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LEGAL NOTICE 

Neither the Commission of the European Communities nor any 
person acting on behalf of the Commission is responsible for the 
use which might be made of the following information 



PREFACE 

In the research programme of the Commission of the European Communities 

on plutonium recycling in light water reactors, the evaluation of the 

differential radiological impact of radioactive effluents discharged during 

the nuclear fuel cycle with and without plutonium recycling constitutes a 

point of major interest. 

The present report, prepared by the National Radiological Protection 

Board, Harwell, UK, and the Commissariat a l'Energie Atomique, Fontenay-aux

Roses, France, presents the methodology and transfer parameters to be used 

in this evaluation. 

However, since the report uses a general approach to evaluating the 

radiological consequences for man of routine radioactive releases, this 

methodology can be applied to routine discharges from most types of nuclear 

installation • 

Moreover, the report covers all aspects of the radiological impact of 

radioactive effluents, from their release to the estimation of health 

effects within the population of the European Community, taking account of 

all significant exposure pathways. 

For these reasons the Commission believes it appropriate to make the 

report widely available. 

The Commission is grateful to the two organisations who have carried 

out the work which it believes will prove very useful to all who are 

concerned with radiological protection. 



The International System o! Units (SI) has been adopted throughout 
this report. The relationship between the SI units and previous units are 
shown in the table below. 

Quantity New named unit In other Old special Conversion !actor and symbol SI units unit and symbol 

Exposure - c kg-1 r8ntgen (R) 1 C kg-1-3876 R 

Absorbed gray (Gy) J kg-1 rad (rad) 1 Gy = 100 rad dose 

Dose si evert ( Sv) J kg-1 rem (rem) 1 Sv = 100 rem equivalent 

Activity becquerel (Bq) -1 curie (Ci) 1 Bq .. 2. 7 10-11 Ci S 



ABSTRACT 

The aim of this report is to present a methodology for the evaluation 
of health detriment to the population of the countries of the EUropean 
Community,from discharges within the community of liquid and gaseous radio
active effluents. This methodology is based on a series of sequential models 
describing the transfer of radionuclides through the different sectors of 
the environment, the pathways of exposure of man and the consequential 
health detriment. The methodology could be applied to evaluate individual 
exposure, but since health detriment is of interest here, the emphasis in 
the study has been in the estimation of collective dose and consequent 
numbers of health effects. The models chosen are of sufficiently general 
character that the corresponding methodology can find wide application for 
the evaluation of the radiological consequences of discharges of effluents. 
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CHAPrER 1 

INTRODUCTION 

The methodology which is described in this report has been developed 
to assess the health detriment in the population of the European Community 
from the discharge of radioactive effluents. The assessment of health 
detriment in this context is important in two respects; firstly it provide~ 
a quantitative measure of the radiological impact of effluent discharges 
and secondly it is an essential input to the optimisation procedure for 
effluent treatment systems. A generalised approach has been adopted with a 
view to the methodology finding broad application in the assessment of the 
radiological consequences of routine effluent discharges; it may equally 
find application in other areas where the potential exists for the releases 
of activity to the environment. The methodology developed consists of a 
series of interlinked models which describe the transfer of radionuclides 
through the various sectors of the environment, the path~s b~ which man 
may be irradiated and the health detriment consequent upon this exposure. 
Although the methodology can be applied equally to the estimation of the 
exposure of individuals as well as the population as a whole, it is the 
collective dose which is given greatest consideration in this study since 
it is a measure of the health detriment in the exposed population. 

Radioactive effluents may be discharged to either the atmospheric or 
the aquatic environment and models have been developed to describe the 
transfer of radionuclides through the respective parts of the biosphere to 
man. Radionuclides discharged to the atmosphere are dispersed according to 
the normal atmospheric mixing processes and as they are transported downwind 
irradiate the population externally and internally, the latter as a 
consequence of inhalation of radionuolides from the atmosphere. During their 
downwind transport radionuclides may deposit from the atmosphere by 
impaction with the underlying surface or due to washout by rainfall. This 
transfer onto land surfaces may lead to further irradiation of man by three 
important routes: external irradiation from deposited activity, internal 
irradiation from inhalation of resuspended activity and ingestion of 
contaminated terrestrial foodstuffs. The relative importance of these 
path~s depends on the radionuclide 3nd the nature of the surface onto 
which the deposition occurs. The estimated spatial and temporal distribution 
of radionuclides in the atmosphere and in various materials in the 
terrestrial environment may be combined with the spatial distributions of 
population and agricultural production within the European Community 
with appropriate dosimetric models and dietary habit data, to evaluate the 
collective dose equivalent from atmospheric discharges. To facilitate this 
procedure the spatial distributions of the population and agricultural 
production in the European Community have been established as matrices 
based on grids having dimensions of approximately 100 km2 and 1 o4 k:m2 
respectively. 

Liquid radioactive effluents may be discharged to a freshwater 
(principally rivers) or marine environment. Those discharged to rivers are 
dispersed according to the general water movements and sedimentation 
processes. The principal routes by which man may be irradiated comprise 
external irradiation from sediments, ingestion of foodstuffs derived from 
the river, drinking water taken from the river and water used for irrigation; 
each ·path~ has been considered in this report. The subsequent transfer 
of radionuclides into the ocean or sea via an estuary has also been modelled. 
The dispersion of radionuclides discharged into the marine environment is 
determined in the first instance by the local features of the discharge 
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location, in particular tidal currents and the degree of sedimentation. 
Subsequent dispersion is influenced by the general water movements and 
sedimentation processes in the larger ocean masses. Insestion of marine 
foodstuffs is the only pathway considered !or the purposes of this report 
!or the exposure of man following discharges of e!fiuents to the marine 
environment. Individual and collective doses can be evaluated f'rom the 
levels of activity in various mterials (eg, !ish, water) in the aquatic 
environment using the appropriate population, food and habit data and 
dosimetric models. Each of these items is described in this report. 

Some radionuclides, owing to their long radioactive half-lives and 
their behavio·o.r in the environment, may become globally dispersed and 
act as long term sources of exposure of large populations. Models are 
described whioh evaluate the global circulation and transfer to man of suoh 
radionuclides as a result of their discharge to either the atmospheric or 
aquatic environment. 

In this report results are presented from the environmental models 
whioh have been applied, !or a range of radionuclides, to evaluate the 
temporal and spatial distribution of activity in selected environmental 
materials !or unit release to the atmosphere and to the aquatic environment. 
The distribution of activity in terrestrial materials is evaluated !or unit 
deposition per unit area of land. The range of nuclides is not exhaustive 
but was selected to encompass both those usually encountered in e!fiuents 
from nuclear installations and those known to be of public concern. The 
matrix of results generated from this application !oms a basic data set 
whioh can be readily used to assess the collective dose to the population of 
the EUropean Community !or a discharge of defined composition at a particular 
location. These· data may also be applied to calculate representative 
individual doses. In the case of atmospheric discharges, results are 
evaluated !or a wide range of meteorological conditions and associated 
parameters; these results can then be applied in a site specific manner to 
discharges from any location by summation over the various conditions, eaoh 
weighted according to its fre~ency of occurrence. A somewhat less general 
approach is adopted !or aquatic discharges where account must be taken, f'rom 
the outset, of the particular features of the environment into whioh the 
discharge is made. The matrix of results which has been established !or 
aquatic discharges comprises data !or the discharge of radionuclides f'rom a 
number of locations into !our rivers (the Rhine, Rhone, Loire and Po rivers). 
In this report results !or the Rhone and Loire rivers are presented. In the 
case of marine discharges the Mediterranean and Northern EUropean waters 
have been modelled and results are presented !or unit discharges at a 
variety of locations. The collective dose, and its temporal distribution in 
the population may be determined from these matrices of results, when used 
with the spatial distribution of the population and its habits, the spatial 
distribution of the production or terrestrial and marine foodstuffs and the 
appropriate dosimetric models !or external and internal irradiation. The 
evaluation of the matrices of results and the procedure !or the application 
to estimate collective doses in the population of the EUropean Community 
are fUlly described in the report. 

The collective dose equivalent is a measure of the health detriment in 
the exposed population. At the levels of individual dose typically 
encountered from the discharge of radioactive e!fiuents, only the stochastic 
effects of radiation need be considered; these comprise both.fatal and non
fatal cancers in the exposed population and hereditar,y effects in its 
descendants. The relationships between the collective dose equivalent in a 
population and the incidence of these effects are discussed here and a method-
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ology proposed for their assessment. The procedure adopted is conservative 
in a number of respects, the more important of which are identified. The 
adoption of a conservative approach has arisen in the interests of 
simplicity and in the use of widely accepted and already defined dosimetric 
quantities. The degrees of conservatism however must be recognised and in 
some situations, particularly in optimisation studies, they should be 
avoided; indications are given as to how this may be achieved. 

The underlying assumptions and concepts utilised in this study are 
summarised in Chapter 2 together with the dosimetric quantities adopted. 
The models used to describe the transfer through the environment to man of 
radionuclides discharged to the atmosphere and the aquatic environment are 
outlined in Chapters 3 and 4 respectively; the models used to describe the 
transfer of those nuclides which become globally dispersed are given in 
Chapter 5. The dosimetric models employed to estimate the irradiation of 
man from internally incorporated radionuclides are described in Chapter 6. 
The procedures to estimate collective doses in the population of the 
European Community from the matrix of results obtained for unit release 
of each radionuclide, and the consequent health detriment are outlined in 
Chapters 7 and 8 respectively. The numerical results presented are solely 
illustrative. 

Finally it must be emphasised that this report is concerned with a 
methodology to be adopted for assessing the radiological impact of 
effluents. In order to produce illustrative results, particular values for 
parameters have been chosen which necessarily represent a compromise from 
within the range of known variability. Thus when the models are applied to 
specific sites, it may well be necessary to choose alternative values of 
parameters which better reflect the particular characteristics of interest. 
'l'he methodolo.~:y developed here represents a first attempt to assess total 
health detriment and provides a basis on which to build in future. 
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CHAPI'ER 2 

BASIC CONCEPTS, ASSUMPTIONS AND QUANTITIES 

Before proceeding to describe the environmental models and their 
application it is pertinent to examine some of the basic concepts and 
assumptions made in this study and to define the more important radiological 
quantities evaluated. 

At the levels of individual dose equivalent typically encountered from 
the discharge of radioactive effluents during the normal operation of 
nuclear installations, consideration can be limited to the incidence of 
stochastic health effects in the exposed population. Stochastic effects are 
those for which the probability of occurrence, rather than their severity, 
is regarded to be a function of dose equivalent, without threshold. Given 
this assumption and the further assumption that the severity of the effect 
is independent of the dose equivalent received then according to the 
International Commission on Radiological Protection L2·17 the detriment to 
health is proportional to, and may be represented by, the sum of the dose 
equivalents in the exposed population, ie, the collective dose equivalent. 
The stochastic effects which must be taken into account in assessing health 
detriment are somatic effects in the exposed population and hereditary 
effects in its descendants; by far the most important somatic effect is th~ 
induction of cancer which may or may not prove fatal. The stochastic 
health effects which need to be considered can thus be divided into three 
broad categories: 

fatal cancers for which there is no current treatment that is 
effective, 

- non-fatal cancers for which treatment, if needed, is effective 
in preventing consequential fatality. 

- hereditary effects which occur in subsequent generations. 

It is assumed in this study that the incidence of these health 
effects is directly proportional to the collective dose equivalent in the 
exposed population. This assumption, while conservative, is somewhat of 
an over-simplification. The delivery of the dose equivalent and the 
appearance of the consequential effects (if any) are not concurrent and 
delay periods significantly in excess of a decade are common. The age 
distribution and life expectancy of the exposed population therefore has a 
marked influence on the incidence of any health effects as a result of a 
given collective dose equivalent. This aspect is given further consider
ation in Chapter 8,and, in a more rigorous analysis, should be taken into 
account. 

No single dosimetric quantity, that has had general application,is 
sufficient to enable the estimation of the three categories of health 
effects listed above. Recourse has therefore to be made to the use of 
several quantities; the number has been kept to the minimum consistent with 
the evaluation of the total health effects, and with the adoption of 
generally accepted dosimetric quantities. 

The International Commission on Radiological Protection (ICRP) L2.g7 
has defined the quantity effective dose equivalent, HE• as 

HE = •••••••••• (2.1) 
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where H.r is the dose equivalent in tissue T and 

wT is the weighting factor for each tissue and represents 
the ratio of the stochastic risk from irradiation of tissue, 
T, to that for the whole body when unifoxmly irradiated. 

The weighting factors have been specified by the ICRP in Pu.blication 26 
f2·!7 and in their derivation the ICRP chose to consider the risk of fatal 
cancer in all body organs and tissues, apart from in skin, plus the 
hereditary effects in the first two generations. The effective dose 
equivalent ~ only be used to give a measure of the incidence of these 
particular health effects; the incidence of the remaining effects must be 
evaluated from other quantities. The incidence of fatal cancers in skin 
and of hereditary effects in subsequent generations can be evaluated from a 
knowledge of the dose equivalents in skin and gonads, J!s and ~' 
respectively. The incidence of radiation induced non-:ra.tal cancers ~be 
most important in the skin and thyroid. This incidence may be calculated 
from the dose equivalents in these organs, ~ and ~' respectively. The 
evaluation of the incidence of the total hea!th effects in an exposed 
population therefore requires the estimation of both the collective 
effective dose equivalent and the collective dose equivalents in gonads, 
skin and thyroid. 

The collective effective dose equivalent, SE' is given b,y 
00 

SE = f ~N(~)~ 
0 •••••••••• (2.2) 

where BE is the effective dose equivalent and N(HE) is the number 
of individuals receiving an effective dose equivalent in 
the ranee BE to BE + ~ 

The collective dose equivalent in an organ is obtained b,y 
substituting the dose equivalent in that organ for the effective dose 
equivalent. 

Collective effective dose equivalent commitment, S~, is obtained b,y 
integrating collective effective dose equivalent rate over all time. When 
the integration is limited in time the quantity is described as the 
truncated collective effective dose equivalent commitment. The fozmer 
quantity is a measure of the total health detriment while the latter is a 
measure of the detriment over prescribed periods of time. 

Collective effective dose equivalent commitment,si, is given b,y: 

C fOCI • SE = SE(t)dt 

0 •••••••••• (2.3) 

where SE is the collective effective dose equivalent rate. 

In ev.a.luating the collective dose equivalent commitment (and other 
similar quanti ties) it is convenient to distinguish between external and 
internal irradiation of the body. For external radiation the integration of 
equations (2.2),and (2.3) is relatively straight forward. For internal 
irradiation from radionuclides incorporated in the body the integration is 
more complex, particularly for those nuclides which have long retention 
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times in the body; detailed knowledge is required, which is not readily 
available, of the time variation after intake of the dose equivalent rates 
in the respective tissues. The integration is more conveniently and 
readily performed using an alternative representation for S~ for internal 
irradiation:-

OCI 

~ r I'C(t)dt 

0 ......... . (2.4) 

where I'C is the collective intake rate by inhalation or ingestion 
of a nuclide by the population and is a quantity readily 
evaluated from environmental models 

~ is the population averaged effective dose equivalent received 
from unit int~ce of the nuclide by inhalation or ingestion, 
taking into account the age distribution and life expectancy 
of the population. 

~is given by 

"" = f L .. (L) N(L)dL /J"-(L)dL 

0 0 .......... (2.5) 

where N(L) is the number of people with remaining life expectancy L 

HE(L) is the integrated effective dose equivalent received by an 
individual with a remaining life expectancy L. 

L 

Thus BE(L) = I 
0 

. 
~(L) dL 

......... . (2.6) 

While the estimation of HE for a population of defined age distribution is 
relatively straightforward using current dosimetric models such calculations 
have not yet been reported. For the p~oses of this study the 
approximation is made that the quantity RE can be equated to the committed 
effective dose equivalent, H~o E which is defined as the time integral of 
the effective dose equivalent fate, aE(t), over a 50 year period following 
intake. 

!
50. 

EE<t> dt 

0 •••..•.••• (2.7) 

The committed effective dose equivalent has been introduced by ICRP in the 
context of occupational exposure to ensure compliance with dose equivalent 
limits, (50 years being the maximum working lifetime) and it has been 
estimated for a wide range of radionuclides for intake by inhalation and 
ingestion L2.~7. For radionuclides whose retention in the body is 
relatively short (eg, compared with 1 year) the committed and the population 
averaged effective dose equivalents will be essentially the same and the 
assumption of equality is well justified. For radionuclides with long 
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retention times in the body the assumption is likely to overestimate the 
actual dose equivalent received by the population (owing to the mean life 
expectancy of the population being less than 50 y); the magnitude or the 
overestimate has not been quantified and will vary according to the nuclide 
and population considered. However it is unlikely to exceed a few tens of 
percent for a population of age distribution typical of the EC. 

The representation given in equation (2.4) for the collective effective 
dose equivalent commitment from internally incorporated radionuclides is 
adopted in this study while recognising its potential conservatism for 
radionuclides with long retention times in the body, While not of particular 
importance in this study, the use of equation (2.4) to evaluate truncated 
collective effective dose equivalent commitments~ result·in much greater 
overestimates for radionuclides with long retention times in the body and 
where the time of truncation is small compared with the mean life expectancy 
of the exposed population. In this context equation (2.4) should be used 
with caution. 

Collective effective dose equivalent commitments are therefore 
evaluated in this study according to the following equation 

00 00 

si = I sE (t)dt + Kso,E I rc(t)dt 
0 ext 0 

•••••••••• (2.8) 

where the symbols are as previously defined. 

In addition to the collective effective dose equivalent commitment the 
collective dose equivalent commitments in the tissues previously specified 
(gonads, skin and thyroid) are evaluated by making appropriate substitutions 
in equation (2.8). The procedure adopted to evaluate the incidence of the 
various health effects from these collective dose equivalents is described 
in Chapter 8. Truncated values of the respective collective dose equivalent 
commitments are also evaluated and the times of truncation chosen are 50, 
100 and 500 years following the release of the radionuclide to the 
environment. These truncated values provide an indication of the temporal 
distribution of the health detriment in the exposed population and its 
descendants. While the collective dose equivalent commitments provide a 
measure of the total detriment over all time temporal distribution of that 
detriment is particularly important; for example it is apparent that few 
would regard a particular collective dose equivalent commitment delivered 
unifo~y over, s~, one million years as being as significant as the same 
dose delivered in one year. The levels of individual risk would be very 
different in the respective oases. The times of truncation are somewhat 
arbitrary but were selected with two objectives in mind; first to provide 
a reasonable representation of the temporal distribution of detriment 
bearing in mind its anticipated behaviour for the majority of situations 
being investigated in this study; and second to evaluate quantities that 
could be used to estimate maximum individual dose equivalents from a 
continuing release of a radionuclide. The estimation of individual dose 
equivalents is given further consideration later. 

In the estimation of collective dose equivalent commitments it is clear 
that assumptions must be made as to the magnitude and habits of the exposed 
population and its descendants and the variation of these with time. 
Current predictions of the population trends could be readily incorporated 
into the estimates; however the uncertainty of such estimates is considerable 
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and moreover must increase with time. Bearing in mind the timescales over 
which integrations are to be performed in this study the additional 
sophistication of a time varying population is not considered justified. 
The collective dose equivalent commitments evaluated in this study are based 
on the assumption that the magnitude and age distribution of the population 
of the European Community remains constant at its present level over all 
time. It is further assumed that the habits of the population (eg, dietary 
intake etc) also remain the same. One further major assumption is made in 
the estimation of collective dose equivalent commitments; the whole 
population is assumed to comprise adults for the purposes of estimating 
doses from the inhalation and ingestion of radionuclides (ie, the whole 
population is assumed to have the same dietary intake and metabolism). This 
assumption may, at first sight, seem unreasonable; it has been shown L2.~7 
however that the variation of dose with age for the intake of radionuclides 
by inhalation or ingestion is small apart from a very limited age range and 
for a few radionuclides. Furthermore the adoption of average values of the 
respective parameters is justified when the quantity being evaluated is the 
collective dose equivalent in the whole of the population, 

The study is concerned almost entirely with a methodology to estimate 
the health detriment in an exposed population and its descendants, hence 
this report is largely concerned with collective dose equivalent 
commitments. The models developed and the quantities evaluated can however 
be readily applied to the estimation of individual doses. Two such 
quantities are particularly relevant to the estimation of individual doses 
consequent on a continuing discharge of a radionuclide; these are the 
collective dose equivalent commitments truncated at 50 and 500 years. The 
truncated collective dose equivalent commitment to time, t, for the annual 
release of a radionuclide can be equated to the annual collective dose 
equivalent in the year, t, for a release that has been continuo11s over that 
time. Thus for discharges that are continuous for 50 years (a conservative 
estimate of the lifetime of a nuclear installation) or 500 years (a 
speculative estimate of the continuing use of nuclear energy) annual 
collective dose equivalents in these years can be readily estimated from the 
quantities evaluated. From knowledge of the components of the annual 
collective dose equivalent the annual dose equivalent to individuals in the 
most exposed group can be estimated after making appropriate provision for 
their more extreme habits compared to the average values adopted in the 
assessment of collective doses. The estimation of the individual dose in 
the most exposed group at the end of a continuing practice is of particular 
importance in judging the acceptability of an effluent discharge practice, 

The estimation of the quantities outlined above, subject to the 
specified assumptions, are evaluated in the subsequent chapters for the 
release of radionuclides to the atmosphere and to various parts of the 
aquatic environments. 
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CH.APrER 3 

ASS:E5SMENT OF RADIONUCLID:E5 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 plume travels downwind the exposed population will be irradiated 
by two principal routes: these comprise external irradiation by electrons 
and photons from the radioactive decay processes and inhalation of activity 
in the plume. Radioactive material will be removed from the plume during 
its transit by deposition processes which occur mainly by impaction of the 
plume with the underlying surface over which it is travelling, The plume 
is also depleted by washout caused by rain. This transfer of activity from 
the plume to the ground results in irradiation of the population by three 
further important routes: external irradiation by electrons and photons 
from the deposited activity, the inhalation of activity which is subsequently 
resuspended into the atmosphere and the transfer of activity through the 
terrestrial environment to foodstuffs which may be consumed by man. 

An assessment of the exposure of the population from the release of 
radionuclides to the atmosphere must therefore take account of the dispersion 
of activity in, and its deposition from, the atmosphere as well as the 
subsequent behaviour of deposited nuclides in the terrestrial environment. 
The spatial and temporal distribution of nuclides released to the atmospheric 
and terrestrial environments may be combined with the same distributions of 
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 
illustrated schematically in Diagram 3.1. Models have been developed to 
describe the transfer of radionuclides through the different sectors of the 
environment and these are discussed in the following sections. 

Each model is developed and applied generically to obtain a matrix of 
results that can be used to evaluate the exposure of the population of the 
EC for a release of radionuclides from any location. This involves the 
application of the particular parameters appropriate to that location, for 
example, meteorological conditions, or isotopic composition. In this report 
the air concentration, deposition rate, and external dose rates are 
evaluated as a function of distance from the release point for unit release 
rate of selected nuclides. A range of meteorological and other parameters 
have been used so that any distribution of meteorological conditions and 
spectrum of nuclides released from a particular location can be applied for 
a specific site. The air concentrations and external dose rates may be 
combined with the spatial distribution of the population of the EUropean 
Community with respect to the release point, to estimate the collective 
dose in the population from inhalation of activity and from external 
radiation from the cloud. In a similar manner the transfer through the 
terrestrial environment is evaluated for unit deposit of selected nuclides; 
the time dependent variations of the external dose rates above the surface, 
the resuspended air concentration and the concentration in a variety of 
food products are evaluated. These values, when combined with the site 
specific distributions of population and agricultural production parameters 
for a particular location can be used to assess the collective doses via 
the prescribed routes to the population of the EUropean Community. 
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The nuolides which have been included are shown in Table 3.1. They 
were selected on the basis either of their potential absolute significance 
or because they were known to be of public concern; other nuclides can 
however be readily treated by the models developed. Some of the nuclides 
considered for releases to the atmosphere are omitted when evaluating the 
transfer in the terrestrial environment. This is either a consequence of 
their very short half-lives and hence relatively limited significance in 
the terrestrial environment, or of their not being deposited from the 
atmosphere because of their inert behaviour as for example with the noble 
gases. 

The distance over which radionuclides may be transported in the 
atmosphere depends on many factors such as radioactive half-life, physical 
and chemical form of the nuclide, meteorological conditions, and deposition 
processes. In this study the dispersion of activity is modelled over a 
distance of 3000 km which is in excess of the distance between extreme points 
in the EUropean Community. In most oases the majority of the released 
activity is removed from the plume within this distance, either by radio
active de~ or by deposition on to the underlying surface. For a limited 
number of nuclides, either because of their inert behaviour and long radio
active half-life, or rapid exchange between the atmosphere and other sectors 
of the environment, a significant fraction of activity JtJB;y be transported 
beyond this distance. The subsequent global circulation of such nuolides 
has therefore to be considered as this comprises a further source of 
exposure of the EUropean CoiiiiiiUili ty population. The nuolides which fall 
into this category have been identified and appropriate models developed. 

3.2 Dispersion of radionuolides in the atmosphere 

3.2.1 Atmospheric dispersion models 

Material released to the atmosphere is transported downwind and 
dispersed according to the no1'DIB.l atmospheric mixing processes. The 
estimation of dispersion in the atmosphere is commonly approached by 
solving the diffusion-transport equation. Several models have been 
developed for this purpose using a variety of boundar7 conditions and 
simplifying assumptions. For example, for releases of very short duration, 
models (purr models) have been developed which take into account diffu.sion 
along three axes corresponding to the directions of the wind and the 
perpendiculars to this direction in the horizontal and vertical planes; 
for releases of long duration diffusion in the direction of the wind can be 
neglected and models using this approach are categorised as plume models. 

