012 2.1 X 109 3.1 X 1013 1.3 X 10 s 1.0 X 10 s 

2025 1.4 X 1 0 " 2.6 X 1012 2.4 X 109 3.5 X 1013 1.5 X 10 s 1.2 X 10® 

Total released 
in 1 9 8 0 - 2 0 2 5 (MBq) 2.7 X 1012 4.9 X 1013 4.4 X 101 0 6.6 X 1014 2.8 X 106 2.2 X 109 



TABLE XXI. PER-CAPUT EFFECTIVE DOSE EQUIVALENT RATES FROM 
THE GLOBAL CIRCULATION OF THE PROJECTED RELEASES FROM THE 
ASSUMED FUEL CYCLE3 

Nuclide 
1990 

Effective dose equivalent rate 
(Sv-a"1) 
2010 2025 

Tritium 9.5 X 10"9 1.6 X 10"8 3.7 X 10"8 

Carbon-14 1.0 X 10"7 6.2 X 1 0 - 7 1.2 X 10~6 

Krypton-85 1.2 X 10"8 8.5 X 10"8 1.9 X 10"7 

Iodine-129 5.5 X 10" '° 7.0 X 10~9 1.9 X 10"8 

Total 1.2 X 1 0 ' 7 7.3 X 10"7 1.4 X 1 0 ' 6 

3 A shielding factor of 0.5 has been used in the estimation of external 7-doses; no account 
was taken of shielding in calculating external |3-doses. 

5.3. PER-CAPUT DOSE EQUIVALENT RATES AS A FUNCTION OF TIME 

The per-caput effective dose equivalent rate, HE(t), from the global 
circulation of these nuclides can be evaluated as a function of time from the 
following expression 

t 

H E ( t ) = J R(r )DC(t -r )dr (17) 

0 

where R(t) is the release rate of the nuclide at time t (MBq-a - 1) 
and DC(t) is the per-caput effective dose equivalent rate at time t following a 

release of 1 MBq of the nuclide at time zero (Sv-a_1 per MBq). 

The nuclide release rates are given in Table XX and values of the function DC(t) 
(obtained using the global models described in Section 3) are given in various 
tables in Sections 3 and 4 of this report. 

Per-caput effective dose equivalent rates are given in Table XXI for the 
release of each nuclide and also summed over the four nuclides. In compiling 
these doses it was assumed that 95% of the tritium in liquid effluents was released 
to the surface oceans and 5% to freshwater bodies. The iodine-129 in liquid 
effluents was assumed to be totally released to the surface ocean. 

Carbon-14 makes the largest contribution (about 90%) to the per-caput 
annual effective dose equivalent to the world population from the global 
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circulation of the four nuclides. However, the total predicted per-caput dose is 
very small, only increasing to a value of about 2 /jSv- a - 1 in the year 2025. 
Because of the number of conservative (pessimistic) assumptions built into the 
analysis, the actual dose from this source is likely to be considerably less. The . 
small magnitude of this predicted dose can be usefully put into perspective by 
comparison with the average annual effective dose equivalent from natural back-
ground radiation of about 2000 nSv a - 1 . 

Concern often expressed with regard to the possibility of these nuclides 
accumulating to an unacceptable level in the environment would appear to be 
without foundation at least for the foreseeable future. The level of individual 
dose from the global circulation and accumulation of these nuclides is predicted 
to be extremely small, even when adopting a number of pessimistic assumptions. 
These levels of individual dose, in themselves, would be an insufficient justification 
to reduce further the discharges of these nuclides. Whether or not, however, such 
discharges could be further reduced cost-effectively is a topic beyond the scope 
of this paper. Central to judgements on this issue are the costs of waste manage-
ment systems for their removal, storage and disposal and the costs to be assigned 
to unit radiation exposure, in particular when the exposure is delivered over 
extremely long periods and the predictions are then associated with very large 
uncertainties. 

6. SUMMARY AND CONCLUSIONS 

The basic features of models, developed to assess the radiological impact of 
radionuclides that become dispersed on a regional or global scale, have been 
reviewed. Particular attention has been given to identifying the important 
processes that need to be modelled in order to make a reliable estimate of the 
radiological impact, rather than attempting to judge which models are the most 
appropriate. Judgements on the latter will be sensitive to the particular application; 
in some cases a very simple approach may be sufficient, whereas in others a more 
rigorous analysis may be necessary. 

Two aspects are important in assessing the radiological impact: these are 
the exposure of critical groups, and the collective dose in the exposed population. 
Models to assess critical group doses were reviewed in a recent IAEA publication 
[2] and were given only limited consideration in this report. Attention has 
mainly been directed towards models for the estimation of collective dose, 
together with its distribution both in time and among individuals in the exposed 
population. The collective dose provides a measure of the health detriment of 
a given exposure and as such has a central role in the optimization of effluent 
releases. 
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The main points that have emerged from the review of models developed to 
assess the impact of radionuclides dispersed on a regional or global scale are 
summarized. 

(a) A large fraction of the collective dose arises, in general, over an area 
far removed from the release, with some arising beyond the geographical 
boundaries of the country from which the release originated. The models must 
therefore be capable of describing the transfer of radionuclides on a regional and, 
in some cases, a global scale. 

(b) The magnitude of the collective dose from the regional dispersion of a 
released nuclide is also effectively limited by regulatory controls placed on critical 
group doses. Where the critical group dose is maintained at a small fraction of the 
ICRP dose limit, the collective dose from regional dispersion will be small. In such 
circumstances the impact on other countries, beyond the boundaries of that from 
which the release originated, will also be small. 

Such regulatory controls have'less influence on the collective dose from those 
nuclides which are long-lived and become globally dispersed (in particular 
carbon-14, krypton-85, tritium and iodine-129). In these cases the collective 
dose arising beyond the boundary of the country from which the release originated 
may be much larger; more detailed consideration has therefore been given to 
models which predict the global dispersion of these nuclides. 

(c) The use of collective dose as a measure of health detriment and as an 
input into the optimization of effluent releases has implications for the accuracy 
with which it is assessed. Current understanding of regional and global environ-
mental transport, and the models that have been developed to describe these 
processes are judged, in general, to be adequate for the purposes of assessing 
collective doses in the above context. The accuracy of the different model 
predictions varies significantly, however, and further effort could usefully be 
directed towards achieving comparable reliability in the model predictions over 
a w i d e r r a n g e o f c i r c u m s t a n c e s . 

Two observations are worthy of note with regard to the accuracy with which 
collective doses are assessed. First, the quantity, effective dose equivalent, provides 
an adequate measure of the health detriment of a given exposure in most circum-
stances; as a single measure of health detriment it has considerable utility in 
radiological assessments and its use in this context is to be encouraged. Secondly, 
in assessing the collective dose from dispersion on a regional scale it is important 
that the summation of individual doses is continued until the summation has 
converged (i.e. further summation of doses at greater distances would not 
significantly alter the estimate). Typically, the collective dose within 1000 km 
represents considerably more than half, and that within 3000 km more than 
90%, of the total regional collective dose. The summation of the regional collective 
dose over such distances will usually provide an estimate having adequate precision. 
For some nuclides and discharge locations summation over much smaller distances 
may prove adequate. 

63 



(d) Illustrative estimates have been made of the regional collective doses from 
unit release of a number of nuclides to different sectors of the environment. The 
results presented in the report are solely for perspective and should not be used 
outside of this context; there may be considerable variation in the magnitude of 
these doses depending on the discharge location and particular characteristics of 
the receiving environment. 

Comparisons have been made between the regional and global collective 
doses for those few nuclides (carbon-14, tritium, krypton-85 and iodine-129) 
that are potentially important because of their global dispersion. With the 
exception of tritium, and in particular when released to the atmosphere, the 
collective effective dose equivalent commitment for the release of the nuclides 
considered is dominated by global-scale transfer. The models used to predict 
the regional and global-scale transfer of tritium contain a number of simplifications; 
the development of more comprehensive models for tritium would provide greater 
confidence in the predicted impact of this nuclide. 

(e) Concern has often been expressed that the continued release of those 
nuclides that become globally dispersed may, in the context of a rapidly expanding 
nuclear energy programme, lead to their accumulation in the environment to an 
unacceptable level. An estimate of the per-caput dose to the year 2025 from the 
global circulation of those nuclides of significance has indicated that such concern 
appears to be without foundation, at least for the foreseeable future. The pre-
dicted per-caput doses were extremely small, even when adopting a number of 
pessimistic assumptions as to the releases of these nuclides in the future. The 
predicted levels of individual dose would, in themselves, be insufficient justification 
to reduce further the discharges of these nuclides. Whether or not, however, such 
discharges could be further reduced cost-effectively is a topic beyond the scope 

of this report. Central to judgement in this issue are the costs of waste manage-
ment systems for their removal, storage and disposal and the costs to be assigned 
to unit radiation exposure, in particular when the exposure is delivered over 
extremely long periods and the predictions are then associated with very large 
uncertainties. 