MOs~ estimates of the dispersion of material released to the atmosphere 
are based on the Gaussian plume diffusion model initially proposed by 
Sutton in 1932/'3.!7. Other models {3.2- 3.~7 have been developed which 
are thought to be more appropriaterepresentationsof the physical processes 
of turbulent diffusion in the atmosphere, but have had only limited 
application in estimating the dispersion of radioactive material. Further
more, they have yet to be developed to a state where the user can easily 
relate the values of the parameters in the model to readily measurable 
quantities, for example, wind speed, cloud cover, etc. For these reasons 
such models are given no further consideration in this study for which the 
Gaussian plume model is adopted. 

Islitzer and Blade /).57 have reviewed the experimental data on 
diffu.sion of effluents in the atmosphere and shown that the Gaussian plume 
model can be used to describe many practical situations. Pasquill /J.27 
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and El.liot IJ•17 have also shown that results predicted using Ga.ussian 
plume models vary little from predictions of other models and experimental 
measurements. MOst experimental measurements however are limited to down
wind distances or up to several tens or kilometres and predictions or 
dispersion at greater distances with the Gaussian plume model cannot easily 
be verified b,r comparison with experiments; the reliability of the 
predictions therefore decreases with increasing distance. other short
comings in the Ga.ussian plume model as commonly applied at large distances 
are the assumptions that the meteorological conditions and direction or the 
wind remain constant throughout the transit of the plume. To overcome some 
of these difficulties at longer distances models have recently been 
developed £3.8, 3·27 which follow the trajectories or masses or air Which 
pass over the release point and take account or changes in meteorological 
conditions with time. The application of these models requires comprehensive 
meteorological data, extended both in time and space, is site specific and 
in addition involves relatively large computational expenditure. The use 
of such models is considered to be outside the scope of this study Which 
is generic in nature and the objective of which is the assessment or 
collective dose equivalent in the exposed population. As much of the 
collective dose equivalent is in general delivered within a few hundred 
kilometres or the discharge point, the increasing uncertainty with distances 
in the predictions or the Ga.ussian plume model is unlikely to be very 
significant. 

3.2.2 Gaussian plume diffusion model 

The airborne concentration or a nuclide o£ long radioactive half-life, 
X(x,y,z) is given b,r the Gaussian plume model as:-

X(x,y,z) = ~ 
21r.11y11zu 

•••••••••• (3.1) 

where X(x,y,z) is ~ airborne concentration at the point (x,y,z) in 
Bq m 

x is the downwind distance (m) 

y is the cross wind distance !rom'the centre line or 
the plume (m) 

z is the height above the ground or the sampling 
position (m) 

11 and 11 are the standard deviations or the plume, 
Y z horizontally and vertically (m) 

Q
0 

is the release rate (Bq s-1 ) 

u is the mean windspeed (m s-1) and 

h is the effective height or release (m) 

This equation is derived !or a gas and the released aerosol is assumed to 
behave in a similar manner. The origin of the co-ordinate •ystem is at ground 
level beneath the discharge point. In the derivation o£ equation (3.1") 
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diffusion in the downwind direction_is ignored compared with transport by 
the wind for releases lasting a finite time. 

The concentrations obtained from equation (3.1) are applicable to 
releases which are short compared with the time taken for the direction of 
the wind to change. For releases of longer duration the horizontal spread 
of the material is governed by fluctuations in the wind direction. For a 
continuous release in which the meteorological conditions are assumed to 
remain constant and the windroee assumed to be uniform,equation (3.1) can 
be rewritten as LJ.1Q7, 

•••••••••• (3.2) 

where)(is the mean airborne concentration at the point (x,y,z) in 
Bq m-3. 

The dependence in the cross wind direction (y) is removed owing to the 
assumption of a uniform windrose. In reality of course neither the 
windrose nor the meteorological conditions will remain constant during a 
prolonged release of radioactivity. The manner in which equation (3.2) 
is applied in a practical situation, where the average airborne concentration 
at any location, (x,y,z)will be a function of both'these parameters, is 
described in section 3.2.5. Equation (3.2), auitably redefined to take 
account of radioactive decay, wet and dry deposition from the atmosphere 
and reflections from the ground and the top of the mixing layer, is used in 
the computer code, ESCLOUD {3.1!7, which has been developed to evaluate the 
dispersion, deposition and external doses from the "quasi-continuous" 
release of activity to the atmosphere. The detailed derivation of the 
modifications to this equation are given in reference L3.1!7; the 
modifications together with other main features of the code, ESCLOUD, are 
briefly summarised in the following. 

3.2.2.1 Reflection from the ground and from the top of the mixing 
~ 

When material is discharged from an elevated source, the plume will 
disperse and eventually reach the ground. On reaching the ground the plume 
is reflected and effectively dispersed back up into the atmosphere. Taking 
account of reflection of the plume from the ground the mean air concentration 
is modified from that in equation (3.2) and is given by: 

)( (x,z) 
[

exp- (z - h)2 + 
20' 2 

z 

exp - (z + h)
2

] 
20' 2 

z 

•••.••.••• (J.3) 

Limits to the layer in which mixing takes place in the atmosphere occur 
at varying heights and arise from changes in temperature gradient. Where 
a finite mixing layer exists the dispersed material is trapped between the 
top of this layer and the ground. Reflections in this case occur both on 
the ground and at the top of the mixing layer as indicated in Diagram 3.2. 
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Top of mixing layer 

h 

around 

Point of 
interest 

Zmax 

Diagram 3 , 2 Model for determining the cloud concentration under 
conditions of limited vertical mixing 
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Without a finite depth mixing layer the plume would continue to expand in 
the vertical plane. The effect of introducing reflections is that the 
airborne concentration is obtained by summation of contributions from many 
points over the Gaussian. The effect can be simulated by considering 
virtual sources at a series of heights; from Diagram 3.2 these are: 

a) -h b) 2S Z + h 
IDaJC"'" 

where z is the depth of the mixing layer and s = 1, 2, 3 ••••• max 

In addition the primary dispersion due to a source at height, h, must be 
included; this, together with the reflected term from a virtual source at 
a height, -h, corresponds to the terms in equation (3.3) for dispersion 
including ground reflection. Thus for a finite mixing layer, the mean 
concentration is given by 

X (x,z) 
[

(2s z + h + z)
2 

] exp- max- -
2 2 uz 

..•••.••.• (3 .4) 

s = 0, 1, 2, 3, •••••••••• (positive z only when s = 0) 

In general this series converges rapidly and can be summed to any 
prescribed accuracy. At large downwind distances, after multiple reflections, 
the vertical concentration profile of activity essentially becomes uniform 
between the ground and top of the mixing layer. 

3.2.2.2 Removal processes 

The concentrations derived from equation (3.4) apply to the dispersion 
of inert, long lived material (eg, krypton-85) which is not removed 
significantly from the plume as it travels downwind. A number of processes 
may act to reduce further the concentrations of discharged activity, in 
particular radioactive decay and dry and wet deposition. These processes 
are most readily taken into account by modifying the initial source strength, 
Q

0
, in equation'(3.4) to allow for depletion. 

(a) Radioactive deca.y 

Radioactive decay will further reduce the concentrations of a 
radionuclide as it disperses downwind; the modified concentration can be 
obtained by substituting a modified source strength, Q R , into equation 
(3.4) where 0 P 

R 
p 

•••••••••• (3.5) 

where Ap is the radioactive decay constant of the radionuclide (s-
1
). 
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Daughter products will grow into the plume with the de~ of the parent 
radionuolide and the concentration of da~ter products can be obtained b,y 
substituting ~Rd for Q

0 
in equation (3.4) where 

•••••••••• (3. 6) 

where Xd is the radioactive decay constant of the de.ugbter (s-1). 

In liSCLOUD no provision is made for the build up of second or subsequent 
daughters; where these need to be considered the de~ scheme of each 
nuclide is simplified to a two member chain D .117. 

(b) Wet deposition 

Material may be removed from the plume b,y the action of rain falling 
through it. Precipitation is inte~ttent and the true interaction between 
the plume and rain is ver,y complex. For the purposes of assessing annual 
average air concentrations or wet deposition rates from the plume for a 
continuous release a simplified procedure is often followed; the assumption 
is made that rain is continuous throughout the transit of a fraction of the 
plume. This fraction is equated to the fraction of the year during which 
rain is experienced. Removal of material from the plume is dete~ed b,y 
the use of a washout coefficient, A • In general washout can be assumed to 
remove material equally throughout the entire vertical extent of the plume. 
The removal rate at any distance from the source depends therefore only 
upon the total amount of material reaching that distance and not upon its 
vertical distribution in the plume. Taking into account washout the air 
concentration of stable material can be derived b,y substituting a modified 
source strength, Q W, for Q in equation (3.4) where 

0 0 

•••••••••• ().7) 

and A is the washout coefficient (s - 1) 

If there is significant radioactive decay the air concentration of the 
parent nuclide can be obtained by substituting a modified source strength, 
~WP' for ~ in equation (3.4) where 

wP ~ exp - [(A~ ~ >~)x] 

•••••.•.•• (J.8) 

and AP is the washout coefficient of the parent nuclide (s-1). 

The air concentration of its daughter product can be derived by substituting 
Q

0
Wd for Q

0 
in equation (3.4) where 
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•••••••••• (J.9) 

and the subscripts p and d refer to parent and daughter respectively. 
The rate at which the parent radionuclide is deposited from the plume 
by wet deposition (Bq m-2 s-1) is given by 

w = wp 
ApQoWp 

2JtXU 

•••••••••• (3.10) 

and the deposition rate of the daughter nuclide by 

w = wd 
AdQ,oWd 

•••••••••• (3.11) 

(c) Pry deposition 

Dry deposition is the process by which material is removed from the 
plume by impaction with the underlying surface or obstacles on it, such as 
vegetation. The rate at which material is deposited from the plume will 
depend on the nature of the airborne material and the underlying surface 
and can be estimated using the concept of a deposition velocity, Vg• The 
deposition velocity is defined as the ratio of the amount of mater~al 
deposited on the surface per unit area per unit time to the air 
concentration per unit volume at the surface. 

Where the plume is being depleted by dry deposition the air concent
ration of a stable material can be derived by substituting ~D, for Q in 
equation (3.4) where 

0 

•••••••••• (3.12) 

For a radioactive material the air concentrations of the parent and daughter 
can be obtained by making the same substitution after appropriate provision 
is made for radioactive decay as outlined above. For daughter products 
this procedure is valid only where the deposition velocity of both parent 
and daughter nuclides is the same. Otherwise a numerical solution is 
adopted {j .1 !7. 

The rate at which material is deposited from the cloud by dry 
deposition is given by 

-( ) ( -2 -1) w d = Vg X x, o Bq m s 

•••••••••• (3.13) 
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where X (:z:, o) is the ground level air concentration of the parent 
or d&ugnter as appropriate. 

(d) Simultaneous depletion of the plume by yarious meohani81D8 

When the plume is being depleted simultaneously by a combination of 
radioactive decq, wet and dry deposition, the source strength ~ in 
equation (3.4) is replaced by the appropriate combination of factore 
derived above. In the most general case, where all three processes are 
operative, the air concentration of the parent nuclide in the plume is 
derived by substituting the following for Q

0 
in equation (3.4). 

~ -- [''E ~'Elx ]-- [ ~ tj~ _,_ 2::21] 
•••••••••• ().14) 

The concentration of the daughter nuclide is obtained by replacing Q
0 

by: 

XdQo I(Xd+Ad):z:l I(Xp+Ap):z:l] (x + A ) - (x + A ) e:z:p - - - e:z:p - -
p p d d u u 

·- -~ t I ~ ·xp r 2::21] 
•••••••••• ().1.5) 

Equation (3.1.5) holds only where the dry deposition velocity of the parent 
and daughter are the same; otherwise a numerical solution to account for 
dry deposition is adopted. 

3.2.2.3 Exte~ radiation from the plume 

The estimation of e:z:te~ radiation from a plume is in general 
carried out in two stages; first the evaluation of the absorbed dose in air 
followed by the conversion of the absorbed dose in air to dose equivalent 
in appropriate tissues. Different approaches are adopted depending on the 
nature of the radiation. 

3.2.2.3.1 Exte~ irradiation gy photons 

(a) Absorbed dose in air 

Two models are COJIIDOnly used depending on the dimensions of the plume 
and the distribution of the activity within it; they are categorised as the 
semi-infinite and finite cloud models respectively. 

Semi-infinite cloud model 

The estimation of absorbed dose in air from a plume emitting photons is 
most simply achieved by use of a semi-infinite cloud model. Implicit in 
this approach are the assumptions that the air concentration is uniform 
over the volume of the plume from which photons can reach the point at which 
the dose is delivered and that the cloud is in radiative equilibrium. The 
amount of energy absorbed by a given element of cloud is then equal to that 
released by the same element. The absorbed dose rate in air can be 
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D 
'V 
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I.E. 
J J 

.......... (3.16) 

where D is the absorbed dose rate in air (Gy y-1 ) 
'V 

X is the atmospheric concentration of the nuclide (Bq m-3) 

Ej is the initial energy of the photon (MeV) 

Ij is the fraction of photons of initial energy Ej emitted per 
disintegration 

n is the number of photons of particular energies emitted per 
disintegration 

-6 ( -1 -3 -1) k1 = 2.0 10 Gy y per MeV m s 

Where the concentration distribution in the plume is sufficiently 
non-uniform to invalidate this approach, a finite cloud model must be used. 
This latter approach is adopted in ESCLOUD LJ.1!7 for photon energies 
greater than 20 keV since the use of the semi-infinite cloud model can lead 
to large errors over a considerable range of downwind distances, particularly 
for elevated releases. At large distance, when the lateral dimensions of 
the plume are large compared with the mean free path of the photons 
considered, the predictions of both models converge. For photons of less 
than 20 keV energy, a semi-infinite cloud may always be adequate. 

Finite cloud model 

The finite cloud model involves simulating the plume by a series of 
small volume sources and integrating over these sources. There are two 
stages in the calculation, the evaluation of the photon flux at the point 
of interest and the conversion of the photon flux to absorbed dose in air. 
In general a number of photons of differing energy and intensity are 
associated with the decay of a particular nuclide. The procedure for 
estimating the dose for photons of a discrete decay energy is described; 
the evaluation of the dose from the decay of any nuclide is obtained by 
summation over the photon decay energy spectrum. 

The photon flux at a distance from a point source has two components, 
the unscattered and scattered flux. The scattered flux has undergone one 
or more collisions with air molecules and has a different energy from the 
unscattered flux; the latter has an energy equal to that of the decay 
photons. The effective photon flux, F, at a distance, r, from a point 
source is obtained by using a multiple scattering build-up factor and is 
given by: 

F 
q B (E , ~r) e-~r 

4 n; l 
.......... (3.17) 
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where F is the effective flux (v m-2s-1) 

q is the source strength ( v s-1) 

r is the distance from the source (m) 

(m-1) ~ is the linear attenuation coefficient 

B is the energy deposition build up factor and 

E is the initial photon energy (MeV) 
'Y 

The effective flux from a volume element, liV, of a plume with a 
oonoentrationJCper unit volume is obtained b,y replacing q in equation (3.17) 
b,y }C li V. The total effective photon flux, F0 , from the finite cloud is 
obtained b,y integrating this modified expression over all space, ie, 

JCB (Ey ur) e -~r dV 

4 n; r
2 

..... ..... ().18) 

This integ.ra.l is evaluated numerically- in ECLOUD using spherical polar 
co-ordinates with the origin at the point for which the dose is to be 
calculated. The energy deposition build-up factors calculated b,y Berser 
and described in reference {3.1g7 are adopted. 

The absorbed dose rate in air is obtained as the product of the 
effeot!ve fhoton flux and the absorbed dose in air per photon per unit 
area I 3.1 ~/, asBUIIIing the photon to have an energy equal to the decq energy. 
The a~sorbed dose in air per photon per unit area is tabulated in Table 3.2 
as a function of the photon energy. 

(b) Conversion of absorbed dose in air to dose equivalent in body 
~ 

Dose equivalent rates 'in various organs oa.n be derived from the 
absorbed dose rate in air from relationships between these quantities 
derived from the work of Poston and Sny-der {3.1~7. The ratios of the dose 
equivalent rate in the individual organs of interest to the absorbed dose 
rate in air are given in Table 3.2 for the ranse•of initial photon energies 
considered b,y Poston and Sey"der; the gonad dose is derived as the mean of 
the doses in the testes a.nd ovaries. These relationships are applicable 
to irradiation from a semi-infinite cloud but are assumed equally- valid in 
the case of a finite cloud; this assumption is justifiable at all but the 
smallest distances from the release point. This is sufficiently- accurate 
in the present work conoer.ned with the calculation of collective doses. 

The ratio of the effective dose equivalent rate to the absorbed dose 
rate in air is also given in Table 3.2 and is evaluated as the weighted sum 
of the organ dose equivalent rates according to the procedure given in ICRP 
Publication 26 {3.12J, The weighting factors are summarised in Table 3.3 
a.nd the effective dose equivalent rate, BJ:, obtained as 

........ .. (3.19) 
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where wT and Hr are the weighting factor for and dose equivalent rate 
in tissue, T, respectively. 

The weighting factor for "remainder tissues" is used in conjunction with 
the average dose equivalent rate in the five organs, other than the skin 
and organs with specified weighting factors, with the highest dose 
equivalents. 

The procedure adopted to estimate dose equivalents for particular 
nuclides is described fUlly in ESCLOUD LJ·ll7 together with the nuclear data 
adopted which were taken from references /3.16- 3.197. Doses are 
evaluated at the energies specified in Table 3.2 and-values for particular 
nuclides obtained by interpolation at the energies of interest taking into 
account the intensity of the emission at each energy. 

The dose equivalents evaluated are appropriate to individuals out of 
doors during the transit of the plume. Doses to people indoors will be 
significantly lower owing to shielding provided by building structures 
etc. The reduction will depend on the time spent indoors and the nature 
of the buildings but a factor of about 2 is probably representative of the 
degree of overestimation. 

3.2.2.3.2 External irradiation by electrons 

(a) Absorbed dose in air 

The range in air of electrons emitted by the radionuclides of interest 
is in general small (several metres at most) compared to the dimensions of 
the plume and an infinite cloud model can be used to estimate the absorbed 
dose rate. The energy absorbed by a given element of the cloud is equal to 
that released by the same element and the absorbed dose rate in air can be 
expressed as 

I.E. 
J J 

•••••••••• (3.20) 

where D~ is the absorbed dose rate in air (Gy y-1 ) 

JC(x,o) is the ground level concentration (Bq m-3) 

Ej is the mean energy of the particle or conversion electron 
(Me V) 

I. is the fraction of electrons of mean energy Ej emitted per 
J disintegration 

m is the number of ~ particles and conversion electrons of 
particular energies per disintegration 

-6 ( -1 -3 -1) k2 = 4 1 0 Gy y per Me V m s 

In ~ decay the particles are emitted with a spectrum of energies which is 
characterise~ partially by the maximum energy E~. The mean energy of the 
~ p~ticle, Ej' is to a good approximation, equal to one third of the 
maxl.lllUI!l energy: 
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.•.•...... (3.21) 

The nuclear data adopted in the estimation or absorbed dose rates in 
air were taken from references (3.1~7 and (3.127• The absorbed dose rate 
in air per unit air concentration or eaoh nuclide considered is given in 
Table 3.4. 

(b) Conversion or absorbed dose in air to dose egui valent in bod.y 
~ 

The range or electrons in tissue varies with energy but for electron 
energies typical or radioactive decay the range rarely exceeds a few 
millimetres. Consideration can therefore be limited to irradiation of the 
skin. The radioaenei tive cella nearest the skin surface are located at 
the basal layer or the epidermis at a depth or about 70 ~· The dose 
equivalent rate in skin is evaluated from the absorbed dose rate in air, 
allowing for exponential absorption or the electron nux in the 70 ~ layer, 
and is given as 

-Ill • 
0 • .5 e D~ Q.F 

.......... ().22) 
• -1 

where H~ is the dose equivalent rate in skin (Sv y ) 

Q.F is the quality factor for ~ radiation and taken as unity 

11 is the absorption coefficient in tissue and taken as 
inversely proportional to the range in tissue co~eponding 
to the mean energy or the electron considered (m- ) 

1 is the thickness or the epide:t'lllal layer and taken as 7 10-.5 m 

the coefficient 0 • .5 is a conversion factor from the infinite 
geometry since the electrone are unable to penetrate the 
thickness or the body. 

The dose equivalent rate in skin per unit air concentration for eaoh or the 
nuclidee considered is given in Table 3.4. 

The imprecise nature or the estimation or the dose in skin from 
electrons must be stressed. This imprecision arises from theoretical 
difficulties associated with the estimation or electron absorption in the 
epidermis whioh varies in thickness over the body and from practical 
conaideratione such aa absorption by" clothing and other nearby" obJects eg, 
seats, etc. To account for such factors is complex and beyond the scope 
or this study. Nevertheless it must be recognised that because they have 
not been considered the dose equivalents estimated are overestimates. 

3.2.3 Selection or data used in the model 

The Ga.uasian plume model and the procedures for calculating external 
doses from the cloud are implemented in liBCLOUD which is used to establish 
the matrix of results. For a release rate of 1 :Bq s-1 of eaoh nuclide the 
air concentration, deposition rate and _external dose equivalents from photone 
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are evaluated as a function of distance for a range of meteorological 
conditions and range of values of other parameters where appropriate. The 
ranges analysed are sufficiently wide to enable the resulting matrix of 
results to be applied in a site specific manner once the values of the 
appropriate parameters are specified for the particular site. The range of 
conditions evaluated and the values adopted for the various parameters are 
outlined. 

3.2.3.1 Meteorological conditions 

The concentration at any point downwind of a release of radioactivity 
is a function of the degree of atmospheric diffusion. The relationship 
between meteorological quantities and atmospheric diffusion is not well 
understood and several empirically based, qualitative typing schemes have 
been developed in order to solve practical atmospheric diffusion problems. 
Most of these schemes have been reviewed by Gifford L3.2Q7. Within the EC 
the meteorological data measured at the majority of existing nuclear reactor 
sites have been categorised into one of two schemes, those due to Pasquill 
LJ.217and Doury L3.2g7. Calculations have been made for each of these 
schemes and the one selected to calculate the consequences of a release at 
a specific site is determined by the form of the meteorological data 
available. 

(a) Pasquill/Smith/Hosker scheme 

Pasquill L3.217 recommended a procedure for the calculation of the 
horizontal and vertical dispersion of a plume based on experimental 
observations of smoke clouds. He defined six weather categories, A-F, in 
order of increasing atmospheric stability, and for each of these he 
specified values for the wind speed and the vertical and horizontal standard 
deviations of the plume as functions of the downwind distance from the 
source. Smith, L3.2J7 in his scheme, took account of further experimental 
data but instead of discrete categories of atmospheric stability he defined 
stability in terms of a continuous variable, P, ValuesforP of 0.5, 1.5, 
2.5, 3.6, 4.5 and 5.5 are taken to correspond to Pasquill's categories A-F 
respectively, Smith solved the diffusion equation numerically over a range 
of atmospheric conditions and windspeeds, matching the value of uz to the 
data. This allowed a further parameter to be introduced into the calculat
ions, the ground roughness length, The roughness length is a measure of the 
mechanical turbulence introduced into the atmosphere by the roughness of 
the underlying surface; its value varies from less than 1 cm for water to 
in excess of 1 m for urban areas. In this study an intermediate value of 
the surface roughness length of 10 cm, typical of a rural area, is assumed. 
To facilitate numerical analysis Hosker L3.2~7 fitted equations to Smith's 
results which were presented graphically out to distances of 100 km, For a 
roughness length of 10 cm the equation has the form 

b 
ax 

d + C X 

.......... (3.23) 

Values for the coefficients a, b, c, d are given in Table 3,5, This 
representation for uz is used in this study and assumed to apply over all 
distances considered. 
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(b) Dourx scheme 

From a review o£ experimental data Dour,y LJ.2g7 derived a relationship 
between the vertical sta.nda.rd deviation or the plume, uz, and the time or 
travel t, (x/U). The relationship has the £om 

u = (At)k 
z 

•••••••••• (3. 24) 

Two variations o£ u z with time are considered and categorised as nomal 
and poor diffusion; combining these with different windspeeds a range or 
dispersion conditions may be accommodated. The values or A and k for a 
variety or travel times in each diffusion category are given in Table 3.6. 
These values are assumed to be valid over all times and distances or 
interest in this study. For each diffusion category three different wind 
speeds are considered (see Table 3.6). 

A further parameter which may have a considerable influence on the 
degree or dispersion is the depth or the mixing 1S¥er; vertical turbulent 
mixing virtually ceases at the top or this lqer. The depth or the mixing 
1S¥er varies with the prevailing meteorological conditions; there is 
variation from one atmospheric stability category to another as well as 
within individual categories. Representative values or the depth or the 
mixing 1S¥er have been adopted in this study and they are summa.rised in 
Table 3.7 for the respective stability categories; it is recognised however 
that in reality there may be significant variation about these values. 

3.2.3.2 Rainfall 

Rain is only considered possible in Fasquill's categories C and D and 
under Dour,y's nomal diffusion conditions. In these conditions ~en it is 
raining the value o£ the washout coefficient, A, is taken as 10- s-1 for all 
radionuclides except the noble gases, which are assumed not to be washed 
out. Carbon-14 and tritium are assumed to be returned to the atmosphere 
after washout in a timesoale short compared with their half-lives; in 
estimating the downwind airborne concentrations or these nuclides no 
allowance is therefore made for washout. The washout coefficient varies 
considerably with,£or e:x:ample,the ror.m and intensity or the precipitation, 
and the chemical and physical properties or the radioactive partiaulate 
/3.2r;)J. The value adopted is appropriate to small particulate material and 
a. ralnrall rate or a few millimetres per hour, which is typical or rainfall 
rates in Western Europe. 

The estimation o£ dispersion under Pasquill categories C and D and 
under Doury nomal conditions must therefore be evaluated with and without 
rainfall. The implication is that five or the twelve dispersion conditions 
identified in Section 3.2.3.1 must be evaluated in these two modes. 

3.2.3.3 Deposition Velocity 

The deposition velocity is variable over several orders or magnitude, 
(eg, see Slinn LJ.257), and depends on the size o£ the particle or the 
reactivity or the gas, the nature or the underlying surface and th~ 
meteorological conditions. A single representative value or 5 10-~ s-1 is 
used for all radionuclides considered in this study except for the noble 
gases, which are assumed not to deposit, and for the organic £or.ms o£ 
iodine. The value is typical or particles of aerodynamic diameter or 
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several microns depositing on a wide variety of surfaces. The representative 
nature of this value, chosen for use in this generic assessment, must be 
recognised; if attention were to be given to a particular radionuclide 
having a well defined physico-chemical form an alternative value may be more 
appropriate. 

The estimation of the deposition of iodine is particularly complex 
/).267 and a relatively simple approach is adopted in this study. The 
deposition velocity of iodine varies considerably with its chemical form 
which may also change as the material is dispersed. For inorganic forms of 
iodine a deposition velocity of 5 10-~ s-1 is reasonably representative; 
the d§position velocity of organic forms is however much lower, a value of 
5 10-~m s-1 being typical. As both inorganic and organic forms of iodine 
are commonly encountered ineffluentsfrom nuclear installations the 
deposition of iodine in the respective forms is evaluated. In estimating 
the deposition the iodine is assumed to remain in the form in which it is 
released while recognising that, in reality some changes would occur which 
could significantly alter the spatial pattern of deposition. 

For the reasons expounded in Section 3.2.3.2 no allowance is made for 
the dry deposition of carbon-14 and tritium in estimating the downwind air 
concentrations. 

3.2.3.4 Release hei@Gts 

The height of release may significantly affect the air concentration 
of a nuclide downwind of the release point, particularly close to the 
release. Two heights of release are investigated in this assessment, 30 m 
and 100 m, and they were chosen as typical of the range of heights at which 
effluents are released from various types of nuclear installation in the 
EUropean Community. At some installations even greater heights of release 
may be experienced; in such cases the use of the data derived for the 
release heights specified would be conservative. No account is taken in 
this study of the possible further elevation of the plume due to its 
momentum and buoyancy at the time of release or of any subsequent self 
heating due to radioactive decay or chemical changes within the plume. 

3.2,4 Summary of selected results from the matrix 

The air concentration, deposition rate, and dose equivalents from external 
radiation from the plume have been evaluated as a function of distance for 
a release rate of 1 Bq s-1 of each nuclide, assuming a uniform windrose 
Results have been obtained for releases in each of the meteorological 
conditions considered and for releases at effective heights of 30 m and 
100 m. A small selection of the matrix of results generated is illustrated 
in Tables 3.8- 3.11; air concentration, deposition rate, effective dose 
equivalent from photons and dose equivalent in skin from electrons are 
tabulated, respectively, for some nuclides at selected distances. The 
results correspond to a release from an effective stack height of 30 m in 
Pasquill category D conditions; similar results for each of the other 
meteorological conditions and release heights, for all of the radionuclides 
considered, are contained in the matrix at a considerably greater number 
of distances. 

Some of the more important features of the results are illustrated in 
Figures 3.1 to 3.4. The variation of air concentration assuming a uniform 
windrose of a long lived non-depositing radionuclide released at different 
heights in various meteorological conditions is shown in Figure 3.1. Two 
features are apparent. The peak air concentration for a release in a 
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particular weather categor,v decreases with increasing heignt of release and 
it also occurs further downwind. The air concentration is seen to var,y 
significantly with meteorological conditions and the variation, at greater 
distances where the heignt of release no longer has an influence, is 
typically more than an order of magnitude. 

The air concentration as a function of distance, for unit release of 
several noble gases of various radioactive half-lives, are shown in Figure 
3.2. The concentrations correspond to releasee from an effective stack 
heignt of 100 m in Pasquill category A conditions. The influence of 
radioactive deoq in reducing the concentrations of the shorter lived nuclides 
at long distances is clearly illustrated. The different pattern of variation 
of air concentration with distance of a daugnter nuclide is also shown, 
the lees rapid rate of decrease in its concentration with distance, at 
intexmediate distances, is a consequence of its accumulation in the plume 
owing to deoq of its parent. 

The variation with distance of the air concentration and effective dose 
equivalent rate from external v radiation from the cloud for unit release 
of krypton-85 at different release heignts is shown in Figure 3.3. Althougn 
there are very larse differences in ground level air concentrations at short 
distances for releases at different heignts (several orders of magnitude)• 
the difference in the effective dose equivalent rates from external v 
radiation is small (within a factor of about 2). The marked difference in 
air concentration is a consequence of the plume not having reached the 
ground in the case of the more elevated release; the effect on the dose from 
external v radiation, however, is 11111ch smaller owing to the mean free path 
of the v rays being comparable with the elevation of the respective plumes. 

The removal of activity from the plume as it travels downwind is 
illustrated in Figure 3.4. The relative importance of dry deposition 
processes for releases in various dispersion conditions is indicated for 
plutonium-239 as an example, for which radioactive decq is negligible. The 
11111ch greater fraction of organic forms of iodine-129 reme:lning in the plume 
is also shown, a consequence of the 11111ch lower dry deposition velocity 
assumed for these forms, which illustrates the dependence of these curves 
on the value of deposition velocity chosen. The influence of radioactive 
decay can be ascertained by contrasting the remaining fractions of 
plutonium-239 and xenon-133m for release in the same dispersion conditions. 

3.2.5 Site specific application of the matrix of results 

The matrix of results derived assuming a uniform windrose and for a 
ranse of meteorological conditions can be used to evaluate armual averase 
air concentrations, deposition rates, and external doses as a function of 
distance and direction from the release of a spectrum of radionuclides 
from any site subject to the specification of appropriate site parameters; 
these parameters include the heignt of release, the windrose, the spectrum 
of meteorological conditions and the nuclides released. In effect the 
procedure comprises the evaluation of weignted mean air concentrations 
(and other appropriate parameters,eg, cloud y dose, ground deposition rate 
etc) in particular sectors and as a function of distance with respect to 
the discharge location; the weignting is applied according to the frequency 
with which the wind blows into that sector and the associated spectrum of 
meteorological conditions appropriate to the discharse location. This 
procedure is approximate in a number of respects, in particular in the 
assumptions that the direction and meteorological conditions experienced by 
the plume remain constant througnout its transit. In addition, implicit 
in the approach adopted to estimate cloud y doses, is the assumption 



- 29-

that the wind frequency and spectrum of meteorological conditions in 
neighbouring sectors are identical to those in the sector under consideration. 
The imprecision introduced by these approximations is not however considered 
significant in the context of the overall uncertainty involved in the dose 
estimation. 

(a) Annual average air concentration 

The annual average air concentration of a nuclide, i, and,in polar 
co-ordinates, at a distance, d, and in a sector in the direction 8 is 
evaluated as 

C(i,d, 8) 

where Q (i) 
0 

X
0
(i,c,d) 

N Q (i) EX (i,c,d) f(8,c) 
0 c 0 

00 0000 oooo(3.25) 

is the release rate of nuclide, i, (Bq s-1) 

is the air concentration per unit release rate of nuclide, 
i, in a dispersion condition, c, and assuming a uniform 
windrose (Bq m-3 per Bq s-1) 

f(8,c) is the fraction of time a particular dispersion condition, 
c, exists with the wind in the sector of direction 8 and 
of width 360°/.N 

where N is the number of sectors in the windrose 

(b) Annual average intake by inhalation 

The annual average intake by inhalation of nuclide, i, at (d, 8) can 
be evaluated from the air concentration as 

Iinh(i,d,8) = C(i,d,8) R 

00 00 00 00 oo(3.26) 

where R is the mean adult annual breathing rate and is equal to 

8030m3 per Y LJ.217 

The committed effective dose equivalent together with the doses in various 
organs can be derived from this annual intake as 

(Sv from intakes in a 
year) 

00 0 00 00 00 .(3.27) 

where Hinh(i) is the committed effective dose equivalent from intake 
of nuclide, i, by inhalation (Sv per Bq), 

The evaluation of Hinh for the nuclides of interest is described in Chapter 6, 
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Fbr the release of a spectrum of nuclides the committed effective 
dose equivalent from the annual inta.k:e of all nuclides is obtained as 

(c) Annual deposition rate and external doses 

(Sv from inta.k:es in a 
year) 

•••••••••• ().28) 

In the same manner, the ave~ deposition rate (w), cloud v effective 
(and org&Il) dose equivalent rates {H ), and cloud ~ dose equivalent rates 
in skin (~s) can be derived at (d,B)vfor the release of nuclide, i. They 
can be expressed as 

w (i,d,8) 

H (i,d, 8) 
V 

. 
H~ (i,d,O) 

N Q (i) E G (i,c,d) f(B,c) 
0 c 

= N ~(i) E HG(i,a,d) f(O,c) 
c 

N Q (i) E HB(i,c,d) f(B,c) 
0 c 

. . 

( -2 -1) Bq m s 

••••.••••• ().29) 

..•....•.. (J.JO) 

.......... (3.31) 

where G(i,c,d), BG(i,c,d) and HB(i,c,d) are the deposition rate 
(Bq m-2 s-1 ~er Bq s-1), cloud v effective dose equivalent 
rate (Sv y-1) and cloud ~ dose equivalent rate in skin 
(Sv y-1), respectively, for unit release of nuclide, i, 
in dispersion condition, c, assuming a uniform windrose. 

The cloud v effective dose equivalent and cloud ~ dose equivalent in 
skin for the total release can be obtained by summation over the spectrum 
of nuclides. 
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Global dispersion of radionuclides released to the 
atmosnhere 

The atmospheric dispersion models previously described apply to 
the first pass of the activity as it disperses downwind. Activity 
remaining in the plume after it has travelled beyond the boundaries 
of the EC will, if not sub~equently deposited, continue to disperse 
throughout the troposphere and if sufficiently long-lived become globally 
distributed, thus leading to further exposure of the EC population. 

The fraction of a stable, or long-lived, nuclide remaining in the 
plume at a range of downwind distances is shown in Table ).12 for releases 
in selected dispersion conditions. For nuclides whose deposition velocity 
is assumed to be 5 1Q-}m s-1 the fractions remaining in the plume beyond 
the boundaries of the European Community are small and will not qave 
any significant global impact. For a deposition velocity of 5 1o-5m s-1 
(chosen to characterise the deposition of organic forms of iodine) the 
removal from the plume is much less. The subsequent dispersion of long-
lived iodine radionuclide released in the organic form must be considered; 
in reality however changes in chemical form ae organic iodine is transported 
downwind may result in greater removal from the plume than indicated in 
Table 3.12. The noble gases do not deposit from the atmosphere to any 
significant extent and if sufficiently long-lived will become globally 
dispersed; of the noble gases onlykr~on-85 has a half-life long enough 
for it to be considered in a global context. 

Some radionuclides are very mobile in the environment and even if 
deposited from the atmosphere may be recirculated in a timescale short 
compared with their radioactive half-lives. Tritium and carbon-14 are 
particular examples of radionuclides of this type; their involvement 
in many physical and biological processes leads to fairly rapid 
and widespread dispersion and ultimately to global circulation. 

The only other nuclide which needs to be considered in a global 
context is iodine-129 owing to its extremely long radioactive half-life 

(1.57 107 y) and relative mobility, which however is somewhat less than 
that for tritium or carbon-14. By far the majority of iodine-129, 
irrespective of its chemical form will be deposited in its first pass 
over the earth's surface; however, owing to the above factors it may 
subsequently become generally dispersed throughout the global iodine 
pool in a time short compared with its radioactive half-life. 

The models adopted to eval~te the global dispersion and subsequent 
exposure of the population of the European Community after the first 
pass of activity released to the atmosphere, are described in Chapter 5. 
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3.3 Transfer of radionuclides througb the terrestrial environment 

3.3.1 Introduction 

Radioactive material deposited from the atmospher& onto land 
surfaces will be transferred through the terrestrial environment and 
~ ~ead. to. irradiation of man by three main routes; inhalati<?fl of 
resuspended aetivity, extemal irradiation and ingestion of contaminated 
foodstuffs. Models hav~ been developed which describe the transfer of 
activity from the atmosphere to land surfaces, its subsequent transfer 
through the terrestrial environment and the pathways by which man may 
be exposed. 

·Each model is described in the following sections and they are 
applied to evaluate the time integrals of resuspended air concentration, 
of external dose and of activity transferred to selected food products 
as a fwlction of time after the continuous deposition on unit area of 
land of each radionuclide for a year at unit rate. The matrix of results 
obtained, when combined with the results from application of the atmospheric 
dispersion model and the spatial distributions of population and agricultural 
yields, can be U.Sed to assess the exposure of the population via the 
terrestrial environment following the release of activity to the atmosphere. 

3.3.2 Resuspension of deposited activity 

In the ~suspension process surface particles become airborne 
due to physical disturbances. In the out-door environment, surface 
disturbances are usually created by the action of wind or rain or by 
human or animal activities. The magnitude and time dependence of the 
process varies depending on the type of surface and the nature of the 
disturbance. The resuspension of radioactive particles from surfaces 
can continue long after their initial deposition and so the mechanism 
is usually of most significance for long-liv.ed radionuclides, especially 
those which are less readily transferred through foodchains, for example 
plutonium. 

Resuspension mechanisms can be broadly subdivided into man-made 
and wind-driven disturbances •. Resuspension caused by man-made disturbances 
such as vehicular traffic, digging and farming activities is usually 
localised. Its magnitude is variable depending on the nature of the 
disturbance and evaluation of the irradiation of individuals due to 
localised resuspension reqllires habit surveys in which occupational 
factors must be identified. While localised resuspension could be an 
important exposure pathw~ for particular individuals, in terms of 

·collective dose in populations the wind-driven mechanism is likely to 
be more important. This study is concerned particularly with the 
assessment of detriment to the exposed population; localised resuspension 
is not c6nsidered further. 

The proc.ess of wind-driven re suspension is complex and resuspension 
models tend to describe experimental observations of airborne levels 
above a contaminated surface rather than mechanisms. The availability 
of material for resuspension varies with surface type and resuspension 
from undisturbed and ploughed soils as well as from urban surfaces 
is considered. Compared with undisturbed surfaces, ploughing and 
cultivation of land on which deposition has occurred is expected to 
reduce the initial wind-driven resuspended air concentration because of 
dilution of the contaminant surface l~er. At long times, however, 
ploughing may enhance the resuspended air concentration by raturning 
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activity to the soil surface, Wind-driven resuspension from urban 
surfaces has received little attention, The mechanisms involved in the 
removal of deposits from urban surfaces are different from those from 
agricultural land but no quantitative data are available. 

3.3.2.1 Review of resuspension data 

The majority of experimental observations of resuspension in 
the outdoors environment has been made of plutonium from undisturbed 
surfaces at nuclear weapons test sites in semi-arid conditions L).2~. 
The resuspended air concentration is observed to decline with time after 
the material is first deposited. The decline is due to the surface 
deposit becoming progressively less available for resuspension as a 
result of chemical and physical changes. For example, soil analyses 
have shown plutonium~articles to become attached to larger less mobile 
soil particles LJ.2~. Some decline in surface availability due to 
penetration processes and to losses due to resuspension and subsequent 
dispersion also occurs but these processes alone are insufficient to 
account for the magnitude of the observed decline in air concentration 
within a few month~~(or years) of the initial deposition (reduction 
factors of 1o3 to 1U/), After a few years when deposits on undisturbed 
surfaces have 'aged' the ~suspended air concentration appears to reach 
an essentially constant level, at least over the period while observations 
have been made, typically 20 years, 

Observations of the relationship between surface and resuspended 
air contamination have been related by means of the resuspension factor, K 

K(m-1) where Resuspended air concentration (Bg m-3) 

Surface deposit (Bq m-2) 
•••• (J.J2) 

The use of this factor is a convenient way of expressing the observed 
relationship between surface and air contamination but its physical 
significance is limited, In the absence of an adequate model to describe 
the physical processes of resuspension the factor is used in this study 
to assess resuspended air concentrations. Data on resuspension have 
recently been reviewed by Linsley LJ.2~. Most of the measurements 
relate to the resuspension of plutonium from undisturbed surfaces in 
semi-arid environments. The~e measurements indicate that K declines 
fro~ values in the range 1o-4 to 10-6 m-1 shortly after deposition to 
1o- - 1o-9 m-1 after a few years, The time taken for the decline in 
resuspension factor to occur has been variously assumed to be in the 
range 2 to 17 years. The initial values of resuspension factor apply 
to the whole of the deposit which is present as a thin surface layer 
shortly after deposition. For aged deposits the reported values variously 
relate to the whole of the deposit, even if it is distributed to a depth 
of 20 cm, or the amount present in the top 1 cm soil layer. In the model 
developed in the next section, the convention is adopted that the values for 
K correspond to the whole of the deposit. 

The applicability of the above values and their time dependence 
to European conditions, where soils tend to be more moist and where there 
is greater vegetative cover, is uncertain, There is, however, eome support 
for their validity from measurements over deposits of uranium in soils 
L).3Q7 in the UK which suggest that 1o-9 m-1 may be an appropriate, if 
conservative value of K for aged deposits. The lower end of the range 
of time period reported (2 to 17 years) for the decline of resuspension 
factor from its initial levels to values of the order of 10-9 m-1 is 
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considered to be most appropriate to European conditions, where the 
effects of rainfall and vegetative cover might be expected to inhibit 
resuspension. 

Measurements over aged deposits give values of resuspension factor 
in the region of 1o-9 m-1 at up to 20 years (the extent of the measurements) 
after the deposition event. At longer times it seems likely that 
resuspension over undisturbed soils will decline still further as a result 
of the gradual removal of the resuspensible contaminant by further penetration 
and consolidation; for ploughed surfaces while the initial decline is likely 
to be more rapid it may be slower in the longer term due to the regular 
return of activity to the surface, 

The observations of time dependent changes of resuspended air 
concentrations reported above in terms of resuspension factors, relate 
to average wind conditions. While such averaged values are appropriate 
for use in assessing, for example annual average resuspended air concentratiDns, 
the instantaneous values of air concentration will vary considerably with 
meteorological conditions, particularly wind velocity, 

Few data are available on the resuspension of elements other than 
plutonium and the model developed in this study for plutonium is assumed 
for all nuclides, 

}.}.2.2, Resuspension model 

The model used in this study is based on a time-dependent resuspension 
factor. The value of the resuspension factor immediately after deposition 
is uncer~ain and a value intermediate in the reported range is adopted 
(K = 1Q-5 m-1) while recognising that this may be an overestimate for 
some of the damper European climates, In particular, the value is considered 
to be over-conservative for situations where surface deposition is occurring 
by washout(ie, wet deposition), Under these conditions the contaminant is 
likely to become associated with soil particles more rapidly than in dry 
deposition and some penetration into the soil surface may occur, 

The resuspension factor is assumed to decline exponentially from the 
initial value to one typical of an aged deposit ( 1o-9 mr1) within a 2 
year period, This reduction is consistent with a half-life of about 0.15 
years, 

Observations of the time dependence of resuspension are limited 
to~llow-up periods of about 20 years after deposition. The processes 
governing the subsequent decline in the rate of resuspension are complex; 
changes in physico-chemical form, variation in the nature of the surface, 
and rate of downwards migration all have an influence. The insufficiencies 
in the data in this area are such that any estimate of the subsequent rate 
of decline must be speculative. From consideration of the migration data 
for plutonium, strontium and caesium (see Section 3.3.3.2) a half-life 
of 100 years is adopted in this study for the longer term rate of decline 
of the resuspension factor. The speculative nature of this estimate must 
however be recognised. This half-life is assumed applicable to the 
resuspension of all ele~ents. For those elements which migrate through 
soil somewhat faster than plutonium (eg, iodine) their resuspension is 
likely to be overestimated as a consequence of this assumption. 

The data on resuspension are considered insufficiently precise 
to warrant a distinction being made between undisturbed and ploughed land. 
The same model is therefore adopted for resuspension from all land surfaces. 
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The resuspension model is based on the relationship: 

K = 10-5 exp (-( A1 + A2 + A )t) + 10-9 exp (-( A2 + A )t) 

•••••••• (3.33) 

where K is the resuspension factor,(m-1 ) 

t is the time after the initial deposition,(s) 

A1 is the decay constant for the initial decline in the 
resuspension facto:t( s-1 ) 

A2 is the decay constant for the longer term decline in the 
resuspension factor (s-1) 

A is the radioactive decay constant of the nuclide of interest 
(s-\ 

The values of A1 and A2 are 1,46 x 10-7 s-1 and 2.2 x 10-10 s-1 and 
correspond to half-lives of 0.15 years and 100 years respectively, 

The integrated resuspended air concentration, IR, to time t 2 
resulting from the deposition of a radionuclide continuously for 
1 year at a rate of 1 Bq s-1 m-2 can be expressed as 

K(t)dt 

......... (3.34) 

where t is in seconds. 

For t2 - e» , the integral can be written explicitly as 

!
C» 

3.15x107 

0 

K(t)dt 

......... (3.35) 

The integrated resuspended air concentrations of daughter 
products, where they are important, can be evaluated in a similar manner. 

The relationship developed in equation (3.25) is based entirely 
on data related to undisturbed surfaces in rural environments, The 
initial value of the resuspension factor from urban surfaces may be 
of the same order as observed in rural conditions but the mechanisms 
determining the subsequent behaviour of material or1 the respective 
surfaces may be very different. The magnitude of resuspension from 
the respective surfaces is contrasted in Appendix 3.1; in the case of 
urban surfaces rainfall and subsequent wash-off is assumed the sole 
mechanism for reducing resuspension. The integrated resuspended air 
concentration above rural surfaces is shown in Appendix 3.1 to be greater 
than that above urban surfaces. Bearing in mind the uncertainties 
involved in the comparison the conservative assumption is made that the 
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model for resuspension above rural surfaces is also applicable to urban 
surfaces. 

3.3.2.3. Results of the resuspension model 

A matrix of results has been evaluated comprising the time integral 
(to various times) of the resuspended air concentration of each nuclide 
above a surface on which the nuclide has been deposited at a rate of 
1 Bq m-2 s-1 for a year. The resuspension factor adopted is independent 
of the deposited element and variation in the integrated air concentration 
fromone nuclide to another is solely a function of radioactive half-life. 
The variation of the integrated resuspended air concentration with 
radioactive half-life is illustrated in Figure 3.5. For half-lives in 
excess of about 1 year the integrated resuspended air concentration reaches 
a constant level determined primarily by the initial rate at which the 
resuspension factor declines. Integrals of resuspended air concentration 
to different times show that by far the largest contribution comes in the 
first year, and even for long-lived radionuclides the integral to infinity 
only increases by a further 3~ over that at the end of the first year. 

The integrated air concentration above the surface during the deposition 
process (assuming dry deposition only) is contrasted with the resuspended air 
concentration in Figure 3.5. The former is inversely proportional to the 
deposition velocity assumed for dry deposition and the value in Figure 3.S 
is derived for a deposition velocity of 5.1o-3 m s-1. For this value of 
deposition velocity the time integrals of resuspended air concentration 
are always smaller than the integrated air concentration during the dry 
deposition; for long lived nuclides the ratio between these two quantities 
is 0.36. The resuspended air concentration would only become comparable 
with that during dry deposition for deposition velocities in excess of 
1o-2m s-1. Thus, while the uncertainties in estimating resuspension are 
considerable, they are unlikely to have a significant effect on the overall 
detriment under conditions of dry deposition. 

In addition to dry deposition, activity may be deposited by washout. 
Depending on its magnitude the latter may influence the relative importance 
of the integrated air concentrations during deposition and subsequent 
re suspension. It is difficult to generalise on this matter since much 
depends on the meteorological conditions considered. However the potential 
exists for the relative importance of the respective concentrations to 
be altered from that indicated above. It should be noted however that the 
same resuspension factor is assumed to apply to activity deposited under 
dry and wet conditions and that this will overestimate the significance 
of the latter. 

The time dependence of the initial and resuspended air concentrations 
and their time integrals are show.n for two nuclides plutonium-239 and 
ruthenium-103, with significantl~ different radioactive half-lives in Figure 
3.6; their half-lives are 2.441QLI- yand0.108 yrespectively. Within 1 year 
of deposition ceasing, the resuspended air concentration of ruthenium.-103 
has declined by five orders of magnitude compared with that of plutonium.-239 
which declines by two orders of magnitude. In subsequent years the resuspended 
air concentration of the relatively short-lived ruthenium nuclide continues 
to decline rapidly whereas the resuspended air concentration of plutonium.-239 
levels off after another year. The longer term decline of the resuspended 
air concentration of plutonium-239 is associated with the predicted reduction 
in availability of material for resuspension due to consolidation and pene
tration processes. 
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The transfer of nuclides througp the terrestrial 
environment into food chains 

Introduction 

The transfer of radionuclides through the terrestrial environment 
into foodstuffs is complex; many processes are involved and much depends 
on the nature of the nuclide, the environment and the contaminating 
mechanism being considered. The more important processes include migration 
into soil and the transfer of activity from soil to plants and from plants 
to animals, all by several mechanisms. In modelling i;he movement of 
activity through the terrestrial environment a modular approach L3.3i7 
is adopted owing to the multiplicity of pathways and processes that must 
be considered. Each module is concerned with a particular process for 
which there may be more than one module; the development of more than 
one module per process may reflect the need for models of differing 
complexity or for models tailored to accommodate the available environmental 
data which may be in varied forms. The modules L).3i7 can be combined in 
various ways to describe the movement of activity thrC>ugh the terrestrial 
environment in a manner most appropriate to the prevailing circumstances. 
While they were developed in the context of land contamination from activity 
deposited frOm the atmosp~ere the models are general in nature and can be 
applied equally to other modes of deposition - for example, irrigation, 
with appropriate choice of parameters. 