(f) In time the acquisition of further data and the development of improved 
models will result in some revision of the predicted collective doses. The inform-
ation presented in this report should therefore be re-assessed periodically and in 
particular if there were significant changes in current understanding of the 
environmental transfer of those nuclides that are potentially significant. 
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Appendix A 

AN ILLUSTRATIVE PROCEDURE FOR THE ESTIMATION OF 
THE REGIONAL COLLECTIVE DOSE FROM DISCHARGES 

OF RADIONUCLIDES TO THE ATMOSPHERE 

The major steps in the procedure for estimating collective doses from 
atmospheric discharges are illustrated schematically in Fig. 1. At various stages 
in the process data are required from the application of particular models, e.g. 
dispersion models, foodchain models, dosimetry models, etc. The types of models 
that can be utilized for these purposes are discussed in Section 3 of the main 
text. A procedure [8] developed for the estimation of regional collective doses 
is summarized in the following as an illustrative example of the major processes 
involved. 

Al. BASIC PROCEDURE 

The collective dose equivalent, S, in an exposed population is defined as 

oo 

S = J H N(H) dH (Al ) 

o 

where H is the individual dose equivalent, 
and N(H) is the number of people receiving a dose equivalent between H and 

H + dH. 
Equation (Al ) can be transformed into the following form which facilitates the 
numerical evaluation of the collective dose 

S = / / /.N(d, 9, t) H(d, 6, t) dt dd dd (A2) 

where N(d, 9, t) is the number of people at time,t, at distance, d, and azimuthal 
angle, 9, relative to the point of discharge, 

and H(d, 6, t) is the individual dose equivalent rate at d, 9, t. 
The spatial distribution of the population and of the radioactive material in 

various parts of the environment will, in reality, be continuously varying functions 
of distance, d, and azimuthal angle, 6, relative to the discharge point. These 
variations can be approximated in the manner indicated in Fig. A l . The area 
surrounding the discharge point is divided into a number of annuli of varying radii; 
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FIG.A1. Illustration of the scheme of annular segments adopted to represent the spatial 
distribution of population and activity in various parts of the environment. 

these annuli are further subdivided into a number of sectors of width A6. If the 
annular segments are chosen such that the variation in the population density and 
the activity concentrations in various environmental materials (and hence dose) 
over the whole segment is small, the collective dose equivalent commitment in any 
segment (dj, 0jj) can be evaluated as 

S(dj, fljj) = J N(dj, % t) H(dj, fljj, t)dt (A3) 

t 

where N(dj, 0,,, t) is the population, 
' th and H(dj, 0jj, t) is the mean dose equivalent rate in the j distance band and 

jjth annular segment. 
The spatial component of the integration of total collective dose equivalent commit-
ment specified in Eq. (A2) can thus be reduced to a summation over the various 
annular segments. The collective dose equivalent commitment becomes 
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.= vv s= ^ L J N ( d j ' 0 j j , t } H ( d j ' 0 j j ' t ) d t (A4) 

j jj t 

If the magnitude of the population in each segment is assumed to remain constant 
over all time, Eq. (A4) reduces to 

s = V y N(dj, 0jj) JH(dj,0jj, t)dt (A5) 

j jj t 

The selection of annular segments represents a compromise between 
minimizing computational effort, the availability of appropriate site-specific 
meteorological data, and ensuring that any error introduced into the estimation 
of the collective dose equivalent commitment on account of the approximation is 
not significant in comparison with other uncertainties in the overall assessment. 
The number of sectors is, in general, determined by the available meteorological 
data; typically data are grouped into sectors of width in the range 20—45°. 
Distance bands which have been found to give adequate resolution are summarized 
in Table Al for guidance. 

The procedure so far described is adequate for those routes of exposure 
where the dose is determined by the location of the population, e.g. external 
radiation from the cloud and from deposited activity together with inhalation of 
airborne activity. It requires modification for exposure by ingestion of foodstuffs 
since there is no a priori correlation between the location of the population and 
exposure from dietary intakes. This is a consequence of diet in general being 
obtained from various distributed sources which may be remote from the individual. 
For this route of exposure an alternative approach needs to be adqpted based on 
the spatial distribution of foodstuffs produced relative to the discharge location. 
The collective dose equivalent commitment from the consumption of these food-
stuffs is given by 

S = H;ng (i) \ / / /PA(d, 6, t, k) CCK(i, d, 6, t, k) dt dO dd (A6) ing 
k d 6 t 

where Hjng (i) is the committed dose equivalent per unit intake of 
nuclide, i, by ingestion, 

PA(d, 6, t, k) is the yield of agricultural product, k, at time, t at a 
distance d and azimuthal angle d relative to the discharge, 

and CCK(i, d, 9, t, k) is the concentration of nuclide i, in agricultural product 
k, at time t. 
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TABLE AI. TYPICAL DISTANCE BANDS FOR 
USE IN COLLECTIVE DOSE ASSESSMENTS3 

Radial limits of annulus 
(km) 

0 - 1 

1 - 2 

2 - 3 

3 - 5 

5 - 7 

7 - 10 

10 - 15 

15 - 20 

2 0 - 35 

35 - ' 50 

5 0 - 70 

7 0 - 100 

100 - 2 0 0 

2 0 0 - 300 

3 0 0 - 450 

4 5 0 - 700 

7 0 0 - 1100 

1100 - 1600 
1600- 2000 
2000 - 2400 

2400 - 3000 

a These distance bands have been found to provide 
adequate resolution in a range of collective dose assess-
ments. Other choices of distance band may be equally 
appropriate and the above values are provided merely 
for guidance. 

The yield and concentration of activity in the various food products will also be 
continuously varying functions of distance, d, and angle, d, relative to the discharge. 
These variations can be approximated in the same manner as described previously 
for the population distribution, that is, the subdivision into annular segments 
over which the yield and concentration of activity are assumed uniform. 
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If the agricultural practice and yields of the various foodstuffs in each segment 
are assumed to be constant over all time, Eq. (A6) can be reduced to 

k j jj 

S = HingCi)^ ^ ^ PA(dj, fljj, k) / CCK(i, dj, 0jj, t, k) dt (A7) 

The various quantities in Eqs (A5) and (A7) can be evaluated for each route 
of exposure from the application of appropriate models (e.g. dispersion, dosimetry 
etc.) which are described in the main text. The manner in which this can be 
achieved is described. 

A2. EVALUATION OF THE QUANTITIES IN THE EXPRESSIONS FOR 
COLLECTIVE DOSE 

The initial step in the procedure is the evaluation of the air concentration 
and deposition rate of a nuclide as a function of distance and direction from the 
release. These are then utilized to evaluate the quantities in Eqs (A5) and (A7). 
The annual average ground-level concentration of activity in air, C(i, dj, 0jj), for 
the continuous release of a nuclide, i, in the j th radial band and jj411 annular segment 
is given by 

C(i, dj, 0jj) = N s Q 0 ( i ) ^ X 0 ( i , c, dj) f (0j j ; c ) ( A 8 ) 

where C is the annual average concentration of activity in air (Bq-m 3), 
Ns is the number of sectors of width Ad in the wind-rose where „ 360° 

Ad = , 
Ns 

Qo(i) is the release rate of nuclide i (Bq-s -1) during the year, 
X0(i, c, dj) is the concentration of activity in air per unit release rate of 

nuclide i at a distance dj in stability category c, assuming a 
uniform wind-rose ( B q m - 3 per Bq s"1), 

and f(0jj> c) is the fraction of the time a particular stability category c 
occurs with the wind blowing into a sector of annular 
width Ad) 2 2f(6»jj, c )= 1. 

jj d 

Similarly the annual average deposition rate, W(i, dj, 0y}) is given by 

W(i, dj,0jj) = N sQo( i) ) G(i, c, dj) f(0jj, c) (Bq-m~2s_ 1) (A9) 
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where G(i, c, dj) is the deposition rate per unit discharge rate of nuclide i in 
stability category c and at distance dj and assuming a uniform 
wind-rose (Bq-nT2-s_1 per Bq-s-1). 

The values of X0(i, c, dj) and G(i, c, dj) are obtained using an appropriate 
atmospheric dispersion model. The remaining quantities N s and f(0jj, c) are 
particular to the meteorological data for the discharge location. 

The concentrations of activity in air and the deposition rates form the bases 
of the collective dose estimation as indicated in the following. 