In the past most models developed to evaluate the irradiation of 
man from the transfer of activity to foodstuffs have been based on the 
assumption of "quasi-equilibrium" between the respective parts of the 
environment. Under such conditions the amounts of activity in different 
parts of the environment can be related by simple concentration factors. 
An example of this approach is the derivation of a relationship between 
the concentration of iodine-131 in cows' milk and the deposition rate of 
iodine-131 on pasture assuming the process to be continuous L).3i7. For 
long-lived nuclides or releases of relatively short duration the assumption 
of "quasi-equilibrium" between all parts of the foodchain may not be valid 
and account must be taken of the time dependence of particular processes. 
The models L).3i7 utilised in this study are dynamic in nature and enable 
the important time dependent processes to be evaluated where appropriate. 

Early laboratory and field studies established that the radionuclides 
of strontium, caesium and iodine are the most important for transfer into 
foodchains following releases to atmosphere of mixed fission products, 
particularly in the case of fall-out from the atmospheric testing of 
nuclear weapons. Consequently the movement of these elements through 
the foodchains to man have been the most comprehensively studied. In 
general the transfer of other nuclides which may be contained in airborne 
effluents from nuclear installations is relatively less well understood, 
although in recent years further data have been accumulated for several 
potentially important nuclides, particularly for those of the transuranium 
elements. In many cases the reliability that can be ascribed to the 
transfer data is very variable, This may be due to the paucity of data 
or to the real variation in the value of a transfer parameter with different 
plant species or soil composition. One of the greatest areas of uncertainty 
in assessing the long-term transfer of activity to foodstuffs is the 
prediction of the migration of nuclides down through soil and of any physical 
or biochemical processes that modify their availability for uptake into 
plants with time. Similarly only limited data are available on the intake 
and transfer of many elements in grazing animals and the quality of these 
data determine to some extent the nature of the models used in this study 
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for particular parts of the foodchain. For example, two models of varying 
complexity are used to assess the metabolism of activity taken in by grazing 
animals. 

The transfer through the terrestrial environment to foodchains of 
radionuclides listed in Table ).1, with the exception of tritium and carbon-
14 is modelled using the general methodology described in the following 
sections. The exchange processes between atmosphere, vegetation and soil 
for tritium and carbon-14 differ from those of the other nuclides in 
several respects. For tritium and carbon-14 a simplified procedure, 
comprising the use of a specific activity approach LJ.J~7 has been adopted. 

The number of foodstuffs consumed by man is considerable. With the 
exception of a few nuclides, data on the transfer processes of radionuclides 
in a wide range of different plant types are limited. For this study there
fore the various foodstuffs have been grouped into a number of categories; 
these were selected from consideration of the components of the average diet 
in the European Community and by distinguishing the crop types for which 
the same contamination mechanisms are important. The categories selected 
comprise grain products, green vegetables, root vegetables, meat, liver and 
milk products. Few transfer data are available for fruit crops and these 
are categorised with green vegetables in this study. The data on the 
transfer of radionuclides to animal produce (meat, liver and milk) are 
limited and consideration is limited to cattle and sheep. The transfer of 
radionuclides to produce from other animals is estimated where appropriate 
by analogy with the transfer to sheep or cattle. 

It is recognized that products derived from other animals contribute 
significantly to man's diet, in particular, products derived from pigs and 
chickens. However the intake of activity by these animals is variable 
depending on feeding practices especially when they are reared in an indoor 
environment; further, little information exists on the metabolism of the 
elements being considered in these animals, In view of these considerations 
such animals have been omitted from consideration in this methodology 
although their potential importance is recognised. 

:~e modules developed to describe the three principle processes that 
influence the transfer of radionuclides through foodohains to man are out
lined in the following sections; the three processes comprise migration of 
radionuclides in soil, transfer to plants and transfer to animals. The 
technique of campartmental analysis is adopted to model the transfer of 
activity through each system. The technique in its most general form is 
summa.rised in Appendix 3.2 and in essence involves the representation of the 
system being considered by a series of compartments. Activity can be 
transferred between compartments according to prescribed transfer rates and 
within each compartment uniform mixing is assumed, 

),),),2 Migration or radionuclides in soil 

Migration into soil, together with radioactive deoa.y, are the principal 
mechanisms which determine the time dependence or the uptake or radionuclides 
into plants and animal products following the deposition of activity onto 
land, For some elements, however, changes in chemical form a.ffect their 
availability for uptake by roots. Many pa.ra.meters influence the rate of 
migration, particularly the nature or the element and its chemical form, soil 
composition, climate and rainfall, Agricultural land can be categorised into 
one of two types for the purposes of modelling migration: undisturbed land 
(eg, permanent pasture) or land where the soil is kept well mixed by frequent 
ploughing or cultivation, Two models have been developed to represent 
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migration in the respective conditions and their main features are outlined. 

(a) Model for well mixed soil 

Diagram 3·3 Schematic diagram of well-mixed soil model 

Well Mixed 

Soil 

K ,, 11 

0 cm 

30 cm 

The model, shown schematically above, is intended to represent 
land which is ploughed or cultivated annually or more frequently. The 
contaminant is assumed to be uniformly mixed and equally available 
through the top 30 cm of soil; the choice of a depth of 30 cm encompasses 
the variation in depth of the root zones of most plants. Implicit in 
this approach is the assumption that the uniform profile is not signifi
cantly altered by migration in the intervening period between ploughing 
or cultivation; this assumption is in general valid for the nuclides 
considered in this study. Loss from the root zone occurs by downwards 
penetration processes of which diffusion and transport along with general 
water movement are the most important; the rate of loss is determined 
by the transfer coefficient, K11 • 

(b) Model for undisturbed land 

Diagram 1.4 Schematic diagram of the model for undisturbed land 
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The model, show.n schematically above, is intended to represent 
migration through undisturbed agricultural land of which permanent pasture 
is an example. The movement of the contaminant through the soil column 
is represented by a series of transfers between compartments of varying 
depth; within each compartment the contaminant is assumed to be uniformly 
mixed. The rates of transfer are determined by the transfer coefficients 
K12 - !44· The selection of compartments is a compromise between ensuring 
an adequate representation of the migration processes and including those 
that have physical significance for other parts of the terrestrial model. 
For example, resuepension of the contaminant onto plant surfces is assumed 
to ~e derived solely from the top 1 cm of soil, that is, the surface 
compartment. Soil, which is coneumed inadvertently by animals is also 
assumed to be derived from the top 1 cm l~cyer. The root sone of paeture 

grass is considered to extend to 15 cm in depth and the contaminant 
present 1n each of the upper three compartments is available for root uptake. 

Migration into soils has only been studied for a limited number of 
elements mainly those lens-lived radionuclides which are present in nuclear 
weapons fall-out, in particular nuclides of caesium, strontium and plutonium. 
In addition there are some migration data available, particularly for 
plutonium, from single deposits on the ground following tests and accidents 
with nuclear devices L.i.34, 3.YiJ and leakage of radioactive material at a 
nuclear facility L).3§V. The rate of movement into the soil for caesium, 
strontium and plutonium is sla~~, although there is significant variation 
between the results of the various observations due to differences in soil 
composition and annual rainfall. None of the observations extends beyond 
30 years after the deposition event. 

In view of the limited data on soil migration the transfer coefficients 
used in the model in this assessment are based on the soil migration data 
for plutonium and are assumed applicable to all other elements. This approach 
is considered realistic for elements such as caesium and strontium which 
appear to migrate at a similar rate to plutonium, but for more mobile elements 
such as iodine L).3J7 the approach is conservative. The transfer coefficients 
have been derived from experimental measurements of the migration of single 
deposits of plutonium in various soils L).34- 3.3f7 and are summarised in 
Table 3.13. The observed rates of migration show considerable variation 
with soil type and the transfer coefficients adopted are those which give 
the best overall fit. The precision of the fit is indicated in Table 3.14 
where the predictions of the model are contrasted with the experimental 
measurements. 

Observations of the migration of plutonium in soils have only been 
made for periods extending to about 30 years after the initial deposition. 
Any estimate of the rate of migration at greater times must therefore be 
speculative. From a review and extrapolation of the migration data for 
plutonium, strontium and caesium a judgement has been made that a half
life of 100 yeare can be taken as representative of the rate of removal 
of activity from the top 30cm of soil (or a half-life of 50 years for 
removal from the 15 - 30 cm zone in the undisturbed model). The 
speculative nature of this estimate must however be recognised. The 
transfer coefficients K11 and KLh in the well mixed and undisturbed soil 
models, respectively, are consistent with the above half-lives. The 
transfer coefficients given in Table 3.13 relate to the migration of a 
stable nuclide; radioactive decay, or ingrowth of daughter products, 
is incorporated separately into the model with additional transfer 
coefficients from each of the compartments. 
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c) Application of the models 

The two modules developed to describe the migration of radionuclides 
in soil form integral parts of the models used to evaluate the transfer to 
plants, the transfer to anima1s and the external doses from deposited 
activity. The time dependence of each of these quantities is determined 
largely by the rate of migration (together with radioactive decay) in 
soil and this is illustrated in subsequent sections. Some illustrative 
results of the rate of migration are given in Figure 3.7 where the cumula
tive percentage of the initial deposit is plotted as a function of depth 
at selected times after deposition. Results are given for the migration 
of two ~uclides, plutonium-239 and caesium-137 with half-lives of 
2.44 10 and 3.01 101 years respectively; the influence of radioactive 
half-life is clearly indicated. 

3.3.3.3 Transfer of radionuclides to plants 

The main features of the model developed to describe the transfer 
of radionuclides to plants are illustrated schematically below. 

Diagram 3.5 
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The compartment marked "soil" represents the model for migration in soil 
appropriate to the plant specie~ and agricultural conditions considered. 
All plants consumed directly by man are assumed in this study to be 
derived from land that is frequently cultivated and the migration model 
for well~xed soil is most appropriate in these circumstances. Grass, 
however, is assumed to be produced only on undisturbed pasture in which 
case the migration model for undisturbed soil is applicable. Both 
internal and external compartments are considered for plants: transfer 
to the external plant surfaces may occur by interception of depositing 
activity or by resuspension of activity from soil; transfer to the 
internal plant occurs by root uptake and translocation from the external 
surfaces. Each process is considered in turn. 

(a) Interception and retention of deposited radionuclides 

The interception and retention of radionuclides on external 
plant surfaces varies according to the physico-chemical form of the 
deposit, the nature of the vegetation and the conditions prevailing 
both during and after the deposition process. Considerable variation 
has been observed in measured values of interception factors and removal 
rates of activity from plant surfaces; L3.38 - 3.4£7. Values of these 
parameters intermediate in their respective ranges are adopted in this 
study and are assumed equally applicable to all types of vegetation and 
radionuclides considered (with the exception of the noble gases). An 
interception factor of 0.2 is assumed for plant surfaces and is a 
compromise value taking into account both wet and dry deposition from 
the atmosphere; the remaining fraction of the deposit, o.a, is transferred 
directly to the soil surface. The removal of the contaminant from plant 
surfaces due to the actions of rain, wind and plant growth is assumed t~ 
occur with a half-life of0.038 y (14 da~s) for pasture grass L3.3'[1 and 

0.082 y (30 days) for all other plants D·YiJ. · 
Much of the external contamination on plants when harvested will 

in general be removed before consumption of the edible parts by man, for 
example, washing in the case of leafy green vegetables, or by removal 
of the outer protective l~ers in the production of flour from grain. 
The quantity of the contaminant which is transferred to man will depend 
on individual preparation methods and on the extent to which the 
contaminant adheres to the surface of the vegetation. There are few 
data on this subject and it is assumed that 90)6 of the external contaminant 
is removed from all plants during preparation or processing before 
consumption by man. Some justification for this value for transfer of 
plutonium from the outside surfaces of grain to flour has been provided 
by the measurements of Aarkrog L3.4j]. 

(b) Resuspension of activity from soil to external 
plant surfaces 

The general processes of resuspension (see Section 3.3.2) will 
result in the transfer of activity from the soil to the external 
surfaces of plants. Considerable variation might be expected in the 
importance· of this route of contamination with plant type, in 
particular with growing habits and method of preparation before consumption. 
Few data are available in this area however, and the same general approach 
is adopted for all surface crops. 

The contamination of plant surfaces by resuspension is considered 
in two stages. The first concerns the resuspension of the contaminant in 
the period soon after deposition by wind driven processes. The second 
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involves the resuspension by a variety of processes, of soil particles 
with which the contaminant becomes associated within a few months (or 
years) of deposition. The first process is governed by the time 
dependent resuspension formula described in Section 3.3.2; various 
approximations have been made to facilitate the incorporation of this 
relationship into the model and the procedures adopted are described 
by Simmonds et al L).3i7. 

The transfer of contaminant to dxternal plant surfaces by the 
second process can be determined readily from the quantities of soil 
typically associated with the edible parts of crops when harvested. 
The concentration of activity in the soil on plant surfaces is assumed 
to be the same as that in the well mixed top 30 cm layer; the sole 
exception is grass, which is assumed to be derived from undisturbed soil, 
and the approach adopted for it is discussed in Section 3.J.3.4(a). 
The quantities of soil contaminating various plant surfaces are uncertain 
and the relevant data are summarised below. 

Measurements in the United Kingdom L3.4i7 have shown that a value 
of 0.01% is typical of the quantity of soil associated with the whole 
grain seed when expressed in terms of the dry weight of the latter; 
in exceptional circumstances it could be as much as 0.1%. For vegetables 
(including fruit) there is even greater unc~tainty in assigning an average 
value to the amount of soil contamination on plant surfaces. There is 
considerable variation in the form of vegetables and this will have a 
marked influence on the degree of surface contamination; for example 
leguminuous vegetables, such as peas, are protected by a pod, whereas leafy 
vegetables, such as lettuce, grow close to the ground and on occasions 
may be subject to significant contamination~~ soil. A value of 0.1% of 
the dry plant weight has been suggested L).4~ as an average amount of 
soil in leafy vegetables and this value has been conservatively adopted for 
all vegetables and fruit. 

The assumptions outlined in Section 3.3.3.3(a) concerning the 
amount of surface contaminant removed by preparation methods before 
consumption are also adopted here, namely that 90% of the surface contaminant 
is removed in these processes. 

(c) Root uptake 

The absorption of elements from soil by plants varies considerably 
depending on soil type and climatic conditions. There is also significant 
variation with the nature of the plants (eg, root crops compared with 
grain crops) and the chemical form of the element has a major influence. 
However, with the exception of a few elements such as strontium and 
caesium, and to a lesser extent the transuranium elements these 
variations have not been investigated in detail. For these and a few 
other elements a distinction is made between the transfer coefficients 
between soil and the various plant species where data permit. For most 
elements the transfer coefficient between soil and plant for a particular 
element is assumed to be independent of plant type. In some cases the 
paucity of data is such that the transfer coefficients are chosen by 
analogy with other elements for which more appropriate data exist. 

Data on root uptake tend to be in the form of concentration 
factors between plants and soil at the end of the growing period. Such 
data contain no information on the time dependence of the uptake 
mechanisms and as such cannot be rigorously applied in that context. 
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Their application to a model which is time dependent in character is 
valid only insofar as the variation in the concentration of the nuclide 
in the root zone is small during the growing period. For l~lived 
radionuclides this assumption is in general valid. Where it is not, 
the assumption is made in the model that the plant rapidly comes into 
equilibrium with the soil asdete1'Uiined by the concentration factor. 
Where the cmcentration of activity in soil varies rapidly with time 
the activity in plants will be determined largely by the concentration 
in soil just prior to harvesting. The derivation of transfer coefficients, 
which are used in the model, from concentration factors is described 
by Simmonds et al /5.3f]; while these coefficients represent the rate 
of transfer from soil to plant and vice versa the time dependence is 
an artefact. The coefficients are chosen solely to ensure that the 
concentration factor between plant and soil is attained rapidly. 

(d) Translocation from external surfaces 

Translocation of contamination from the surfaces of leaves and 
stems to the internal tissues of plants is known to occur and to be 
an important mechanism for some elements. For plants with their 
edible parts above ground the fraction translocated appears to be small 
compared with the residual surface contamination for most elements, even 
after processing and preparati~for consumption. It is, therefore, 
ignored for the majority of elements, except for technetium, tellurium, 
iodine and caesium where the fraction translocated is significant f5.4iJ; 
for these elements the fraction translocated is taken as 10% of the 
surface deposit f5.4J7. For root vegetables, translocation is the 
only mechanism which transfers surface contamination em the above ground 
portion of the plant to the edible root; it is therefore included for 
most elements. The fraction translocated is typically in the range 
1 to 1Q%. Translocation of the transuranium elements, molybdenum and 
chromium is small a.nd is not considered. 

In addition to the mechanisms described in (a) - (d) above, account 
is taken in the model of removal of activity from the system by harvesting 
of crops; a growing period of0.274 y (100 days) is assumed before cropping. 
Account is also taken of radioactive decay, and the ingrowth of daughter 
products, where appropriate, in each compartment in the system. 

(e) SummarY of the data adopted to evaluate transfer to 
plants 

The values adopted for the non-element dependent parameters used 
in the model are BUJIIIDa.rised in Table 3.15. Data are given for plant 
yields, interception factor and half-life of activity on plant surfaces, 
the level of soil contamination on plants after preparation for 
consumption, growing period before cropping a.nd the depth of the root 
zone. The values adopted for the element dependent parameters, in 
particular concentration factors between soil and the respective plants 
a.nd the translocated fractions, are summarised in Table 3.16. 

Transfer coefficients, which are used in the model, have been 
derived from data in Tables 3.15 and 3.16 and are summarised in Appendix 3.3. 
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J,J,J,4 Transfer of radionuclides to animals 

It is convenient to consider the transfer of radionuclides to 
animals in two stages; these comprise the intake of radionuclides into 
the animal by ingestion or inhalation and the subsequent metabolism 
of these radionuclides, in particular their transfer to animal tissues 
(and/or produce) consumed by man, The models developed to describe 
these transfer processes for grazing animals are described. 

(a) Intake .Jf radionuclides by grazing animals 

The principal mechanisms involved in the transfer of radionuclides 
to grazing animals are illustrated schematically below. 

Diagram 3.6 Schematic representation of the principal mechanisms 
for the transfer of radionuclides to grazing animals 
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The compartment marked "soil" corresponds to the model for undisturbed 
soil described in Section J,J,J,2; grass is assumed to be derived solely 
from undisturbed pasture in this study. The two main routes of intake 
comprise ingestion and inhalation. Ingestion is by far the most important 
pathway for the intake of most radionuclides although inhalation may be 
significant for those radionuclides whose transfer across the gut of the 
animal is small. 

The consumption of pasture grass is in general the most important 
mode of intake by ingestion. Three main processes contribute to the 
contamination of pasture grass : deposition, resuspension, root uptake. 
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Translocation is negligible by comparison. These processes are described 
in detail in the previous section where the values of the parameters required 
to estimate the transfer of radionuclides to grass are summarised. The 
inadvertent consumption of soil, together with grass, by grazing animals 
is a further pathway which must be considered; for nuclides which have a 
low transfer from soil to grass by root uptake the ingestion of soil may 
be the most important mode of intake. Typically the inadvertent 
consumption of soil is about 4% and 2Q% of dry matter intake for cattle 
and sheep respectively L3.51, 3.5i7; the potential significance of this 
pathw~ is evident. Resuspension of activity onto the surface of undisturbed 
pasture in the period shortly after deposition is governed by the time 
dependent resuspension formula described in Section 3.3.2; the approach 
is simplified]1 various approximations to facilitate its inclusion 
in the model D·31J. 

In general two routes of intake must be considered for the 
inhalation of activity by animals; these comprise the inhalation of 
activity while the deposition onto pasture is taking place and the 
subsequent inhalation of resuspended activity. The former may not apply 
if the source of contamination is not deposition from the atmosphere or 
if, for example, the animal is introduced to the pasture after the 
deposition process has ceased. The intake of activity by inhalation 
while deposition is continuing can be readily evaluated from the breathing 
rate of the animal and the time dependence of the air concentration. The 
procedures described in Section 3.2 to evaluate air concentrations of 
radionuclides and their inhalation by man are equally applicable to animals 
and are adopted for that purpose; reference should be made to Section 
3.2 for further details and this aspect is not considered further here. 
As before, the inhalation of resuspended activity is evaluated by the 
use of simplifying approximations applied to the time dependent 
resuspension formula (Section 3.3.2); the approximations are described 
by Simmonds et al L).3J]. The time dependent resuspension formula 
applies to wind driven resuspension from undisturbed pasture. The habits 
of grazing animals (in particular the proximity of their head to the 
ground and the disturbance of the ground during grazing) ~ result 
in enhanced but localised resuspended air concentrations and thus greater 
intakes by inhalation. Owing to the absence of data no account is taken 
of this additional resuspension mechanism; it must be recognised however 
that the inhalation by grazing animals of re suspended activity ~ 
consequently be underestimated. 

The values adopted for the various parameters concerned with the 
transfer of radionuolides to grass are summarised in Tables 3.15 and 
3.16 together with similar data for other plants. The values adopted 
for the non-element dependent parameters for gra~ing animals (eg, 
ingestion and inhalation rates, animal and organ weight, milk yields etc ) 
are summarised in Table_.3.17 and their choice is discussed in more detail 
by Simmonds et al L).31J. Consideration is limited to cattle and sheep. 
The average lifetime of cattle is taken to be six years; this is based 
on the average lifetime of dairy cattle. The average lifetime for beef 
cattle is considerably shorter and the assumption is recognised as 
being conservative for those long-lived radionuclides which build-up 
in animal tissue. Sheep are taken to have a mean lifetime of 1 year. 

(b) Metabolism of inhaled and ingested radionuclides 

Radionuclides inhaled or ingested by grazing animals will be 
metabolised to varying extents depending upon the nuclide. Data 
on the metabolism of radionuclides in grazing animals are limited 
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and recourse is often made to data and models developed to represent 
metabolism in man. In many cases the latter are based on observations 
of metabolism in other, generally small, animals. The degree of complexity 
necessary in modelling the metabolism of a radionuclide in grazing animals 
depends on the nuclide and the circumstances considered. It is sufficient 
in general to limit consideration to the transfer of radionuclides to 
muscle, liver and ~ilk which represent the main animal products consumed 
by man. For radionuclides whose biological half-lives in various organs 
are small compared with the animals' lifespan a relatively simple model 
can be adopted; it is sufficient to model the fractional transfer of 
ingested or inhaled activity to particular organs and the half-lives 
of the activity in those organs. For a few radionuclides, particularly 
those of the transuranium elements which have long biological half-lives 
in body organs, a more complex model is required if the metabolism is to 
be represented adequately. Recycling of activity between these organs 
and body fluids may continue to occur with particular implications for 
the time dependence of the transfer of activity to milk; in such cases 
both the transfer to and recycling of activity from these organs must be 
modelled. Models of both types axe used in this study depending on the 
nature of the nuclide and availa'bili ty of sui table data. The simpler 
model is used for all but the transuranium elements and both models are 
described in the following. 

Simpler metabolic model 

The model used to determine the metabolism of all nuclides other 
than those of the transuranium elements is illustrated schematically 
below. 

Diagram 3,ti 
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The derivation of transfer coefficients is described by Simmonde 
et al f5.3f] and is only briefly considered here. Most data are for 
cattle and are in the form of the fraction of the daily intake (assumed 
continuous) ingested appearing in unit mass of meat or milk. The origin 
and reliability of the data is variable; for example some data are based 
on experiments with cattle whereas others are extrapolations from experi
ments with other animal's or even derived by analogy with the metabolism 
of other elements. For a comprehensive compilation of the available 
data reference should be made to /5.43, 3.53, 3.5!i7. The data adopted 
in this study are S'l.lllllll8.rieed in Table 3. 18; the fraction of the daily 
intake (assumed continuous) of stable elements appearing in unit mass 
of meat and milk are given together with the biological half-life in 
animal muscle. These data can be used to derive the transfer coefficients 
for use in the model. Similar data are given in Table 3.18 for transfer 
to liver and are derived from data recommended for man /5.557 assuming 
the fractional transfer from body fluids to liver is the same in cattle as 
in man. For those elements where no data are available for transfer to 
liver the concentration and half-life of activity in liver are taken 
to be equal to those in muscle, although it is recognised that an alternative 
approach would be to make use of the physiological eimilauity between elements. 

Few data are available on the fractional transfer of inhaled activity 
to the body organs of grazing animals. The values used in this study 
have been derived from metabolic data reoommended for man /5.557. The 
fraction of the daily intake by inhalation appearing in a particular 
organ or milk, from a grazing animal, F(inh)c is obtained as 

f(inh)M F(ing)c 

f(ing)M 

.......... (3.36) 

where f(inh)M is the fraction of inhaled activity reaching body 
fluids in man 

f(ing)M is the fraction of ingested activity reaohing body 
fluids in man 

F(i.ng) is the fraction of the daily intake appearing in 
c the organ of or milk from cattle (see Table 3.18). 

The fractions of ingested or inhaled activity reaching body 
fluids in man depends on the physico-chemical form of the element 
considered. Each element is assumed to be in the oxide form and when 
inhaled to be in the form of a 1 [.llll AMAD aerosol. It is further 
assumed that the transfer of activity acrose the lung occurs 
instantaneously; in reality, depending on the compound inhaled,the 
time constant for transfer may be ~a, weeks or years. This 
assumption will overestimate the transfer across the lung of cattle 
particularly for radionuclidee with radioactive half-lives abort 
compared to the time constant for transfer across the lung. The 
assumption is however conservative and considered ·justified bearing 
in mind the many other uncertainties in the data used in the model. 
The fractions of the daily intake by inhalation appearing in unit mass 
of particular organs and milk of cattle derived from equation (3.36) 
are summarised in Table 3.18; simiLar data can be obtained for the 
fractions transferred to sheep from the procedure specified in that 
table. 
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More complex metabolic model 

The model used to describe the metabolism of the transuranium 
elements in grazing animals is illustrated schematically below. 