A2.1. Inhalation of the cloud 

For exposure by inhalation the time integral of the dose equivalent rate 
associated with the continuous release of nuclide i for one year can be 
approximated as 

J m , dj, 0jj, t) = C(i, dj, 0jj) B Hinh(i) (Sv) (A10) 

t 

where B is the annual volume of air inhaled; 8030 m3 a_1 for an adult, 
and Hjnh(i) is the committed dose equivalent per unit intake by inhalation 

of nuclide i (Sv-Bq-1). 
Values for Hjnh(i) for radionuclides in various physical and chemical forms for the 
effective dose equivalent and the dose equivalents in other organs can be derived 
using a suitable dosimetric model. 

A2.2. External radiation from the cloud 

Consideration needs to be given to both beta and gamma radiation emitted 
in the cloud. For cloud 0-radiation consideration can be limited to radiation of 
the skin as the only organ that may be significantly exposed. 

The time integral of the cloud |3-dose equivalent in skin from the continuous 
release of a nuclide, i, for one year is given by 

y H a d j j f l j j > t ) d t = C( i ,d j > e j j ) HB(i) Bc(i) (Sv) ( A l l ) 

t 

where HB (i) is the dose equivalent rate in skin from /^irradiation from the cloud 
per unit concentration of nuclide i in air (Sv-a-1 per Bq-m-3), 

and Bc(i) is the modifying factor to take account of shielding afforded by 
clothes, buildings, etc. 

The value of HB(i) can be determined using a suitable dosimetric model. 
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A similar approach can be adopted for the cloud 7-exposure by relating the 
concentration of activity in air to the dose equivalent rate in particular issues by 
using a semi-infinite cloud model. However, because the concentration of activity 
in the atmosphere is not uniform with height, particularly at distances close to the 
release, a more rigorous approach is to evaluate the exposure explicitly using a 
finite cloud model. The procedure is then comparable to that used in the evaluation 
of the annual average concentration of activity in air (see Eq. (A8)). 

The time integral of the cloud 7 dose equivalent rate for the continuous 
release of nuclide, i, for one year is given by 

J k ( i , dj, fly, t) dt = NsQo(i) F c(i) ^ HG(i, c, dj) f(0jj, c) (Sv) (A12) 

t c 

is the cloud 7 effective dose equivalent rate per unit discharge 
rate of nuclide i in stability category c and at distance dj and 
assuming a uniform wind-rose (Sv-a_1 per Bq-s"1), 
is a modifying factor to take account of shielding afforded by 
buildings, etc. 

A2.3. External radiation from deposited activity 

The time integrals of the external dose rates from beta and gamma irradiation 
for the continuous release of nuclide i for one year can be obtained from the 
annual average deposition rates as follows: 

For |3-radiation 

Jk{i, dj, 0jj, t)dt = W(i, dj, 0jj) Fp(i, t) Bg(i) (Sv) (A 13) 

For 7-radiation 

dj, t) dt = W(i, d, 0jj) F-y (i, t) Fg(i) (Sv, CA.4, 

where Bg(i) is a modifying factor to take account of shielding provided by 
clothing, buildings, etc. 

Fg(i) is a modifying factor to take account of shielding provided by 
buildings, etc. 

and F^(i, t) F-y(i, t) are the integrals to time t of the dose equivalent rate 
in skin from ^-radiation and the dose equivalent rate in the organ 
considered from 7-radiation, respectively, from nuclide i 

where HG(i, c, dj) 

and Fc(i) 
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deposited at a rate of 1 Bq'm~2-s_1 continuously for 1 year on 
undisturbed land assuming no shielding from buildings, etc. 
(Sv per Bq-m"2-s-1 continuously for 1 year). 

The quantities t) and F7(i, t) can be evaluated using suitable dosimetric models. 

A2.4. Inhalation of resuspended activity 

The time integral of the dose equivalent rate from inhalation of resuspended 
activity following the continuous release of nuclide i for one year can, subject 
to a number of approximations, be obtained from the annual average deposition 
rate as 

y H ( i > d j , 0 j j , t ) d t = I R S a d j , 0 j j , t ) H i n h ( i ) (Sv) (A15) 

t 

where IRS(i, dj, 0jj, t) is the intake of resuspended activity to time, t, by 
inhalation in Bq and is given by 

IRS(i, dj, fljj, t) = 3 i s
B

x i Q 7W(i, dj, fljj) IR( i , t) (Bq) (A 16) 

IR(i, t) is the integral to time, t, of the resuspended concentration 
of activity in air from nuclide i deposited at a rate of 
1 Bq-nT^s-1 continuously for 1 year on undisturbed land 
(Bq-s-m-3 per Bq-m"2-s-2 continuously for 1 year), 

and 3.15 X 107 is a conversion factor to allow for the different units of B 
and IR. 