Dia.gram3.8 Schematic representation of the more complex 
metabolic model 
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Account is taken of the transfer of material to various organs and of 
the recycling of activity between these organs and body fluids. Bone is 
included as an organ because of its importance as a source of recycled 
material. 

The transfer of radionuclides from lung and the GI tract of the 
animal is based, with simplification where appropriate, on the models 
recommended by ICRP for man; these models are described in detail in 
Chapter 6 and their modification and simplification for application 
to grazing animals is discussed by Simmonds et al L3.3i7. The time 
constants and the fraction of each radionuclide transferred from the 
animal lung and GI tract are based on data given for man in Chapter 6 
assuming each radionuclide to be in the oxide form and as a 1~ AMAD 
aerosol when inhaled. 

The distribution of plutonium among the various organs in cows 
has recently been measured by Stanley et al L).S£7. These data have 
been used to derive transfer coefficents appropriate to the above model; 
the derivation of these coefficients is described by Linsley et al LJ.4~. 
These transfer coefficients, in the absence of further data, are 
assumed to be equally valid for the radionuclides of americium, curium 
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anc neptunium. The transfer coefficients derived for cows are also 
assumed applicable to sheep. 

The transfer coefficients used in the models to describe the 
intake of radionuclides into animals and to evaluate their subsequent 
metabolism are summarised in Appendix 3.3. 

3.3.3.5 Application of the foodchain models and a summary of 
selected results 

The foodchain models have been applied to evaluate the time 
dependence of the transfer of activity to foodstuffs following the 
continuous deposition of activity on land for a year at a rate of 
1 Bq m-2 s-1. A matrix of results has been generated which contains 
the time integral of each nuclide per unit mass of food derived from such 
land. This matrix (when combined with the spatial distributions of 
agricultural yields and deposition rates of radionuclides) forms the basis 
of estimates of the time dependent transfer of activity to man via terrestrial 
foodstuffs following the release of activity to atmosphere. Some selected 
results are presented and features of interest noted. Separate consideration 
is given to transfer to plants and animal produce. 

(a) Transfer to plants 

Results are given in Table 3.19 for the transfer of six radionuclides 
to plants. The results are expressed in terms of the time integrals of 
activity per unit mass of plant (Bq y kg-1) to 1, 50, 100 and 500 years 
after the deposition commenced and to infinity. 

For surface plants, (green vegetables and grain) a large fraction 
of the integrated activity is accumulated in the first year primarily as 
a result of deposition of activity onto plant surfaces. Only in the case 
of strontium-90 does the time integral of activity increase significantly 
in subsequent years; this is due to the relatively high rate of root 
absorption of strontium from soils. For the short-lived iodine-1)1 
(ti = 0 .022y) there is, as expected, no further contribution after the 
first year when the deposition has ceased. 

In root crops, the time integrals of activity continue to increase 
while activity remains in the root zone. The only mechanism of importance 
for transfer of activity to root crops is absorption from the soil; 
absorption continues until activity is removed either by migration out of 
the root zone or by radioactive decay. For most nuclides considered 
in Table 3.19 the time integral of activity per unit mass of root crops 
at long times is less than that in surface plants by an order of magnitude 
or more; iodine-129 and strontium-90 are exceptions, and at long times 
their time integrals of activity in root crops approach those in grain. 

The relative importance and time dependence of the important 
transfer mechanisms for plutonium-239 and strontium-90 to surface plants 
is illustrated in Figures ). 8 and ). 9 respectively. 

The important mechanisms comprise surface contamination from 
direct deposition, initial resuspension before the surface l~er of 
contaminant becomes uniformly mixed with soil during cultivation, the 
subsequent resuspension of surface soil and absorption by root uptake. 
Initial resuspension is due to the action of wind during the time that 
the surface deposit of the contaminant is present as a thin l~er. The 
layer is assumed to be removed by annual or more frequent cultivation and 
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subsequently only resuspension due to contaminated soil particles is 
considered. 

Plutonium-239, is poorly absorbed from soil into plants and the 
direct deposition of activity makes by far the greatest contribution 
to the time integrals of activity in surface plants. Root uptake and 
resuspension of soil continue to contribute to the time integrals of 
activity for extended periods until the activity has migrated from the 
root zone. Considerable uncertainty is associated with the half-life 
assumed of 100 years for the migration of activity from the root zone. 
The total transfer of plutonium-239 to surface plant is however determined 
by mechanisms independent of this parameter and the results are therefore 
relatively insensitive to its assumed value. If consideration were 
restricted to crops growing on previously contaminated soils the 
uncertainty in the rate of migration in soil would then be important. 

The rate of absorption of strontium-90 by plant roots is some 
four orders of magnitude greater than for plutonium-239 and this difference 
is evident in Figures 3.8 and 3. 9. Root uptake is particularly enhanced 
relative to the other transfer mechanisms in green vegetables and as a 
result, the time integral of activity by this route exceeds that due to 
direct deposition on surfaces within one or two years of deposition ceasing. 
The contribution of root uptake to the time integral continues for about 
100 years, at which time the contribution exceeds that due to direct 
deposition by more than an order of magnitude in the case of green 
vegetables. The decline in root uptake of strontium-90 with time is 
predominantly due to its radioactive decay in soil. Thus, the transfer 
of strontium-90 to surface plant is not particularly sensitive to the 
uncertainty in rate of migration out of the root zone. The rate of root 
absorption of strontium-90 is much lower for grain than for green 
vegetables and contamination by direct deposition is the main contributor 
to the time integral of activity in grain. 

Most radionuclides considered in this assessment fall between 
the extremes represented by plutonium-239 and strontium-90 in terms of 
the relative importance of root absorption. Technetium and tellurium 
are exceptions having root absorption rates which have been variously 
reported as being more than an order of magnitude greater than for 
strontium. The nuclides of tellurium being considered have very short 
half-lives (less than 1 day) and will therefore be unimportant as 
contaminants in foo~ crops. Technetium-99 has an extremely long radioactive 
half-life (2.1 1~ years) and the time integral of activity in food 
crops is quickly dominated by root uptake. For long-lived radionuclides 
such as technetium-99 (and iodine-129, ~ = 1.7 107 years) with 
significant root absorption rates, the assumed rate of migration of activity 
from surface soil will clearly have an impact on the time integral of 
activity at long times. However, for most of the radionuclides considered 
the major contribution to the time integral of activity in surface plants 
is the direct deposition on plant surfaces. 

(b) Transfer to animal products 

The time integrals of activity in meat, liver and milk derived 
from cows grazing pasture on which activity is deposited continuously 
at a rate of 1 Bq m-2 s-1 for one year are given in Table 3.20 for 
selected nuclides. Similar results are given for sheep in Table 3.21; 
while the absolute values of the respective results differ they both 
exhibit the same general characteristics. No account is taken in the 
time integrals given in Table 3.20 and 3.21 of the inhalation of activity 
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by the animals while it is being deposited onto pasture; this aspect 
is given separate consideration later. The most notable feature 
in Tables 3.20 and 3.21 is that by far the majority of activity is 
transf'erred to the various food products within about 50 y of the 
initial deposition with little further transfer later. For short-lived 
nuclides the transfer is essentially c6mplete within a short time of the 
deposition process te~ting (eg, see iodine-131). The temporal 
variation of the time integral of activity differs between nuclides; this 
is a conse~uence of the varying r.elative importance of the different 
processes teach with its own characteristic time constant) which contribute 
to the transfer of activity to the animal. 

The time dependence and relative importance of the various transfer 
processes are illustrated in Figures 3.10 and 3.11 for the transfer of 
plutonium-239 and strontium-90, respectively, to cow meat. The transfer 
to other products would exhibit similar characteristics. Consideration 
is given to transfer by consumption of pasture grass contaminated by 
direct deposition, resuspension and root upta.ke, by the inadvertent 
consumption of soil; and the inhalation of resuspended activity. 

For plutonium-239 the greatest contributor to the time integral 
of activity transferred to meat is predicted to be inhalation of 
resuspended activity. The transfer by ingestion is much smaller with 
transfer by root upta.ke into grass being negligible compared with the 
other processes. This prediction of the relative importance of ingestion 
compared with inhalation of resuspended activity should however be treated 
cautiously; for example there is considerable uncertainty in the model 
used to evaluate the inhalation of resuspended activity by the cow 
(see Section 3.3.3.4) and the gut transfer fraction for plutonium varies 
significantly with its form when ingested. 

The transfers of strontium from soil to grass and across the 
animal gut to blood are both several orders of magnitude greater than 
the corresponding transfers for plutonium. This is clearly renected 
in Figure 3 ·11 where the ingestion pathways, and particularly root 
uptake into grass, make by far the greatest contribution to strontium 
in animal products. In contrast with plutonium-239 the inhalation 
of resuspended strontium-90 makes an insignificant contribution. This 
is likely to be so for most nuclides; the exceptions will be those which, 
like plutonium-239, have very low transfers from soil to grass and across 
the animal gut. 

The time dependence of the transfer of strontium-90 to meat 
varies according to the transfer process. The transfer by direct 
deposition on grass is essentially complete once the deposition ceases 
owing to the relatively short biological half-life of strontium in 
muscle. In reality there would be a continuing transfer from remobilisation 
of strontium deposited with a long half-life in animal bone; this process 
is however not taken into account in the relatively simple metabolic 
model adopted for strontium-90 in the cow. The transfers by soil consumption 
and deposition of resuspended activity cease to contribute significantly 
after about 10 years. :Both these mechanisme involve the transfer of activity 
from the top 1 cm of soil and it is the migration of activity out of this 
layer which determines the time dependence of these processes. Root uptake, 
on the other hand, is assumed to occur from the top 1.5 cm of soil and it 
therefore continues to contribute for a longer period. The time constant 
of transfer by root upta.ke is determined by a combination of the migration 
from the top 1.5 cm of soil and the radioactive half-life of strontium-90 
of 28. 1 years. Moreover this time constant characterises the overall 
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transfer of strontium owing to the dominant contribution from root 
uptake. 

Similar considerations apply to the time dependence of the 
individual processes contributing to the transfer of plutonium-239. In 
general, however, all the processes exhibit longer time constants than 
for the transfer of strontium-90. This factor has two origins. The 
first is an artefact and is connected with the computational procedure 
adopted to represent the periodic slaughter of animals; for mathematical 
convenience this is represented by an exponential loss with the result 
that the time dependence of the transfer is somewhat slower than in 
reality; the absolute transfer however is correctly evaluated. The 
second is a real effect and arises from the long half-life of plutonium 
in liver (and bone) and the adoption of a more elaborate metabolic 
model (see Section 3.3.3.4) which takes account of the remobilisation 
of plutonium from these organs, Thus plutonium may appear in meat or 
liver some considerable time after its intake by the animal. 

The inhalation by animals of activity as it is being deposited on 
pasture represents a further route which may be significant for some 
radionuclides particularly those which have a low transfer in the 
terrestrial environment and across the animal gut. The time integrals 
(infinite) of activity in various animals products from inhalation of 
selected nuclides are given in Table 3.22. 

An indication of the potential significance of this route is given 
in Figures 3,10 and 3,11 where the contribution from inhalation of the 
activity while it is being deposited is contrasted with subsequent 
transfer from the contaminated land, The air concentration and hence 
the quantity of activity inhaled during the deposition process is determined 
by the conditions pertaining during the deposition; for the purposes of the 
comparison it is assumed that dry deposition, with a deposition velocity 
of 5 1o-3 m s-1, is the sole contributor. Subject to this assumption the 
inhalation by the cow of plutonium-239 while it is being deposited is 
more important than its subsequent uptake after deposition on pasture. 
For strontium-90 however inhalation is not significant. The ratio of 
the contribution from inhalation of plutonium to that from its subsequent 
uptake after deposition will vary according to the deposition processes 
assumed; for example the ratio would increase if a lower deposition 
velocity were assumed but would decrease if wet deposition were considered, 
While considerable variation might be encountered in the relative importance 
of the inhalation route it is clear that it is potentially very important. 
For nuclides with characteristics in the terrestrial environment similar 
to those of plutonium it is essential that account is taken of this 
route. 

3.3.3.6 The transfer of tritium and carbon-14 in the 
terrestrial environment 

The transfer of tritium and carbon-14 between the atmosphere 
and the terrestrial environment is somewhat more complex than that 
described and modelled for other nuclides in previous ~ctions. This 
additional complexity is primarily a consequence of the fundamental 
roles played by hydrogen and carbon in biological systems, The models 
described earlier are not appropriate for tritium and carbon-14 and a 
relatively simple, but conservative, specific activity approach is 
adopted to evaluate the transfer through the terrestrial environment 
to man. 
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It is assumed that the terrestrial environment and man come into 
rapid equilibrium with the carbon-14 in the atmosphere and that the 
specific activity of carbon taken in by man by inhalation or ingestion is 
equal to that in the atmosphere at the point of interest. For a release 
of carbon-14 to atmosphere the specific activity will be determined by the 
degree of atmospheric dispersion (see Section 3.2) and the carbon 
concentration in the atmosphere; the latter is taken as 0.15 g m-3, A 
similar assumption is made for tritium and the specific activity of tritium 
taken into the body is taken as equal to that in atmospheric water vapour 
at the point of interest; the specific activity in the atmospheric water 
vapour is again dete~ned by the degree of atmospheric dispersion and the 
concentration of water vapour in the atmosphere taken as 8 g m-3 (annual 
average value), The intake of carbon-14 and tritium in man py inhalation 
and ingestaon can be dete~ned from the respective intakes of carbon and 
water (see Section 5.3) by the various routes; the dose equivalent in man 
can then be determined from these intakes from the committed dose 
equivalents per unit intake given in Chapter 6, 

The use of a specific activity approach for these nuclides must be 
qualified in two respects. The first, and perhaps most important, is that 
the doses evaluated will be overestimated, The second concerns the 
absence of information on the temporal distribution of the dose which in 
reality may be delivered over an extended period. It is implicit in the 
model however that the dose is only delivered while the specific activity, 
and thus discharge is maintained, 

3.3.4 External irradiation due to surface deposition 

The external irradiation to which man is subjected from surface 
deposition has been evaluated, for atmospheric releases, for an undistur.bed 
soil into which penetration of the activity occurs by natural processes, 
The external irradiation due to the contamination in the top 30 cm of soil 
has been calculated for the photons and electrons emitted by the appropriate 
radionuclides. External irradiation due to the contamination in deeper 
soil (below 30 cm) has been neglected; it is almost zero for electrons and 
very small for photons compared with the external irradiation due to 
contamination in the upper lEcyer (the top 30 cm). 

3.3.4.1 External irradiation due to photons 

The relationship between land contamination and the absorbed dose in 
air at a metre above a lEcyer of soil has been calculated by means of the 
following formula which takes account of the build-up in soil but neglects' 
the mechanism in air, 

0 

d.D (r,l,E) = P CA~ 
4 1tY2 

E ~ e -!!X ( ~a) . 
P a~r 

.......... (3.37) 
0 

in which d.D(r,l,E) is the component of dose in G~ per year 
corresponding to photons of energy E from an 
annular source between r and r + dr at a depth 
of 1 in the soil (see Diagram 3.9). 
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Diagram 3.9 Schematic diagram for calculation of external irradiation 
due to activity deposited on ground. 

h 

P is a constant 

100 
cm 

I 
1'1111( r 

Air 

Soil 

dr 

CA is the number of photons of initial energy E, in MeV, emitted per 
second per m2 of surface and per cm depth of soil in the layer 
considered. 

x,y, and h are the lengths, in cm, indicated in the diagram. 

~' in m-1 is the linear attenuation coefficient for the photons of 
energy E in soil. 

( ~a\ is the mass energy.absorption coefficient in air, in m2 kg-1 

p }air for photons of energy E •. 

BE is the build-up factor in soil. 

It has been expressed in the form: 

...••.••• (3.38) 

in which A2 = 1- A1 and A1 , 01 and a2 have been obtained from the 
results of Beck and de Planque (3.57). 

It can be shown, for contamination at depth 1 which is uniform over the 
horizontal plane that the dose at one metre above the surface is 
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. 
D(l,E) 

where E1 is the first order integral function, 
CIO 

E1 (b) = -[ _i"t dt 
-t t 

.......... (3.39) 

The absorbed dose in air for a given energy E and a specified profile is 
calculated for each millimetre in the top 10 centimetres and for each 
centimetre between 10 and 30 centimetres depth. 

For a particular energy E, the dose equivalents in the various 
organs of interest and the effective dose equivalent are then calculated 
b,y means of the conversion factors in Table 3.2. These conversion factors 
which have been evaluated in the case of exposure to a semi-infinte cloud, 
strictly do not apply to the present problem, but have been used because 
of the similarity of the geometries and in the absence of better data. 

Finally, the dose equivalents corresponding to a given profile and 
radionuclide are obtained b,y summation over the various y and X-~ 
energies for the radionuclide. In Table 3.23 the results are presented in 
the form of time integrals for several time periods and for the radio
nuclides considered in the terrestrial models. 

3.3.4.2 External irradiation due to electrons 

The absorbed dose in air due to electrons has been evaluated using 
the same general approach as for photons but because of the much greater 
absorption of electrons in soil, air and tissue several modifications have 
to be introduced: 

the absorbed dose in air, which is very variable between 0 and 2 m 
above the soil, has been calculated at increasing heights in steps 
of 10 om, 

the attenuation of the electrons in air has been taken into account 1 

the build-up factor in soil is not used. 

For a given energy E, the absorbed dose in air is taken to be equal 
to the average of the results obtained for the heights between 0 and 170 
om. 

The dose in the basal layer of skin is calculated taking account of 
the absorption of electrons in the 70 IJlll superficial layer. 

After obtaining the dose in skin due to a given radionuclide, it is 
necessary to add the contributions of the different energy components (~ 
particles and conversion electrons) and their intensities. 

Doses in organs and tissues other than the skin have been neglected 
since they are negligibly small owing to the attenuation of electrons in 
superficial tissues. 
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3.3.5 Application of the results to a particular site 

It has been shown in Section 3.2.5 how, for a given release the annual 
average deposition rate may be evaluated at any location relative to the 
discharge point. The annual average deposition rate, w(i,d,O) at a 
distance d and an angle 0 from the release point takes into account the 
frequency that the wind blows in the direction 0 and the distribution of 
atmospheric dispersion conditions. w (i,d,O) corresponds to a release of 
Qo (i), Bq s-1, of radionuclide i and is expressed in Bq m-2 s-1, The 
value w(i,d,O) serves as the basis of the calculation of doses received 
by man at (d,9) from external irradiation and inhalation of resuspended 
activity following its deposition in soil. It also forms the basis of the 
quantity of activity appearing in foodstuffs contaminated as a results of 
the deposit at the location (d,O). 

The estimation of dose in man requires, in addition, detailed knowledge 
of dietary habits. Each mode of exposure is considered in the following 
sections. 

3.3.5.1 External irradiation from deposited activity 

External irradiation is made up of photon and electron components. 

(i) External irradiation by photons 

The dose equivalent in the organ or tissue, m, integrated from the 
beginning of the deposition up to the time, t, resulting from external 
irradiation by the v and X-radiation from the activity contained in the 
soil due to the deposit (i,d,O) can be expressed in the form 

in which F (i,m,t) 
V 

.......... (3.40) 

is the dose equivalent in the organ or tissue m, 
integrated up to time t, which is received by a 
person continuously exposed to the external y and 
X-ray irradiation from radionuclide i deposited 
continuously at a rate of 1 Bq m-2 s-1 for one 
year on undisturbed land. The evaluation of the 
matrix of F (i,m,t) is given in Section 3.3.4 and 
selected values are given in Table 3.2.3. 

(ii) External irradiation due to electrons 

In the same manner as for photons one obtains: 

liD ~(i,d, O,t) = w (i,d,£1) [F~(i,t) J (Sv) 

where liD ~(i,d,O,t) 

.......... (3.41) 

is the dose equivalent (Sv) in skin integrated 
from the beginning of the deposition to time t 
resulting from external ~ and e- irradiation from 
activity contained in the soil due to the deposit 
w(i,d,£1). 
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F~(i,t) is the dose equivalent (Sv) in skin, integrated to time 
t, received b,y people continuously exposed to the 
external ~ and e- irradiation from the continuous 
deposit of radionuclide i for one year at a rate of 1 Bq 
m-2 s-1 on undisturbed land. The evaluation of the 
matrix F~(i,t) is given in Section 3.3.4.2. 

3.3.5.2 Inhalation of resuspended activity 

Equation (3.34) gives the expression for the air concentration, 
integrated to time t, IR(i,t), Bq s m-3 resul~ing1 from resuspension of 
radionuclide i deposited at a rate of 1 Bq m- s- continuously for one 
year. This leads to the quantity inhaled, IRS (i,d,B,t) integrated to 
time, t, at a point d and e • 

IRS(i,d,B,t) = 1 w (i,d,IJ) IR(i,t) B (Bq) 

3.15 X 107 

3 -1 where B = 8030 m y 

•••••••••• (3.42} 

is the volume of air breathed b,y an adult in a 
year. The evaluation of the matrix IR(i,t) is 
given in Section 3.3.2.2 and selected results 
are shown in Figures 3.5 and 3.6. 

The dose equivalent integrated ·to time t in the organ or tissue m is 
given b,y: 

HRS(i,d,B,m,t) Hinh(i,m) IRS(i,d,B,t) (Sv) 

•••••••••• (3.43) 

where Hinh(i,m) is the committed dose equivalent in tissue m from 
the inhalation of 1 Bq of nuclide i. 

3.3.5.3 Ingestion of contaminated foodstuffs 

Irradiation via ingestion of contaminated foodstuffs, unlike that 
from external exposure and from inhalation of airborne activity, cannot in 
general be readily correlated with the level of environmental contamination 
local to the individual. This is a consequence of much of man's diet 
originating from areas far removed from his place of residence. Such a 
correlation can only be made if it is assumed that the individual obtains 
his total dietary intake from an area local to his residence. Dietary 
habits of this type are relatively rare and are relevant only in so far as 
the estimation of the exposure of extreme groups or individuals; this 
aspect is given further consideration in Chapter 7. In the most general 
case the exposure of an individual at (d,B) from ingestion must be 
determined from the integral over the land area of the product of the 
quantity and level of contamination of eaoh foodstuff he obtains from a 
particular location. The spatial distribution of the dietary intakes of 
the many individuals comprising the exposed population is in general not 
well known; it is not however necessary to determine this distribution in 
order to evaluate the exposure of the population as a whole. The latter 
can be determined from the quantity of food derived from an area of known 
contamination and the fraction of that food ingested b,y the population. 
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The quantity of radionuclide, i, entering the diet of the population 
from unit mass of foodstuff, k, harvested annually at (d,8) to time, t, 
can be related to the deposition rate w(i,d,8) by 

CCP(i,d,8,k,t) w (i,d,8) CP(i,k,t) TD(i,k) 

•••••••••• (3.44) 

where CP(i,k,t) is the time integrated concentration of nuclide, i, 
in foodstuff, k, following the deposition of nuclide, 
i, at a continuous rate of 1 Bq m-2 s-1 for 1 year 

TD(i,k) is a factor which takes account of radioactive decay 
during the delay between harvesting (or animal 
slaughter) and consumption 

and where it is assumed that the total quantity of foodstuff 
harvested is consumed by the population of interest. 

The evaluation of CP(i,k,t) for a range of nuclides and foodstuffs of 
interest has been described previously. 

The time integral of the collective dose equivalent rate in tissue, 
m, of the exposed population per unit mass of foodstuff, k, harvested 
annually can be determined as 

HCP(i,d,8,k,t,m) = CCP(i,d,8,k,t) H. (i,m) 
~g 

(sv kg-1 ) 

.••••..••. (3.45) 

where H. (i,m) 
~ng 

is the committed dose equivalent in tissue, m, from 
ingestion of 1 Bq of nuclide, i (see Chapter 5). The 
committed dose equivalent is assumed equal to the 
average individual dose equivalent received following 
intakes of 1 Bq by a population of standard age 
distribution (see Chapter 2). 

3.3.5.4 Estimation of collective dose eguivalent commitments 

When combined with the spatial distributions of the population and 
of agricultural production the dose equivalents at (d,8 )(or quantit~ of 
activity appearing in diet from unit mass of food derived from (d,8))_can 
be used to evaluate the collective dose equivalent commitments in the 
respective tissues. The procedure adopted is discussed in detail in 
Chapter 7. 

3.4 Representation of t~e distribution of population and agricultural 
production within the E~opean CommunitY* 

Rep~esentations of the distribution of the population and of the 
agricultural production within the European Community are required for the 

* This section has been prepared in conjunction with Mme A Gamier and 
Mlle A M Sauve. The representation of the population distribution within 
the countries of the Community is the subject of a research contract 
between Euratom and CEA [3.5~7. 
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evaluation of collective dose in th~ Community. The zone gonsidered 
extends between the 36°N and the 62 N parallels and the 10 Wand 20°E 
of Qreenwich meridians. The area iDvolved is from Sicily in the south to 
the Shetland Islands in the north and from the south west coast of Ireland 
in the west to the Italian coast off the Gulf of Taranto in the east. 

A grid has been established, across Member States, consisting of a 
series of squares of equal area defined from a given origin. The basic 
data have been taken from national and EUropean statistics. These data have 
been transfoDDed for the purposes of this study to provide a consistent 
representation. 