Values of IR (i, t) and Hinh(i) can be obtained from application of appropriate 
resuspension and dosimetric models, respectively. 

A2.5. Ingestion of contaminated foodstuffs 

As discussed earlier, the collective dose from ingestion of foodstuffs is 
determined in a different way from that for other pathways of exposure. The 
time integral of activity in unit mass of vegetable product, k, following the 
continuous release of a nuclide, i, for one year is (see Eq.A7)) evaluated from 
the average deposition rate as 

JcCK(i, dj, % t)dt = W(i, dj, 0jj) CP! (i, k, t) TD(i, k) (Bq-a-kg"1) (A17) 

t 
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and for unit mass of animal product, k, by 

CCK(i, dj, fljj, k, t)dt = [W(i, dj, 0jj) CP! (i, k, t) 

+ C(i, dj, fly) CP2(i, k, t)] TD(i, k) (Bq-a-kg"1) (A18) 

where CPj (i, k, t) is the integral to time t of the concentration of nuclide i in 
unit mass of vegetable or of animal product (for intake via 
ingestion), k, for a deposit of 1 Bq-m~2-s_1 continuously for 
1 year on undisturbed land (Bq-a-kg"1 perBq-m - 2-s_ 1 con-
tinuously for 1 year) 

CP2(i, k, t) is the integral to time t of the concentration of nuclide i in 
unit mass of animal product, k, via inhalation for 1 year of 
activity in the atmosphere at unit concentration of air 
(Bq-a-kg-1 per Bq;m~3 maintained for 1 year), 

and TD(i, k) = exp (-X, Tk) where X; is the radioactive decay constant, 
Tk is the delay between harvest and consumption of the 

particular foodstuff. 

The inclusion of two terms in Eq. (A 18) for animal products is a consequence 
of two intakes by the animal, ingestion of deposited activity and inhalation of 
airborne activity. 

Values of CP(i, k, t) can be evaluated from application of appropriate food-
chain models. The food products that were considered necessary to include in an 
assessment of collective dose for discharges in Western Europe are summarized in 
Table All. 

For all pathways of exposure other than ingestion the appropriate quantities 
are substituted into Eq. (A5) and the collective dose in that segment evaluated 
from additional data on the population in that segment. 

For ingestion the appropriate quantities are substituted into Eq.(A7) and 
from knowledge of the production of various foodstuffs for human consumption 
in that segment the collective dose can be evaluated. 

The total collective dose is determined by summation over all annular 
segments and over all pathways. 

A3. ALTERNATIVE PROCEDURE FOR INGESTION OF CARBON-14 
AND TRITIUM 

For the ingestion of carbon-14 arid tritium an alternative procedure is adopted. 
This is a consequence of the important role these nuclides play in biological 
processes, and the absence of a model at this time to describe adequately the 
temporal behaviour of these nuclides once injected into the terrestrial environment. 
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TABLE AIL FOOD PRODUCTS THAT 
REQUIRE CONSIDERATION IN THE 
ESTIMATION OF COLLECTIVE DOSE 

Fresh milk 

Milk products 

Cow's meat 

Cow's liver 

Sheep meat 

Sheep liver 

Grain products 

Green vegetables 

Root vegetables 

A simplified approach, often referred to as a specific activity model, is used. 
All food and water is assumed to be derived at the location of the individual. 
The carbon-14/carbon-12 ratio in ingested material is assumed equal to that in 
the atmosphere at the point of intake; similarly the tritium/hydrogen ratio in 
ingested material is assumed equal to that of atmospheric water vapour. 

The time integral of the dose equivalent rate at location dj, 0jj following 
the continuous release of nuclide, i, for 1 year is given by 

Jil(i, dj,0jj)dt = K(i)C(i, dj,0jj) (Sv) (A 19) 

t 

where K(i) is the annual dose equivalent for unit concentration of activity in air 
(Sv-a_1per Bq-m~3) and is given by 

H i n g(i)-M i n g 
K(i) = M (A20) 

P 

where Ming is the mass of carbon (or water) ingested per year (kg-a r), 
and p is the mass of carbon (or water) per unit volume of air (kg-m~3). 

The values of K(i) can be obtained from knowledge of the dietary intake of 
water and carbon and from suitable dosimetric models. 

The collective dose equivalent from injection of carbon-14 and inhalation 
are then obtained by substitution of Eq. (A 19) into Eq. (A5) and by summation 
over all annular segments. 
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