3.4.1 The characteristics of the grid 

The grid is based
4 

on ~ network in which each "square" is represented 
by an equal area of 10 km which is subdivided into a finer grid. The zone 
is divided into bands on either side of the Greenwich meridian (positive 
values to dhe east and negative values to the west). The spacing of the 
bands, 1.5 , corresponds approximately to a dist~ce of 100 km on the 49° 
parallel and iS easy to locate on a map with 0.5 subdivisions. On either 
side of the 49 parallel the distance between parallels has been calculated 
in such a way as to obtain equal areas which defo:m progressively from a 
true square: the distances between parallels vary from 92. 2 · to 127.3 km 
towards the north (positive co-ordinates) and from 90.6 to 74.2 ~ towards 
th~ south (negative co-ordinates). The extreme latitudes are 62 27' and 
35 49'. Table 3.24 gives details of the numerical values and Figure 3.13 
represents the grid on a map. 

A "square" on the largest grid is located by means of a double 
reference. Each of 1h e indices is composed of a number of two digits 
preceded by a sign (positive signs being omitted). The firet index 
represents the position of the "square" on the abcissa (longitude) and 
varies for the zone considered between -07 to:--01 and 01 to 13. The 
second index locates the position on the ordinate (latitude) and varies 
between -17 to -01 and 01 to 13. The "square" (01, 01) is found just to 
the north of the 49th parallel and just to the east of Greenwich. The 
"square" ( -01 , -01 ) is found just to the south of the 49th parallel and 
to the west of Greenwich. 

A grid one hundred times finer is obtained by linear interpolation. 
This is made easier by an inte:mediate transformation of the co-ordinates 
into the centisimal system (grade). Each si4e of the grid is divided into 
ten equal parts. 

The location of a "square" on the finest grid is done by means of 
two indices each of three digits, positive or negative (the first index for 
the abcissa and the second for the ordinate). For each of these indices 
the first two digits refer to the location of the large "square" and the 
third digit, varying between 0 and 9, represents the subdivisions of this 
square. Figure 3.14 illustrates the method of locating squares on the 
grids. 

3.4.2 Population grid 

3.4.2.1 Population data 

The population data are obtained from the national censuses within 
the Member States at dates ranging from 1970 to 1975 (1970 for :Belgium, 
Denmark, and the Federal Bepublic of Ge1'D18.I1Y; 1971 for Italy, Luxembourg, 
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the Netherlands and the United Kin~om; 1975 for France). The sources of 
data used are given in reference /3.587. The method of presentation of 
the population data varies between coUntries. In the majority of cases 
the populations are given for each administrative unit in the country and 
the number of these units vary between 2?0 in Denmark to 36,000 in France. 
For certain countries, the data are given in the form of the population 
within the squares of a grid. For Great Britain the data are used for 10 km 
squares on the National Grid of Great Britain since it was not considered 
necessary in this study to achieve greater resolution. There are 2,675 
squares with non-zero population. A similar system has been adopted for 
Ireland (914 squares). For Italy the dataarein 1 km squares adapted for 
the study of specific sites. 

3.4.2.2 Geographical coordinates 

The location of the centres of the administrative units must be 
given in geographical coordinates, because each country uses a different 
cartographic projection (Lambert belge, Gauss-Kruger, Gauss-Boya, 
Mercator) in order to minimise the deformation of the area represented. 
The reference axes and projection coefficients used are appropriate to 
the position and extent of the territory and vary from country to 
country; hence the only way to unify these data is to use geographical 
coordinates*. Table 3.25 shows the system of coordinates used by each 
country. In the final column the method of obtaining geographical 
coordinates is indicated and is explained in detail for each country in 
reference LJ.5~7. 

3.4.2.3 Derivation of the population grid 

This consists of bringing together the two kinds of information 
(population and co-ordinates) and dividing them up according to the scheme 
adopted in this study. To do this several computer programs have been 
written {3.527· Th~se allow the census data and the geographical 
co-ordinates to be brought together and reordered by increasing co•ordinate 
on the reference axes. The population may then be put into grid squares, 
radial bands or sectors of

2
a given circle. In particular they can be 

divided amongst the 100 km ·areas on the European Grid defined above. The 
subroutine EDIGRI /). 59_7 allows the addition of results on the European 
Grid. Table 3.26 shows, by way of an example, the results obtained for 
square (7, 10) situated in Denmark. Figure 3.13 illustrates the average 
density of population in the European Community. 

3.4.3 Agricultural grid 

For the purpose of this st-p.dy, the agricultural data have been presented 
on a grid of squares of area 104 km2, European and national data have been 
transformed and grouped into categories suitable for the subsequent 
calculation of collective dose. 

3.4.3.1 Data collection 

The basi~ agricultural data have been supplied by the Institute for Economic 
Resec.rch 1 State Univercitv, Gronin7en on the -relative yields of some products 
for each administrative division \County(department) or its equivalent 
fvr each country in the Community). This work was carried out under 

* This data was prepa~ed with the help of the French Geographical Institute. 
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contract with the CEC. Other information from Member States has been 
used in this study. F.rom the available information the following have been 
used:· 

- data for the years 1971, 1972 and 1973 for F.rance, Holland, 
Belgium, Luxembourg, United Kingdom and Denmark. 

- data for the years 1971, 1972 and 1973 for Italy with the years 
1966, 1967 and 1968 for livestock. 

- data for the years 1971 and 1974 for West Gel.'III8.Il¥• 

F.rom this information a mean value for the following quantities has 
been calculated: 

- surface area for vegetable production (hectares) 

- numbem of c&ttle 

- numbers of milk cows 

- numbers of sheep 

- numbers of pigs 

._; wheat production (tonnes) 

- barley production (tonnes) 

- potato production (tonnes) 

These data had to be supplemented by other production data for milk 
and milk products, meat and vegetables. These have been mainly obtained 
on a national level from EOROSTAT reports published by the statistics 
office of the Ehropean Community /).61 - 3.637. Some regional data (by 
county/department) have nevertheless been used either from the same 
EUROSTAT reports or from official documents of the appropriate Ministries 
of each member country /).60, 3.6·4-3.627· 

These additional data have been combined with the base data in the 
following manner: 

(1) for milk products, the production has been determined as a 
function of the effective number of milk cows (several 
corrections have been made,notably when the calculated milk 
collection in a region is greater than the actual production) 

(2) for meat production, the net production of meat and liver have 
been related proportionally to the numbers of cattle given in 
the data base (the production of sheep and goats have been 
grouped together) 

(3) the production of 

- green vegetables (edible cabbage and other leafY vegetables) 

- leguminous vegetables (vegetables grow.n for their fruit and 
pods) 
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- root vegetables (root bulbs and tubers other than potatoes) 
has been evaluated using national statistics by assuming that 
the national production is distributed uniformly according to 
the surface areas used for vegetable production in each county 
or department*. 

3.4.3.2 Results 

Table 3.27 gives the results obtained py the process of dat~ collection 
and transformation described above for a square of the agricultural grid. 
The data utilised in the terrestrial model are obtained by regrouping the 
data from the grid in the following ~: 

(1) milk products are divided into two categories according to the 
delay between production, transformation and actual consumption: 

- delay less than or equal to a month (milk for consumption, 
sour cream, fresh cheese**) 

- delay greater than a month*** -(cheese, powdered milk, 
evaporated milk) 

In this scheme the milk converted to cream and butter is not included 
because of the small transfer of radionuclides to fatty materials. 

(2) the meat products are grouped together as meat and liver from 
cattle and calves in the first group and from sheep and goats 
for the second 

(3) the vegetable products are grouped together as follows: 

- cereals, wheat and barley 

- green vegetables (leafy and leguminous) 

- root vegetables (potatoes ara listed separately). 

Figures 3.15 to 3.17 give examples of the variations in production for 
fresh milk, potatoes and wheat in the countries of the Community. 

3.4.3.3 Discussion and commentary 

The grid for agricultural production presented in this study can only 
be a very theoretical estimation of the existing level of production in 
each square of the grid. In no case could the data obtained here replace 
the results of a properly conceived economic study. 

* for Ireland the data base does not give the surface area for vegetable 
production and so the national production has been divided equally 
between the counties. 

** See later discussion of milk for consumption. 

*** To a first approximation this delay can be considered to be greater 
than three months. 
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It is necessary to consider the seasonal influence on certain 
productions. This is particularly true for milk collection which could 
vary by 39% between the amount collected in November and that in May. 

For milk production the milk for consumption includes milk straight 
from the cow, pasteurised, UHT milk and sterilised milk. For UHT milk the 
national consumption figures are: 

Country UHT milk consumption·as a% of the 
total consumption 

Belgium l.J% 
France 1096 
West Germany 27% 
Italy 4.396 

It is not possible to break this information down to local level. 
While consumption of UHT milk is generally greater in towns it is clear 
from the above data that it also varies with national and local habits. 

3.4.4 Transformation of the results 

In order to evaluate the collective doses received by the countries 
of the European Community, the results for population and agricultural 
production have to be combined with model predictions of airborne 
contamination and the resulting contamination of agricultural produce. The 
contamination is calculated as a function of distance from the site, ie, 
for atmospheric discharges in a series of sectors of a cirole centred on 
the point of discharge, while the population and agricultural production 
data are contained in squares whose position is totally independent of the 
point of discharge. It is, therefore necessary to transfo:rm these data so 
that the distribution of population and agricultural production is 
obtained for sectors and elements of a circle centred on the different 
sites. A computer program has been written to do this. The method is 
described in Appendix 3.4 and in greater detail in reference L3·7Q7. 

The values for radii of circles are given in Table 3. 28. There are 
21 altogether to give an acceptable precision for the evaluation o~ 
collective doses. The width of the angular sectors are 20° and 30 , 
depending upon the site chosen. 

Figure 3.18 and Table 3.29 show examples of results. 
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Table 3.1 The radlonv.clides considered for release to the 
atmosphere~1) 

Nuclide Half-life Nuclide Half-life 

B-3 1.23 101 
y Zr-95 

6 5.68 10 s 

C-14 5.70 103 y Nb-95 
6 3.02 10 s 

Ar-41 6.59 103 s Mo-99 2.38 105 s 

Cr-51 
6 2.39 10 s Tc-99 2.14 105 y 

Mn-54 2.70 107 s Tc-99m 2.17 104 s 

Fe-55 
6 

2.70 y Ru-103 3.41 10 s 

Fe-59 
6 Ru/Rh-106 1 .01 3.90 10 s y 

Co-58 
6 6.13 10 s Rh-10)m 3.41 103 s 

Co-60 5.28 y Sb-124 5.21 106 s 

Zn-65 2.12 107 s Sb-125 2.74 y 

Kr-8)m 6.59 103 s Te-125m 6 5.02 10 s 

Kr-85m 1.61 104 s Te-127m 6 9.42 10 s 

Kr-85 1.07 101 
y Te-127 3.36 104 s 

Kr-87 4.57 103 s Te-129m 6 2.90 10 s 

Kr-88 1.01 104 s Te-129 4.14 103 s 

Kr-89 2 1.8910 s Te-131m 1.08 105 s 

Rb-86 6 1.62 10 s Te-132 2.81 105 s 

Rb-88 1.06 103 s I-129 1.57107 y 

Rb-89 2 
9.36 10 s I-131 6.95 105 s 

Sr-89 6 4.35 10 s I-132 8.21 103 s 

Sr-90 1 2.82 10 y I-133 7.52 104 s 

Y-90 2.31 105 s I-134 3.19 103 s 

Y-91 6 5.05 10 s I-135+D 2.42 104 s 

continued 
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Table 3.1 (continued) The radionuclides considered for release to 
the atmosphere 

Nuclide Half-life Nuclide Half-life 

Xe-131m 6 1 .04 10 s Ce-144 2.45 107 s 

Xe-133m 1.93 105 s Pr-144 1 .04 103 s 

Xe-133 4.56 105 s Pm-147 2.62 y 

Xe-135m 
2 

Eu-154 8.50 9.18 10 s y 

Xe-135 3·30 104 s Eu-155 4.96 y 

Xe-137 2 2.30 10 s Np-239 1 .99 1 o5 s 

Xe-138 2 8.52 10 s Pu-238 1 8.60 10 y 

Cs-134 2,08 y Pu-239 2.44 104 y 

Cs-135 
6 Pu-240 6.58 103 y 3.01 10 y 

Cs-136 
6 

Pu-241 1 1.1210s 1 .so 10 y 

Cs-137+D 1 3.01 10 y Pu-242 3·79 105 y 

Cs-138 1.93103 s Am-241 2 4.58 10 y 

Ba-140 6 1.11 10 s Cm-242 1 .41 10 7 s 

La-140 1.44 105 s Cm-244 1 1.76 10 y 

Ce-141 6 2.81 10 s 

Notes The transfer of the following nuclides through 
the terrestrial environment after their 

(1) deposition from the atmosphere is modelled, 

H-3, C-14, Cr-51, Mn-54, Fe-55, Fe-59, Co-58, Co-60, Zn-65, Rb-86, 
Sr-89, Sr-90, Y-90, Y-91, Zr-95, Nb-95, Mo-99, Tc-99, Ru-103, 
Ru/Rh-106, Sb-124, Sb-125, Te-127m, Te-129m, Te-131~, Te-132, I-129, 
I-131, I-132, I-133, I-134, I-135+D, Cs-134, Cs-136, Cs-137+D, 
Ba-140,La-140, Ce-141, Ce-144, Pm-147, Eu-154, Eu-155, Np-23~. 
Pu-238, Pu-239, Pu-240, Pu-241, Pu-2h2, Am-241, Cm-242, Cm-244. 
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Table 3.3 
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The weighting factors used in calculating the 
effective dose equivalent from external ~ irradiation 

Organ Weighting Factor 

Gonads 0.25 

Breast 0.15 

Red Bone Marrow 0.12 

Lung 0.12 

Thyroid 0.03 

Bone surfaces 0.03 

Remainder ( 1 ) 0.30 

(1) A weighting ~actor of 0.06 is applied to each of 

the five organs or tissues of the remainder 

(other than skin) receiving the highest dose equivalents. 
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Table 3.5 Coefficients given b,y Hosker fj-~7 to derive the 
vertical standard deviation o( th• plume for the 
various stability ea tegories (1 ' 2 J • 

Stability Category Mean wind 
speed m/s a b c d 

( 1) 

(2) 

A 1 0.112 1.06 5.38 10-4 0.815 

:B 2 0.130 0.950 6.52 10-4 0.750 

c 5 0.112 0.920 9.05 10-4 0.718 

D 5 0.098 0.889 1.35 10-3 0.688 

E 3 0.0609 0.895 1.96 10-3 0.684 

F 1 0.0638 0.783 1.36 10-3 0.672 

Coefficients appropriate to a roughness length of 1 Ocm. 

Vertical standard deviation, u · = a x b z-
1 + C X d 



Table 3.6 

- 77-

Coefficients given by DouryLJ· 2~7 to derive the 
vertical standard dev~at)ion of the plume for various 
diffusion conditions l1 • 

Diffusion Condition Time of travel, (2)t 
A K {seconds) 

Normal 0 - 2.4 10 
2 

0.42 0.814 

2.4 102 - }.28 1o3 1,0 0.685 

> }.28 1o3 20 0.5 

Poor All 0.2 0.5 

~ 

( 1 ) The vertical standard derivation of the 

u = (At)k 
z 

(2) Time of travel is obtained as x/rr, that is the 

distance travelled divided by the mean wind speed, 

Wind speeds of 1, 2 and 5m s-1 are considered for 

normal diffusion and 1, 2 and 3m s-1 for poor 

diffusion conditions. 



- 78-

Table 3. 7 Depth of mixing layer assumed for the various 
dispersion conditions 

(a) Pasquill typing scheme 

Stability Depth of Mixing Layer (m) 
Category 

A 2000 

B 2000 

c 1000 

D 1000 

E 200 

F 200 

(b) Doury typing scheme 

Mean Wind Depth of mixing 
Dispersion Condition Speed m s -1 layer, m 

Poor 1, 2, 3 200 

Normal 1, 2 2000 

Normal 5 1000 



Table 3.8 

Nuclide 

11-3 
C-14 
MN-54 
C0-60 
KR-eSM 
KR-es 
SR-8Ci 
SR-139 
SR-90 
Y-90 
Y-90 
V-91 
RU/RH106 
1-12c; 
01-129 
I~ 1:! 1 
XE-1 ::3 
XE-135 
CS-134 
SA-140 
LA-140 
CE-144 
NP-23c; 
Pu-2::c; 
PU-2<1 
AM.-2<11 

- 79-

Air concentration for a release at height 30m (Bq m-3 per 
Bq s-1) 

Pasquill category D 

Parent Distance (m) 

103 104 105 10
6 

4.83E-07 1.26E-08 4.38E-10 3.19E-11 
4.83E-07 1.26E-08 4.38E-10 3.19E-11 
4.78E-07 1.17E-08 3e43E-10 9e65E-12 
4. 78E-07 1.17E-08 3.4JE-10 9.69E-12 
4.7ae-o7 1.15E-08 1.86E-10 o.o 
4.83E-07 1.26E-C8 4.38E-10 3.19E-ll 
4. 78E-07 1.17E-08 3.42E-10 9.39E-12 

RB-89 z.aae-12 3e96E-13 1.50E-14 4.12E-16 
4. 78E-07 1.17E-08 3.43E-10 9.69E-12 
4. 77E-07 1e16E-08 3.23E-10 5.32E-12 

SR-90 2.87E-10 7.01E-11 z.ooe-11 4.38E-12 
4. 78E-07 1.17E-08 3.43E-10 9.43E-12 
4. 78E-07 1.17E-08 3.43E-10 9.65E-12 
4. 78E-07 1.17E-08 3.44E-10 9.70E-12 
4e83E-07 1.25E-08 4.37E-10 3.15E-11 
4.77E-07 1.17E-08 3.37E-10 7.94E-12 
4.82E-07 1.25E-08 4.25E-10 2.36E-11 
4.81E-07 1.2oe-oe z.aae-to 4.79E-13 
4. 7BE-07 1.17E-08 3.43E-10 9.6BE-12 
4. 77E-07 1.17E-08 3.39E-10 a.sse-12 
4.77E-07 1.16E-08 3.12E-10 3.71E-12 
4. 78E-07 1.17E-08 3.43E-10 9.64E-12 
4.77E-07 1.16E-08 J.20E-10 4e83E-12 
4. 78E-07 1.17E-08 3.44E-10 9.70E-12 
4.78E-07 1.17E-08 3 .'+JE-10 9.69E-12 
4.78E-07 1.11e-oe 3.44E-10 9.70E-12 
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Table 3.10 

Nuclide 

H-J 
C-14 
MN-54 
CQ-60 
KR-SeM 
KR-S e 
SR-8S 
SR-810 
SR-9C 
v-c;o 
Y-90 
Y-91 
RU/Rl-11 06 
1-12S 
01-l~S 

I-1;: 1 
XE-1~~ 

XE-1 ~ e 
CS-1;:4 
BA-140 
LA-140 
CE-144 
NP-2~S 

PU-2;:9 
PU-2~1 

AM- 2.1i 1 

- 81-

Effective cloud gamma dose rates for a release at height 30m 
(Sv y-1 per Bq s~1 ) 

Pa.squill category D 

~ Distance (m) 

103 104 105 106 

o.o o.o o.o o.o 
o.o o. 0 o.o o.o 
3.05E-13 1.23E-14 4.06E-16 1.17E-17 
9.06E-13 3.76E-14 1.28E-15 3.71E-17 
7 .28E-14 2.56E-15 4.37E-17 o.o 
a.65E-16 3.56E-17 1.36E-18 l.OlE-19 
4e95E-17 2.00E-18 6.64E-20 1.86E-21 

Rtj-89 2e98E-22 6.78E-23 2.91E-24 a.l6E-26 
o.o o.o o.o o.o 
9.61iE-17 4.10E-18 1.36E-19 2.31E-21 

SR-90 5.82E-20 2.47E-20 tt.41E-21 1.91E-21 
9.64E-16 3.99E-17 1.35E-18 3.82E-20 
7.75E-14 3.04E-15 9.91E-17 2.84E-16 
1.03E-15 2.70E-17 e.ooE-19 2.26E-20 
le04E-15 2.90E-17 1.02E-16 7.35E-20 
1.54E-13 s.asE-15 1.84E-16 4.39E-16 
1.43E-14 4. 94E-16 1.74E-17 9.69E-19 
1.17E-13 4.41E-15 1. 13E-16 1.90E-19 
s.asE-13 2.32E-14 7 .62E-16 2.19E-17 
6e96E-14 2.66E-15 a.44E-17 2.16E-18 
8.38E-13 3.44E-14 1.06E-15 1.32E-17 
7.62E-15 2.64E-16 a.14E-18 2.30E-19 
6.27E-14 2.23E-15 b.52E-17 9.92E-19 
3.76E-17 1.26E-18 J.89E-20 1.11E-21 
2.51E-18 a.67E-20 2 .67E-21 7.SBE-23 
8.56E-15 2.69E-16 a.11E-18 2.30E-19 



Table 3.11 

Nuclide 

H-3 
c-14 
M"- 54 
C0-60 
KR-65M 
KR-85 
SR-89 
SR-89 
SR-90 
Y-90 
Y-90 
Y-91 
R~/RH106 

I-129 
OI-129 
1-131 
XE-133 
XE-135 
C S-134 
eA-140 
LA-140 
CE-144 
NF-239 
PU-239 
Pl.-241 
AM- 241 

-82-

Exter.nal beta dos' rates in Skin for a release at height 30m 
(Sv y-1 per Bq s- ) 

Pasquill category D 

~ Distance (m) 

103 104 105 106 

I 
o.o o.o o.o o.o 
Oo10E-13 o.27E-15 0.95E-17 0.69E-18 
o.19E-t5 o.47E-17 o.14E-18 o.39E-2o 
o.esE-13 o.t6E-14 o.47E-t6 a.t3E-17 
0.21E-12 O.SlE-14 o.e2E-16 o.o 
o.t9E-12 o.49E-14 o.11e-1s 0.12E-16 
o.4sE-12 o.llE-13 0 .32E-15 o.sae-11 

RB-89 0.27E-17 o.37E-1e 0.14E-19 o.JsE-21 
o.14E-12 o.JsE-14 o.1oE-15 o.29E-t7 
0.71E-12 o.17E-13 Oe48E-15 o.79E-17 

SR-90 0.43E-15 o.10E-15 O.JOE-16 o.65E-17 
o.47E-12 o.t2E-13 o.~4E-15 o.93E-17 
o.1oe-11 o.26E-13 o.75E-t5 o.21E-16 
o.92E-14 o.22e-1s o.66E-17 a.19E-1S 
0.93E-14 o.24E-15 o.e4t:-17 o.60E-1B 
o.t6E-12 o.4oE-to~~ o.12e-1s o.27E-17 
o.7sE-13 o.2oE-14 0.69E-16 0.38E-17 
0.29E-12 o.72E-14 o.t7F.-t5 o.29E-1B 
0.14E-12 o.34E-14 o.c;eE-16 0.28E-17 
0.24E-12 o.s9F.-14 0.17E-15 0.43E-17 
0.44E-12 o.llE-13 0.29F.-15 o.JsE-17 
o.57E-1J o.14E-14 0.41E-16 o.llE-17 
o.1ee-12 0.45E'-14 o.t2E-15 0.19E-17 
0.42E-14 0.10E-15 o.3oE'-t7 0.84E-19 
0.1BE-18 o.43E-2C O.lJE-21 0.36E-23 
0.15E-15 o.37E-17 O.llE-18 o.3tE-20 
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Table 3.12 

Fraction of a long lived nuclide remaining in 

the plume at various distances dow.nwind(1) 

Fraction remina.ing in the plume 

Deposi- Distance (m) 
Stability 
Category tion 

103 104 10.5 106 . Velocity 
m s-1 

A 0.96 0.89 0.71 0.08 

D 
.s 10-3 

0.99 0.93 0.79 0.30 

D +rain 0.97 0.76 0.11 0 

F 1.0 o • .53 1.6 10-2 0 

D 
.s 10-.s 

1.0 0.99 0.99 0.99 

F 1.0 0.99 0.96 0.76 

(1) for a release at a height of 30m. 

3 106 

6 10-4 

o.o42 

0 

0 

0.97 

0.46 
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Table 3,13 Values or transfer coefficients used in the models 
for migration in soil 

Transfer Coefficient -1 value in y 

Well mixed soil(1) 

K11 6.93 

Undisturbed land(2) 

~2 2.43 

i23 6.29 

IS4 3.92 

\3 1.47 

~ 1.39 

(1) see diagram 3.3, section 3.3.3.2 

(2) see diagram 3,4, section 3.3.3.2 

10-3 

10-1 

10-2 

10-2 

10-3 

10-2 
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Table 3,17 Non-element dependent parameters for animals 

Value 

Parameter Milk Cows Sheep 

Amount eaten per year /3.407 5.1 103 5.5 102 

(kgdrywty-1) --

Half time in ().427 
G.I. Tract (s) 

5.4 104 5.4 104 

Mean life (y) 6 1 

Soil consumption as % of dry 4 L'3·517 20 [3.5g7 
matter intake 

Weight of muscle, kgLJ.427 230 18* 

Weight of liver, kg 6 0.8 

Milk production rate (l.y-1) 3.65 1o3 -
Number of animals/unit area 250 200 

Total body weight [3.42Zkg 530 65 

Inhalation rate [3.427. (n?, s - 1) 1.5 10-3 1 10-4 

*This value may vary significantly with the age of slaughter 
of the animal. 
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Table 3.19 The time integrals of activity transferred to unit 
mass of various plants 

Time integral of activity per unit 
mass or plant (:sq y kg-1) to time t. 

Plant Nuclide 
1 y 50 y 100 y 500 y Infinity 

Sr-90 9.2E+04 1.2E+06 1.5E+06 1.5E+06 1.5E+06 
I-129 1.6E+05 2.2E+05 2.6E+05 3.5E+05 3.6E+05 

Green I-131 3.3E+04 3.3E+04 3.3E+04 3.3E+04 3.3E+04 
Vegetables Cs-137 1.6E+05 1.9E+05 2.0E+05 2.0E+05 2.0E+05 

Pu-239 8.0E+04 8.0E+04 8.0E+04 8.1E+04 8.1E+04 
Am-241 8.0E+04 8.2E+04 8.4E+04 8.8E+04 8.8E+04 

Sr-90 2.0E+05 2.3E+05 2.4E+05 2.4E+05 2.4E+05 
I-129 4 .OE+05 ~.6E+05 5 .OE+05 5 .9E+05 6 .OE+05 

Grain I-131 8.1E+04 8.1E+04 8.1E+04 8.1E+04 8.1E+04 
Cs-137 4.0E+05 4.1E+05 4.1E+05 4.1E+05 4.1E+05 
Pu-239 2.0E+05 2.0E+05 2.0E+05 2.0E+05 2.0E+05 
Am-241 2.0E+05 2.0E+05 2.0E+05 2.0E+05 2.0E+05 

Sr-90 1.0E+05 1.0E+05 1.2E+05 1.3E+05 1.3E+05 
I-129 3.5E+02 5.5E+04 9.7E+04 1.9E+05 1.9E+05 

Root I-131 3.7E+01 3.9E+01 3. 9E-+01 3.9E-+01 3.9E+01 
Crops Cs-137 8.8E+01 8.6E+03 1.1E+04 1.1E+04 1.1E+04 

Pu-239 1. 7E+01 2.8E+03 4.9E+03 9.5E+03 9.8E+03 
Am-241 1.7E+01 2.7E+03 4.6E+03 7 .9E+03 8.1E+03 

~ 

( 1 ) The time integrals per unit mass or plant have been evaluated 
for continuous deposition of each radionuolide for 1 year 
at a rate of 1 :Bq m,-2 s-1. 

(2) The yields of each plant in kg m-2 y-1 are given in Table 3.15 
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The time integrals of activity in various food 
products)derived from cows grazing contaminated 
pasture1 

Time integral of activity in animal 

Nuclide 
products (Bq y kg-1 ) 

1 y 50 y 100 y 500 y Infinity 

Sr-90 6,8E+O~ 8.0E+05 8.5E+05 8.5E+05 8.5E+05 
I-129 3.7E+05 1.2E+06 1.3E+06 1.3E+06 1.3E+06 
I-131 4.4E+04 4.6E+04 4.6E+04 4.6E+Cl4 4.6E+04 
Cs-137 3.5E+05 1.5E+06 1.5E+06 1.5E+06 1.5E+06 
Pu-'::39 7 .5E+OO 3.0E+02 3.0E+02 3.0E+02 3.0E+02 
Am-241 J.JE+02 5.5E+03 5.5E+03 5.5E+03 5.5E+03 

Sr-90 6,tlE+04 8.0E.05 8.5E+05 8.6E+05 8.6E+05 
I-129 3.7E+05 1.2E+06 1.3E+06 1.3E+06 1.3E+06 
I-131 4.4E+04 4.6E+04 4.6E+04 4.6E+04 4.6E+04 
Cs-137 3. 5E+05 1 • 5E+06 1,6E+06 1.6E+06 1.6E+06 
Pu-239 9.0E+02 3.7E+04 3. 7E+o:~ 3.7E+04 3.7E+04 
Am-241 4.0E+04 6.8E+05 6.8E+05 6.8E+05 6.8E+05 

Sr-90 3.9E+04 4.1E+05 4.3E+05 4.3E+05 4.3E+05 
I-129 2.0E+05 6.2E+05 6.5E+05 6.6E+05 6.6E+05 
I-131 7.5E+04 7.6E+04 7.6E+04 7.6E+04 7.6E+04 
Cs-137 1.4E+05 3.8E+05 3.9E+05 3.9E+05 3.9E+05 
Pu-239 1 .4.E-.01 5.5E+OO 5.5E+OO 5.5E+OO 5.5E+OO 
Am-241 6.1E+OO 1,0E+02 1.0E+02 1,0E+02 1.0E+02 

(1) The time integrals correspond to the activity in unit mass 
of the respective foodstuffs following the continuous 
deposition of activi~ on land at a rate of 1 Bq m-2 s-1 for 
one year. 
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• 
The time integrals of actiVity in various food prQducts 
derived from sheep grazing contaminated pasture 1J 

Time integral of activity 
in animal products (Bq y ~1) 

Nuclide 
1y 50 y 100 y 500 y Infinity 

Sr-90 2.3E+05 1.2E+06 1.2E+06 1.2E+06 1.2E+06 
I-129 1.9E+06 4.5E+06 4.6E+06 4.6E+06 4.6E+06 
I-131 2.1E+05 2.2E+05 2.2E+05 2.2E+05 2.2E+05 
Cs-137 1.6E+06 4.7E+06 4.8E+06 4.8E+06 4.8E+06 
Pu-239 j.f)E+01 1.7E+02 1. 7E+02 1. 7E+02 1. 7E+02 
Am-241 1.5E+03 7.2E+03 7 .1E+03 7.1E+03 7 .1E+03 

Sr-90 1.3E+05 6.9E+05 7 .1E+05 7 .1E+05 7 .1E+05 
I-129 1.1E+06 2.6E+06 2.7E+06 2.7E+06 2.7E+06 
I-131 1.2E+05 1.3E+05 1.3E+05 1.JE+05 1.3E+05 
Cs-137 9.5E+05 2.8E+06 2.8E+06 2.8E+06 2.8E+06 
Pu-239 2.1E+03 1.2E+04 1.2E+04 1.2E+04 1.2E+04 
Am-241 1.0E+05 5.1E+05 5.1E+05 5.1E+05 5.1E+05 

1) The time integrals correspond to the activity in unit mass of 
the respective foodstuffs following the continuous deposition 
of activity on land at a rate of 1 Bq m-2 s-1 for 1 year. 
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Table 3.22 The time integral of activity in animal products 
derived from cows and sheep inhaling activity 1) 
at a concentration of 1 Bq m-3 in the atmosphere. 

Time integral of activity 

Animal Product Nuclide 
in animal products(Bq y kg-1) 

Cows Sheep 

Sr-90 4.5E-01 3.5E-01 
I-129 1.6E+OO 1.JE+OO 

Meat I-131 4.6E-01 3.8E-01 
Cs-137 2.4E+OO 1.JE+OO 
Pu-239 1.7E+OO 1 .1E-01 
Am-241 4.1E+OO 4.2E-01 

Sr-90 4.5E-01 2.1E-01 
I-129 1.6E+OO 7.5E-01 

Liver I-131 4.6E-01 2.2E-01 
Cs-137 2.4E+OO 7. ?E-01 
Pu-239 2.1E+02 7, 7E+OO 
Am-241 5.1E+02 3.0E+01 

Sr-90 2.2E-01 
I-129 8.1E-01 

Milk I-131 7.6E-01 -
Cs-137 5.7E-01 
Pu-239 3.1E-02 
Am-241 7.5E-02 

Note 

1) The time integral of activity corresponding to the 
inhalation of activity for 1 year at an air 
concentration of 1 Bq m-3 
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Table 3.23 

Time integral of the effective dose equivalent rate (Sv) 

from the external irradiation due to photons 

-2 -1 from 1 years deposition a. t a rate 9f 1 Bq 11 s 

Radionuclide 
Time integral of the ef!(~t~ve 

dose equivalent rate Sv 

1 y 50 y 500 y Infinity 

Zirconi~95 0.11 0.15 0.15 0.15 

Iodine-131 9.6 10-3 9-9 10-3 9-9 10-3 9-9 10-3 

Caesi~137 + D 0.23 14 16 16 

Plutoni~239 7-7 10-4 5.5 10-2 7.8 10-2 7.8 10-2 

Plutoni~241 6.5 10-6 2.4 10-4 2.4 10-4 2.4 10-4 

Americi~241* 1.7 10-6 1.5 10-3 2.0 10-3 2.0 10-3 

*This component is due to the in-growth of a.merici~241 as the 
daughter o! plutoni~241 



Table 3.24: 

Deerees 

35.15 
35.81 
36.48 
37.16 
37.83 

' 38.52 
39 21 
39.92 
40.62 
41.34 
42.06 
42.79 
43.53 
44.28 
45.04 
45.81 
46.59 
47.38 
48.18 
49.00 
49.83 
50.68 
51.53 
:?2.41 
53.30 
54.22 
55.15 
$6.11 
57.09 
58.10 
59.13 
60.20 
61.31 
62.45 
63.64 
64.89 
66.19 
67.57 
69.03 
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Definition of the large squares (104 km2) on the 
European Grid 

Distance from Distance Area Previous Between (km2) Parallel 2 Meridians 

136.3 
73.6 135.2 10000.7 
74.2 134.1 10002.5 
74.9 132.9 10004.3 
75.5 131.7 10006.1 
76.3 130.4 9994.9 
77.0 129.2 999? .1 
77.8 127.9 9999.4 
78.5 126.5 10001.8 
79.4 125.2 10004.2 
80.3 123.8 9904.3 
81 .2 122.3 9997.2 
82.1 120.9 10000.2 
83.2 119.4 10003.3 
84.3 117.8 9994.7 
85.5 116.2 9998.5 
86.6 114.6 10002.3 
87.9 112.9 9994.9 
89.3 111.2 9999.6 
90.6 109.4 10004.3 
92.2 107.5 10002.9 
93.9 105.6 9997.5 
95.6 103.7 10002.1 
97.4 101.7 9995.6 
99.4 99.6 9998.8 

101.5 97.5 10000.9 
103.8 95.3 10001.9 
106.3 93.0 10001.8 
109.0 90.6 10000.3 
112.0 88.1 9997.4 
115.2 85.5 10001 .6 
118.8 82.8 10003.0 
122.8 80.0 10001.7 
127.3 77.1 9997.1 
132.4 74.0 10003.7 
138.2 70.7 9997.0 
144.9 67.3 9997.7 
152.9 63.6 10001.7 
162.3 59.7 9998.1 
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Table 3.27 

An exam"Ple of the auantita.tive da.ta. of agricultural "Production obtained for 
one square ( 1 0, 000 km2) of .:the grid 

Da.ta. given by the program. 

Number of squares: 86(1) Abscissa.: 8 ordinate -5 

Geographical composition of the square (2) 

% surfa.cel N~~~de 
i 

Department No code: Beg:i.on Beg:i.on 1 

20 141 Brescia. 36 Lomba.rdia. 

45 144 Ma.ntova. 36 11 

81 146 Trento 37 Trentinda. toa.dige 

97 147 Verona. 38 Veneto 

100 148 Vicenta. 38 11 

6 149 Bell uno 38 11 

2 150 Ta.suiso 38 11 

52 152 Padona. 38 11 

Agricultural Production 

iNo code Country !Country 

3 Italy 

3 11 

3 11 

3 11 

3 11 

3 11 

3 11 

3 11 

- milk products (in tonnes of milk or equivalent to tonnes of milk) 

- milk for consumption: 29400 Sour milk: 3600 fresh cheese: 14700 
cream: 10800 butter: 148500 other cheese: 305200 powdered milk: 
1300 eva.pora.ted milk: 1200 

- mea.t products 

Cattle killed (100's of hea.d): 2657 Cattle mea.t (tonne): 55500 

Vea.l 11 

Pigs 11 

Sheep & Goats 

11 

" 
11 

806 Vea.l 

4829 Pork 

11 

11 

11 

11 

146 Sheep & Goats 11 

Cattle liver (kg): 1434700 

Vea.l 11 

Pigs 11 

11 

11 

18~500 

652000 

Sheep & Goats 11 5100 

continued 

7600 

39600 

100 
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Table 3.27 (continued) 

- vegetable products (tonnes fresh weight) 

wheat: 447300 barley: 10500 potatoes: 175900 

green vegetables (leafy): 31300 leguminous vegetables: 59000 

root vegetables: 8900 

~ 

(1) The square number is a parameter which is used in the computer 
program. There are 267 squares of the grid listed from the south to 
the north and from the west to the east. 

(2) The geographic composition of the grid is only contained in the 
computer listing and not on the magnetic tape which only contains 
the grid reference and the agricultural production data. 
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Table 3.28 Badii used in the transfoxmation of results 

NUDlber Distanoe on the ground 
(km) 

Length of the projection 
(km) 

I I 1.000 

2 2 z.ooo 
3 3 3.000 

4 5 5,000 

.5 7 7.000 

6 10 10.000 

7 IS 15.000 

8 20 20.000 
g 35 35.000 

10 so 50.000 

11 70 70.001 

12 100 100.002 

13 200 200.016 

14 3(),) 300.055 

15 450 450.187 

16 700 700.705 

17 1100 1102.741 

18 1600 1608~464 

19 2000 2016.592 

20 2400 2428.800 

21 3000 3056.707 
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........................................................................................................ 
• • • 
: : DISTANCE (km) : ....................................................................................................... 
• • • • • • • • • 
• SlCUUII • 15-ZO • Z0-35 • :SS-Sa • 50-70 • 70-100 • lOO-ZOO • Z00-300 • 
• • • • • • • • • ....................................................................................................... 
• • • • • • • • • 
W 1-ZO • O.lZ4aE+OZ• 0.6758£+0:• 0.1147£+03• a.454•E•03• 0.1606£+04• O.Z4Z2l+05• 0.7617E+05• 
• • • • • • • • • ...................................................................................................... 
• • • • • • • • • 
• Z0-4a • a.161ZE+02• 0.1815[+01• 0.6909E+01• a.152eE+04• 0.3258Et04• 0.3366[+05• 0.1091£+06• 
• • • • • • • • • ....................................................................................................... 
• • • • • • • • • 
• 40-60 • 0.2046E+02• 0.~775Et03• 0.8109E+03• 0.1511E+04• 0.3258Et04• 0.3853E+OS• 0.5363£+05• 
• • • • • • • • ....................................................................................................... 
• • • • • • • • • 
• 60·80 • 0.6122£+02• 0.5285£+03• 0.8l81E+Ol• O.l52BEt04• 0.3276£+04• O.S120E+05• 0. 7711hOS• 
• • • • • • • • • ......................................................................................................... 
• • • • • • • • • 
• ea-100 • 0.79:2£+02• O.S213E+01• 0.8Zl7E+03• 0.1531E+04• 0.3Z59E+04• 0.5075E+05• 0.7381£+05• 
• • 11 • • • • • • 

•••••••••••••••••••••••••••••••••••••••••• «1 .................... 111 ....................................... . 

• • • • • • • • • 
• 100·120 • 0.6184£+02• 0.5188£+03• 0.7408£+03• 0.1:61£+04• 0.2554[+04• 0.3739£+05• 0.5975£+05• 

• • • • • • • • • ....................................................................................................... 
• • • • • • • • • 
• lZ0-140 • O.l984E+02• 0.4067E•01• 0.6227£•03• 0.1184E+04• 0.2505Et04• 0.3058E+05• 0.3511[+05• 

• • • • • • • • • ....................................................................................................... 
• • • • • • • • • 
• 1~0-UO • O.Z467E+02• 0.3092£+01• 0.5887£+03• 0.1179£+04• 0.2496£+04• 0.2998E+05• 0.4437E+05• 

• • • • • • • • 
··········••w.•···········~~············································································ • • • • • • • • • 
• 160·180 • 0.3141E+OZ• O.l969E+01• 0.3435£+03• 0.7534[+03• 0.1866E•04• 0.3851Et05• 0.8438£+05• 
• • • • • • • • 
.................... ~~ ••• 111 .............................................................................. . 

• • • • • • • • 
• 180·200 • 0.5259E+02• O.l416E•01• 0.4941E+03• 0.9148[>031 0.1886EtOU 0.4921E+05• 0.9856[+05• 
• • • • • • • ......................................................................................................... 
• • • • • • • • 
• 200-220 • O.l990E+OZ• 0.2895£+03• 0.4400£•03• 0.8086[+011 0.1712£+04• 0.1226E+C5• 0.2433E+05• 
• • • • • • • • .................................... ~································································· • • • • • • • • • 
• 120·240 • O.l9:zE+02• 0.2209E+03• 0.43:3£+03• 0.8029Et03• 0.9651Et03• 0.6985£+01• 0.4096E+04• 

• • • • • • • • ............................................. ~ ........................................................ . 
• • • • • • • • • 
• 240·260 • 0.1984[+02• 0.93UE+02• 0.2484£+03• 0.6423£+03• 0.1156£+03• 0.5429£+02• 0.0 • 

• • • • • • ....................................................................................................... 
• • • • • • • • • 
• 260·280 • O.U22E+02• 0.8928£+02• O.l383E+03• 0.2287E+03• 0.1751E+Ol• 0.3863E+01• 0.0 • 

• • • • • • • • • ....................................................................................................... 
• • • • • • • • • 
• 280·300 • 0.1860£+02• 0.9052£+02• O.ll76E+03• o.:523E+031 0.1968£+01• 0.5420£+03• 0.0 • 
• • • • • • • • ......................................................................................................... 
• • • • • • • • • 
• 300·320 • 0.1q84E+02• 0.905ZE+02• 0.1176£+01• 0.2592£+03• 0.3845E+81• 0.6083£+03• 0.8060E+01• 
• • • • • • • • ....................................................................................................... 
• • • • • • • • • 
• 320·340 • 0.2356E+02• 0.9218E+O:• 0.1401£+03• 0.25q8[+03• 0.5511£+03• 0.1718E+04• 0.3682£+01• 
• • • • • • • • ··········"····················· .. ················· .. ···························**··················· • • • • • • • • • 
• 140-360 • 0.2108£+0:• 0.1054E+03• 0.1575£+03• 0.2931£+03• 0.5995E+01• 0.6866E+04• 0.1601E+05• 
• • • • • • • ......................................................................................................... 

TABLE 3.29 

Distribution of the fresh milk p~duction, in t y-1, in the 20° 

sectora cantered on a site in the Rhone valley 
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Figure 3.7 The rate of migration of plutonium-239 and 
caesium-137 into undisturbed soil as a 
function of time after the initial deposit 
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NB. While the discharge stops after 1 y the time integral continues to 
increase due to the long biological half-life of plutonium in the 
animal. 

Figure 3.10 The relative importance and time dependence of the 
important mechanisms for the transfer of plutonium-239 to 
cow muscle 
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Figure 3.15 Production density of fresh milk in the European Community 
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Figure 3.16 Production density of potatoes in the European Community 
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Figure 3.17 Production density of wheat in the European Community 
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ApPendix 3. 1 

Wind-driven resuspension from urban surfaces 

While the pollution of air in urban environments due to a variety of 
aerosols, eg, lead from vehicle exhausts, S02 from the combustion of fossil 
fuels, has received considerable attention, the relationship between 
contamination on the surfaces of city streets and pavements and the air has 
not been established. Some of the principal differences between wind
driven resuspension in urban and rural environments are likely to be in the 
meChanisms governing the removal of material from surfaces following 
deposition. For example, in urban environments wash-of£ during rainfall is 
likely to remove a considerable fraction of the surface deposit. Similarly, 
surface material will be removed by street cleaning practices. 

The magnitude and time dependence of resuspension from urban surfaces 
is uncertain, but nevertheless, the relative importance of urban as compared 
to rural resuspension is investigated making some simplifying assumptions 
concerning the removal process from urban surfaces. It is assumed that 
rainfall occurs at intervals of two weeks and results in the complete 
removal of the resuspensible surface deposit. Using this assumption 
together with an initial resuspension factor of 1o-!> m-1 the integrated 
resuspended air concentration arising from deposition at unit rate for one 
year is compared with the result obtained using the 'rural 1 model. 

(a) Resuspension from urban surfaces 

While the deposit is on the surface, the re suspended air concent
ration is assumed constant with time given by 

.......... (A3.1 ) 
where RA is the resuspended air concentration (Bq m-3) 

K is the resuspension factor (m-1) 
D is the surface deposit (Bq m-2) 

For a continuous deposition rate of P Bq m-2 s-1, the cumulative 
surface deposit (D0 ) after time t, assuming no losses from the surface is 

t by 

D
0 

/t Pdt (Bq m-2) 

0 
•.•...•.. . (AJ.2) 

The integrated resuspended air concentration ~' is given after time 

Iu = 0 J' K D dt 
c 

Substituting for D from equation (A3.2) 
t c t 

Iu = 

0

! 
0 

J K P dt dt 

•••• ••• • • .(A3.3) 

• • • • • • • • • · (A3.4) 



- 123-

If it is assumed that the surfage contamination is completely 
removed by rainfall when t = 1.21 10 s (14 days) and that P = 1 Bq m-2 
s-1 and K = 1o-5 m-1 the integrated resuspended air concentration after 14 
days is 

I = 7.3 u 
6 -3 10 Bq s m 

For continuous deposition lasting for 1 year, assuming the deposit 
to be removed periodically by rainfall every 14 days, the integrated 
resuspended air concentration is 

I = 1.9 u 
8 -3 10 Bq s m 

(b) Resuspension from rural surfaces 

Following deposition on the surface, the resuspension factor, K(t), 
is assumed to vary as (see Section 3.3.2.2) 

( ) -5 ( o.6~3t ) -9 -1 
Kt = 10 exp - 4 •7 106 + 10 m •••••••••• (A3•5 ) 

where t is the time in s and the longer term decline in resuspension 
factor has been ignored for simplicity. 

The infinite time integral of the resuspended air concentration IR, 
above a surface on which a nuclide has been deposited at a rate P, 
continuously for a year is 

of= 

p = 1 

K(t) P 3.15 107 dt 
•••••••••• (A3.6) 

Substituting for K(t) in equation 
Bq m-2 s-1 

IR 2.2 109 Bq s m-3 

(A3.6) from (A3.5) and assuming 

Subject to the assumptions adopted the resuspension above rural 
surfaces is significantly in excess of that above urban surfaces. Bearing 
in mind the uncertainties associated with the respective estimates a 
conservative approach is adopted in this study and the model developed for 
rural surfaces is used to estimate resuspension from all deposits. 
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Appendix 3.2 

General tom or compartmental model 

P. Compartment j 

inventory Y j 

Compartment i 

inventory Yi 

Compartment 1 ~ 
inventory Y1 ~ ~ 

j ~----------~ 
...___ ____ ....,~ ~ ' 

A dynamic compartmental model has been used in which the transfer 
rate of material between compartments is proportional to the inventory of 
material in the source compartment. The relationship can be generally 
represented by: 

dY n [ ~ } ......! = L kj . y. - L: kij yi - XiY. + p. 
dt j=1 ~ J j=1 ~ ~ 

• • • • • • • • • • {A). 7) 

where 2 ~ i, j ~ n and kii = 0 

and ki. and k1i are transfer coefficients between two compartments 
hav~ invent~ries Y i and Y j. 

Xi is an effective transfer coefficient from compartment i which 
takes account or loss or material from the compartment without transfer to 
another, for example, radioactive dec~. 

Pl is a source of continuous input into compartment i. The time 
integral of the inventory in any compartment is obtained as 

:t 
Yi = f Yidt 

0 •••••••••• (AJ.8) 

The time variation and time integrals of the respective inventories are 
obtained by solution of the sets of simultaneous equations (AJ.7) and 
(AJ.8). 
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Appendix 3. 3 

Transfer coefficients used in the terrestrial food chain models 

The transfer coefficients used in each of the terrestrial foodchain 
models are summarised in the following sections. Each model is illustrated 
schematically. In some cases the models differ from the simplified versions 
presented in the main text; the modifications are made to facilitate 
computation. 

Transfer coefficients are given separately for element dependent and 
element independent groups. 

I Green Vegetables and Grain 

~ 

External 

Plant (1) k
22 2 

External 

Plant (2) 

Internal 

Plant 

External plant (1) is for direct deposition and initial resuspension 

External plant (2) is for soil contamination 

Internal plant is for root uptake 

k22 , k
33 

and k44 represent periodic cropping of the plant. 
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Element Independent Transfer Coefficients 

Value s -1 

Transfer Coefficient Green vegetables Grain 

k12 7.0 10-9 7.0 10-9 

k21 2.7 10-7 2.7 10-7 

k13 4.4 10-8 8.9 10-9 

k31 1.0 1.0 

\1 1.0 1.0 
k15 2.2 10-10 2.2 10-10 

~2, k33, \4 3.2 10-8 3.2 10-8 

Element Dependent Transfer Coeffigiepts 

Value of k14 s -1 

Element 
Green vegetables Grain 

Chromium -7 -7 6.7 10_5 2.7 10_5 
Ma.nga.nese 6.7 10_7 2.7 10_7 
Iron 4.4 10_6 3.6 10_6 
Cobalt 2.2 10_4 8.9 10_4 
Zinc 8.9 10_4 3.6 10 5 
Rubidium 2.2 10 3 8.9 1o:5 Strontium 1.6 10:6 1.8 10_6 
yttrium 6.7 10 7 2.7 10 7 
Zirconium 4.4 10:5 1.8 10:6 
Niobium 2.2 10_4 8.9 10 5 
Molybdenum 2.2 10_1 8.9 10-2 
Teohnetium 1.1 10_6 4.4 10:5 
Ruthenium 8.9 10_4 5.3 10 4 
Silver 4.4 10_5 1.8 10-6 
Antimony 2.2 10_3 8.9 10:4 
Tellurium 2.2 10_5 8.9 10 5 
Iodine 4.4 10_5 1.8 10-6 
Caesium 4.4 10_5 5.3 10-6 
Barium 1 .1 10_6 4.4 10:6 
Lanthanum 6.7 10_5 2.7 10_6 
Cerium 1.6 10_7 2.7 10_10 
Neptunium 2.2 10_7 8.9 10_10 
Plutonium 2.2 10_6 8.9 10 9 
Americium 2.2 10_6 8.9 10:9 
Curium 2.2 10 8.9 10 



II Root Crops 

Soil 

0-30 cm 
1 

k12 

~eep 

Soil 
2 

- 127-

k
13 

represents initial resuspension 

k
31 

removal due to weathering processes 

k
14 

and k
41 

represent root uptake 

k
34 

represents translocation 

Above 
Surface 
Plant 

k34 

Root 

Crop 

k
33 

and k
44 

represent periodic cropping of the plant 
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Element Independent Transfer Coefficients 

Transfer coefficient Value, s -1 

k12 2.2 10-10 

k13 7.0 10-9 

k31 2.7 10-7 

k41 1.0 

k33' k44 3.2 10-8 

Element Dependent Transfer Coefficients 

Value, -1 
S 

Element 
k14 k34 

Chromium -6 o.o 8 1.7 10_4 
Man8anese 1. 7 10_6 1.4 10:8 
Iron 1. 7 10-.5 1.4 10_8 
Cobalt 1.1 10_3 1.4 10_8 
Zinc 2.2 10_4 1.4 10_9 
Rubidium .5.6 10_4 2.7 10_9 
Strontium 3·3 10_.5 2.7 10_9 
yttrium 1. 7 10_6 2.7 10_9 
Zirconium 1 .1 10-.5 2.7 10_9 
Niobium .5.6 10_4 2.7 10 
Molybdenum ,5.6 10_1 o.o -8 
Teobnetium 2.8 10_.5 3.0 10 8 
Ruthenium ,5.6 10_3 1.4 10:8 
Silver 1.1 10-.5 1.4 10 6 
Antimony ,5.6 10_3 1.4 1o:8 Tellurium .5.6 10_4 3.0 10_8 
Iodine 1 .1 10-.5 3.0 10_8 
Caesium 2.8 10_.5 3.0 10_9 
Barium 2.8 10_.5 2.7 10_9 
Lanthanum 1. 7 10_.5 2.7 10_9 
Cerium 1. 7 10_6 .5 • .5 10 
Neptunium .5.6 10 6 o.o 
Plutonium ,5.6 10:6 o.o 
Americium ,5.6 10_6 o.o 
Curium .5.6 10 o.o 
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III Undisturbed Pasture Model 

0-1 cm 

Soil 

Soil 

External 

Plant (1) 
6 

External 

Internal 

(J?o k1o 11 
-------=-.::.....~ 

1. Compartments 1-5 are the undisturbed soil model described in Section 
).).).2. 

2. k16 represents resuspension onto the plant surface, ~1 represents 
losses due to weathering processes. 

3· 

4. 

5. 

6. 

External plant (1) is also used for direct deposition. 

External plant (2) represents surface contamination by soil and 
represents all soil consumed by the animal. 

The internal plant compartments represent . root uptake from the 
different layers of soil. 

k1 12 represents inhalation by the animal of resuspended material. 

k6 11 , k7 11 , ka 11 , k9 11' k10 11 represent losses due to consumption 
of the pasture oy Snimals. 
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Element Independent Parameters 

Value, -1 s 
Transfer coefficient 

Cows Sheep 

k12 7-7 10-9 7-7 10-9 

k23 2.0 10-9 2.0 10-9 

k34 1.2 10-9 1.2 10-9 

k43 4-7 10-11 4.7 10-11 

k45 4.4 10-10 4-4 10-10 

k16 1.0 10-9 1.0 10-9 

k61 5.7 10-7 5-7 10-7 

k17 5-3 10-4 8.0 10-4 

k71 1.0 1.0 

k81 1.0 1.0 

k92 1.0 1.0 

k;103 1.0 1.0 

k6 11' k711' k;811' k9 11' k 2.0 10-7 5.8 10-8 
10 11 

3· 75 10-13(*) 2.0 10-14(*) k 
1 12 

* For the actinides, k 12 is multiplied by 0.63 as that is the 
.fraction of a 1 .o lUll AMAD a~rosol which is deposited in the lung, this 
fraction is already included in the animal transfer coefficients for 
other elements. 
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Element Dependent Parameters 

-1 Value, s 

Element k18 k29 k3 10 

Cow Sheep Cow Sheep Cow Sheep 

-5 -6 -6 5 -6 -6 -7 Chromium 2.0 10_3 6.0 10_4 5.0 10_4 1. 10-4 2.0 10_4 6.0 10_5 
Manganese 2.0 10_5 6.0 10_6 5.0 10_6 1.5 10-6 2.0 10_6 6.0 10_7 
Iron 2.7 10_4 8.0 10_4 6.7 10_4 2.0 10_5 2.7 10_5 8.o 10_

5 Cobalt 6. 7 10_2 2.0 10_3 1. 7 10_3 5.0 10_3 6.7 10_3 2.0 10_4 
Zinc 2.7 10_3 8.0 10_3 6.7 10_3 2.0 10_4 2.7 10_4 8.o 1o_

4 Rubidium 6.7 10_2 2.0 10_3 1.7 10_3 5.0 10_3 6.7 10_3 2.0 10_4 
Strontium 2.0 10_4 6.0 10_5 5.0 10_5 1.5 10_5 2.0 10_5 6.0 10_6 
Yttrium 2.0 10_5 6.0 10_6 5.0 10_6 1.5 10_6 2.0 10_6 6.0 10_7 
Zirconium 1.3 10-4 4.0 10_4 3-3 10_4 1.0 10_5 1.3 10-5 4.0 10_5 
Niobium 6.7 10_3 2.0 10_3 1.710_3 5.0 10_4 6.7 10_4 2.0 10_4 
Molybdenum 6.7 10 2.0 10 1.710_1 5.0 10_1 6.7 10_1 2.0 10_1 
Teclmetium 3·3 -3 ' 1.0 -4 8.3 10_4 2.5 10_4 3·3 10_4 1.0 10_5 
Ruthenium 2.7 10_2 8.0 10_3 6.7 10_3 2.0 10_3 2.7 10_3 8.0 10_4 
Silver 1.3 10_4 4.0 10_4 3-3 10_4 1.0 10_5 1.3 10_5 4.0 10_5 
Antimony 6.7 10_2 2.0 10_2 1. 7 10-2 5.0 10_3 6.7 10_3 2.0 10_3 
Tellurium 6.7 10_3 2.0 10_4 1. 7 10_4 5.0 10_4 6.7 10_4 2.0 10_5 
Iodine 1.3 10_3 4.0 10_4 3-3 10_4 1.0 10_4 1.3 10_4 4.0 10_5 
Caesium 1.3 10_4 4.0 10_4 3-3 10_5 1.0 10_5 1.3 10_5 4.0 10_5 
Barium 3-3 10_4 1.0 10_5 8.3 10_5 2.5 10_5 3-3 10_5 1.0 10_6 
Lanthanum 2.0 10_5 6.0 10_5 5.0 10 6 1.5 10_6 2.0 10_6 6.0 10_6 
Cerium 3-3 10 6 1.0 10_6 8.3 10=6 2.5 10_7 3-3 10_7 1.0 10_7 
Neptunium 6.7 10=6 2.0 10_6 1. 7 10_6 5.0 10_7 6.7 10_7 2.0 10_7 
Plutonium 6.7 10_5 2.0 10_5 1. 7 10-5 5.0 10 6 6.7 10_6 2.0 10_6 
Americium 6.7 10_5 2.0 10_5 1. 7 10_5 5.0 10=6 6.7 10_6 2.0 10_6 
Curium 6. 7 10 2.0 10 1. 7 10 5.0 10 6. 7 10 2.0 10 

' 
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IV Animal model for the transuranium elements 

k~1 k12 11 
~ G. I. tract 

k12 12 11 

k11 11 11 13 12 13 

k13 1 
BLOOD k13 13 13 

Notes 

k11 1 and k13 1 represent return to soil via excreta 

k11 11• k.t2 12' ~1.2 n• ~h 1h• k15 15 and k16 16 represent losses due to 
the periodic ftla~ter of inimals and are equal to 5.3 1o-9 s-1 for cows 
and 3.2 10- a- for sheep. 

~ 7 17 represents losses due to regular milking 

This model is ueed with inputs from the undisturbed pasture model (III) and 
also for inhalation in the initial cloud, with an input to the lung 
compartment only. 
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Element Independent Parameters for Cows and Sheep 

Parameter Value, s -1 

k11 1 1.3 10-5 

~31 1.2 10-7 

kl3 14 2.3 10-5 

~4 13 5.5 10-6 

k13 15 2.3 10-5 

k15 13 1. 7 10-6 

k13 16 2.3 10-5 

k16 13 2.8 10-7 

k 1.2 10-7 
13 17 

3-5 10-5 k 
17 13 

Element Dependent Parameters 

Value, s -1 

Element 

k11 13 k12 11 k12 13 

Neptunium -7 -6 -7 1.3 10_10 1.2 10_8 2.4 10_9 
Plutonium 1.3 10_9 9-3 10_6 7.2 10_7 
Americium 6.4 10_9 1.2 10_6 2.4 10_7 
Curium 6.4 10 1.2 10 2.4 10 
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V Cow model !or elements other than the transuranium elements 

:l6o!. and ~ 2 1 are returns to soil to represent excretion processes via 

k13 13 and k14 14 represent losses :from the organs due to biological 
processes. 

In addition there is a loss from eaoh compartment to represent the periodic 
slaughter o! cows, the value o! t~s transfer coefficient is 5.3 1o-9 
s-1. 

Element Independent Transfer Coefficients 

Transfer coefficient -1 Value, s 

k11 1 1.3 10-5 

k12 1 1.2 10-5 
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VI Sheep model !or elements other than the transuranium elements 

!.2l!! 

G.I. tract 
11 

Lung 
12 

k11 1 and k12 1 represent return o£ soil £rom excretion process via blood. 

k13 13 and k14 14 represent loss from the organs due to biological processes. 

In addition there is a loss from each compartment to represent the 
periodic ~la~ter o£ sheep, the value o£ this trans!er coefficient is 
3.2 10- s- • 

~ement Independent Transfer Coefficients 

Transfer coefficient Value, s -1 

k.,1 1 1.3 10-5 

k12 1 1.2 10-5 
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Appendix ;.4 
Transfo~tion into sectors of the data contained in the population and 
agricultural grids 

It is necessary to divide into sectors, around the site being 
studied the data on the population and aaricultural production contained 
in the grid of equal areas { 100 to 1 o4 JDi2). 

The earth is considered to be a sphere with all the points on the 
surface a distance R equal to 6370 km from its centre; they are 
represented by their latitude 8 and their longitude >.. in a coordinate 
system whose origin is the centre of the earth. The ues Ox and Oy are 
in the plane of the equator and the axis Oz intercepts the surface of the 
earth at the north·pole (:i'igure A3.4.1). For a given site S0 (8

0
, ~ 0 ) 

a double rotation {Figure A3.4.1) of axes allows it to be plaoed in a 
geometry which is more favourable for calculation. The first rotation, 
of >.. 0 about 8z transforms Oxyz to Ox 'Y' z 1 ; this rotation does not 
change the latitude of S but gives it a longitude of zero. The second 
rotation of .1.- 8 about 8y.• transforms Ox'y'z' into Ox"Y"z", the latitude 

2 
of S0 becomes equal to .1. and its longitude is undete%mined. 

2 
A point M on the surface of the earth with coordinates {8, >..) in 

the representation Oxyz goes to, in the representation Ox''Y"z", 
coordinates 8" and A" such that: 

Sin (JII = sin 8 sin 8
0 

+ COB 8 COB (>.,- >..
0

) COB 8
0 

sin(>..-~ 0 ) 
•••••••••• (A3.9) 

Sin>." = COB 8 

cos 8" •••••••••• (A3.10) 

In the representation Ox"y"z", circles centred on S will be the locus of 
points such that en is constant whilst the radii ofOthese circles will be 
such that >.11 is a constant. 

To simplify the problem further, the position of points are 
represented on a map by their cartesian coordinates X" and Y". For this 
a ?olar Stereographic projection is used (Figure A3.4.2) which transforms 
the point M(R, 8 ", >. ") on the surface of the earth to a point M' (X'', Y'') 
on a plane which is tangential to the surface of the earth at s0 • The 
ues S0 X'' and S0 Y'' as parallel to Ox" respectively. '!'his projection is 
congruent that is to ~ it conserves directions. 

X
11 = 2R tan ( t -f) COB ). 

11 

•••••••••• (A).11 ) 

Y" = 2R tan (Jl - 8") sin X 11 

4 2 • •• ....... (A3. f2) 

It only remains tp de~emine how the squares of equal. area of 100 k:m2 for 
population and 1~ km for agricultural production should be divided among 
the sectors and distance bands given. It is assumed that within a square 
the distribution of population and agricultural production is ~form. 
Fig11re A3 .4.2 shows an eDmple where the entire "square" of 1o4 km is'not 
contained in one of the distance bands and sectors given. In this case the 
"square" is divided into 100 parts each of approximately 100 lan2 and it is 
detemined which of the given distance bands and sectors contains each of 
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the parts. For the smaller squares which are still distributed through 
several distance bands and sectors a supplementary division into 100 
elements of area 1 km2 is made. The allocation of these elements into the 
various distance bands and sectors is made according to the position of 
their centre, which sometimes introduces a small error but avoids ambiguity. 



Figure AJ.4.1 
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x' 

\ 

Schematic diagram or the representation used in the 
calculation 
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Figure A).4.2 Locating a square on the grid in the representation 8
0 

X", Y" 
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CHAPI'ER 4 

ASSESSMENT OF RADIONUCLIDES RELEASED TO THE AQUATIC ENVIRONME:NT 

4.1 Introduction 

In order to evaluate the consequences of discharges of radioactive 
effluents into surface waters, mathematical models have been used which 
represent four sectors of the hydrosphere: 

rivers 
estuaries 
local marine zones 
regional marine zones 

A discharge into a river may involve the movement of radionuclides 
through all four sectors whereas for a discharge into the sea it is only 
necessary, in general, to consider the local and regional marine zones. 

The pathways to man considered in this study are shown schematically 
in Diagram 4. 1 • 

Diagram 4.1 Aquatic pathways to man 

I 
Liquid 

Release 

Dispersion Sedimentation 

t t 
Water Sediment 

Concentration Concentration ....-- t ------ + 
Water 

I=igation Bio-accumulation Utilisation 
Treatment 

' t ' Drinking Terrestrial Aquatic 
Water Foodstuff Foodstuff 
Concentration Concentration Concentration 

External 
Ingestion 

I=adiation 

'f 

Agricultural Population 
and Aquatic Distribution 
Food Production and Habits 
Data 

+ 
Collectiv~ 
Dose 
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The pathw~s considered for an effluent discharge into a river, are 
drinking water, ingestion of fish, irrigation leading to contamination 
of foodstuffs and external radiation from sediments. For discharges 
to the marine,environment the situation is simplified in that only the 
ingestion of marine foodstuffs has been considered. 

The radionuclides considered in this study are summarised in 
Table 4.1. They were selected on the basis of either their potential 
absolute significance or because they were known to be of public 
concern; other nuclides could however, be readily treated by the 
models developed. 

For releases to both river and marine zones, the models developed 
have been used to evaluate the activity concentrations in both the 
water and the sediments per unit discharge rate. These models take into 
account the physical movement and dispersion of water masses, the 
interaction of radionuclides with suspended matter and bed sediments, 
and radioactive dec~. The resulting concentrations of radionuclides 
in water are the source terms for the calculation of ingestion of the 
various radionuclides via specific pathways by the population of the 
European Community. 

In the case of river discharges it is also necessary to consider 
the dispersion of radionuclides by irrigation practices; the concen
tration of radionuclides in river water is calculated and this, together 
with quantities of water used, serves as an input into the terrestrial 
models described in Section 3.3.3. For the estuarine situation only 
the interface between river and seawater is considered: the mechanisms 
of adsorption and desorption of radionuclides on suspended sediments 
produced in this zone have been evaluated by using partition factors 
between river and sea water. 

The dispersion models for marine discharges have been defined 
separately for Northern European waters and the Mediterranean. Each 
consists of a local model and a regional marine model; the local model 
acts as an interface between the point of discharge and the regional 
marine model, both taking account of the effects of water flows, 
radioactive decay and sedimentation. 

Given the objectives of the present study and the potentially 
vast scope of a study of hydrospheric dispersion, the models described 
in this section necessarily contain considerable &implications of 
complex phenomena, The models developed represent time dependent 
behaviour but rely heavily on equilibrium concentration factor data 
(Table 4.2) to estimate the transfer of activity both to sediments 
and marine foodstuffs. The flows of water in the marine systems 
considered have been approximated by exchange rates between regional 
compartments and, while this can never give a strictly accurate 
representation of seawater movements, such a model reflects the 
availability and precision of seafood catch data and the mobility 
of fish. * 

Examples of complex~drodynamic models in marine systems~ be found 
in Porte and Bohet L4.1Ql and Nihoul and Rond~ J..'fi.5S/ 



In addition the number of pathways to man which have been taken 
into account has been limited to those which are considered important 
in terms of the collective dose in the exposed population, the quantity 
of major interest in this study. Pathways, such as the resuspension of 
marine and river sediments, the use of land reclaimed from the sea, 
etc, which may be significant in the context of individual doses 
in the locality of the discharge, have been discounted because of 
this; moreover the evaluation of such pathways is not amenable to the 
generic methodology developed in this report since much depends on 
local environmental conditions. 

4.2 River models 

4.2.1 Introduction 

In general there are three different theoretical approaches to 
river modelling: 

1. hydraulic models based on diffusion/advection 
equations 

2. simple dilution models 

J, semi-empirical models 

The first catego~ of model has been developed from water flow 
studies and the US NRC L4·i7 have recommended their use in calculating 
doses from nuclear installations on river sites. The major problem 
with this approach is that sediment interactions are usually ignored, 
although these interactions are important both in the transport and 
removal of radionuclides from river water. The models are often 
very complicated L4.i7 but are, nevertheless, applicable to radio
nuclides which do not interact strongly with sediments. 

The second category of model is, by contrast, very simple: 
it is assumed that the effluent is immediately diluted in the total 
river volume and again the effects of sedimentation are ignored. 
Murray and Avogadro L4.i7 have used this type of approach but have 
taken sedimentation effects into account. 

The method adopted in this study comes under the third category, 
semi--empirical models. The model is that proposed by Schaeffer 

L4.~ which includes the fixation and transport of radionuclides on 
sedimentary material, but assumes instantaneous dilution of the 
effluent in the total flow of the river. The model is based on the 
results of measurements in the Rhone and thus gives realistic values 
for this river. For the other European rivers considered in this 
study (Loire, Po, Rhine) the same model has been used with modifi
cations to basic parameters which are functions of the physical 
characteristics of the river being studied. For the purposes of 
the model the rivers are divided into sections and Figures 4.1 and 
4.2 show the assumed discharge point and sections used for the 
Rhone and Loire. 

The assumption of instantaneous dilution in a river is an 
approximation of the real physical situation where a finite length 
of time is required for an effluent to become well mixed. This 
will not lead to great inaccuracies when calculating collective 
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doses from drinking water, fish consumption or irrigation, but may give 
rise to underestimates if applied to calculation of the ~ individual 
doses. 

4.2.2 Description of the model 

The model of Schaeffer jJ;..Jil assumes that radioactive effluents 
are diluted in the river flow and that activity is adsorbed on suspended 
and bed sediments to an extent depending on the nuclide. Activity is 
transported downstream by the river flow and by the slower movement of 
contaminated bed sediments. After the termination of the discharge the 
activity in water is zero because it has been assumed that there is 
no desorption of activity adSorbed on sediments, 

4.2.2,1. Activity in water 

Observation of activity levels in water downstream of nuclear 
installations shows an exponential decline in activity with distance 
from the plant jJ;..Jil. Since instantaneous dilution of activity has 
been assumed in the flow rate of the river, the concentration Cw in 
the river at a distance x from the point of release is given by 
equation (4.1) per unit discharge rate, 

c w 
1 e-kx 
q 

0 .... (4.1) 

where x = distance (m) _1 k factor dependent on river and radionuclide, (m ) 
q river flow rate (m? s-1) 

For a given nuclide the value of k depends on its half life, the river 
water velocity and the extent of sedimentation effects 

where >.. 
w 

k' 

k + 
w 

.... (4.2) 

radioactive decay constant, (s-1) 
river velocity (m s-1) 
depletion factor for sedimentation, (m-1) 

The concentration Cw includes the activity dissolved in water, 
Cr and the activity adsorbed on suspended sediments Cm per unit 
reiease rate. 

• •••• (4.3) 
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where cf activity in water, (Bq m-3 per Bq s-1) 

Cm activity on suspended sediments, (Bq t-1 per Bq s-1) 

M mass of suspended sediments, (t m-3) 

The activity on suspended sediments is assumed to be related 
to the activity in the river water, 

where Kd = distribution (or concentration) factor of nuclide 
on sediments (Bq t-1 per Bq m-3) 

Substituting in equation (4.3) enables the activity iv water and 
that on suspended elements to be evaluated:-

c m 

c 
w 

-kx e 

4.2.2.2. Sediment activity 

1 
q 

-kx e 

( -1 -1) Bq t per Bq s 

•••• (4.4) 

•••• (4 • .5) 

UnconsolidG•ed river bed sediments act as a fluid under the 
influence of the shear force exerted by the river flow and to a lesser 
extent gravity. The following e~tion is defined for v, the average 
velocity of river bed sediments L4 • .5~ 

V = afJ (m s-1) 

•••• (4.6) 

where a = constant (m~ s-1) 

h water depth, (m) 

J slope of the river bed 

and the full mathematical expressions for the model are given in 
Appendix A4.1. The basic equations were originally derived by 
Schaeffer ~.k7 and some simple cases are considered below. 

The activity Qs in the sediments is a function of the distance x 
from the point of discharge and of the time t when the observation is 
made. During a period of release the profile is given by 
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"a (x,t) 

••.• (4.7) 

where '\.(x) is the activity in water, (Bq) 

~(x) is the activity in sediments, (Bq m-1 per Bq s-1) 

and other symbols having been defined in Section 4.2.2.1. 

The variation of activity on sediments can be derived using 
equation(4.Vand a maximum activity is predicted at distance xm from 
the discharge point 

log (kv/X) 
k-b, 

V 

•••• (4.8) 

The values of Qe and :zm change with the duration, t, of the 
discharge, until the loss of activity due to radioactive dec~ gives 
an equilibrium: from this moment the position of the maximum st~s 
unchanged although the front of the contaminated sediments continues 
to progress. 

The model can be adapted to consider the more complex situation 
where the river is divided into several sections, the velocity of water 
and sediment being assumed constant in each section. In addition, 
certain radionuclides,eg, plutonium-241, give rise to radioactive 
daughter products and the expressions needed to include this phenomenon 
are given in Appendi:lliA4.1 and in reference ffi.rJJ. 

4.2.3 Application of the model 

The model has been applied to the Rhone, Rhine, Loire and Po 
and this section describes its application to the Rhone. The other 
rivers have been treated in a comparable manner. Equally the model 
could be readily applied to other rivers subject to acquisition of 
the appropriate data. 

4.2.3.1. Selection of parameters 

Each river has been divided into several sections (Figures 4.1 
and 4.2); the criteria used to define these sections depend on the 
physical characteristics of the river and also the utilisation of 
river water and sediments. For each of the sections it is assumed 
that the slope of the river bed, its width, the amount of suspended 
sediments, the river flow and the bed sediment velocity are constant. 
The values for these parameters are given in Table 4.3. 
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The parameter k' represents the potential interaction of radio
nuclides with sediments and Schaeffer has proposed values based on 
measurements in the Rhone river for the following radionuclides: 

Caesium-137 

Cobalt-60 and ruthenium-106 

Strontium-90 

-1 
m 

5 -6 -1 .10 m 

2.10-6 m-1 

-1 The above values are defined for a river velocity of 2 m s • 
In this study k' values for all radionuclides were obtained in the 
following way: the radionuclides were separated into three categories 
based on knowledge of the freshwater concentration factors (Table 4.2) 
and then k' values, typical of those measured in the Rhone, were 
assigned to the categories, 

Category A : strong interaction with sediments. These 
elements have co:1eentration factors (:Kd) values greater 
than 1o4 (Bq t-1 per Bq m-3) : chromium, manganese, cobalt, 
zirconium, ruthenium, caesium,europium, neptunium, cerium, plutonium, 
americium and curium. For w = 2 m s-1, k' is equal to 10-5 m-1, 

Category B : moderate interaction with sediments, For 
elements with concentration factor (Kd) values between 1oJ 
and 1o4 (Bq t-1 per Bq m-3) : carbon, zinc, strontigm 
and yttrium. For w 2 m s-1, k' is equal to 2.10- m-1, 

Category C : weak interaction with sediments, For elements 
with concentration factor (Kd) values less than 1oJ Bq t-1 Bq m-3 
hydrogen, niobium, technetium, silver, antimony, tellurium and 
iodine. For this category k' has been assumed to be zero, 

It has been assumed in this study that the values of k' are 
not river dependent even though there are great differences between 
the physical and chemical characteristics of each river. 

4.2.3.2. Representative results 

For each radionuclide discharged the variation in water concen
tration has been evaluated as a function of distance from the discharge 
point, Figure 4.3 shows a concentration profile for caesium-137 in 
filtered and non filtered water downstream of the release point on the 
Rhone which was shown in Figure 4,1. The profile is for a release of 
1 Bq s-1 continuing for one year and the examples given in this section 
will be for radionuclides, manganese-54, cobalt-6o. stronium-90 and 
caesium-137. 

The estimation of doses received from the ingestion of drinking 
water, of fish, and of agricultural products contaminated by irrigation 
practices, follows from the calculation of the radionuclide concentration 
in the river water. The contamination of river sediments can lead to 
external irradiation of people either on the river banks or by other 
pathways such as the utilisation of river sediments for building 
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materials. Only the external irradiation of people on river banks has 
been considered in this study. 

(a) Ingestion of drinking water 

River water, or water from the water-table close to a river 
mB¥ be extracted and utilised, after treatment, as drinking water. 
The concentration of activity in drinking water is normally less than 
the concentration in river water by a factor which varies with the 
methods of extraction and treatment. For simplicity it has been 
assumed here that the river water is extracted directly from the 
river and undergoes a single filtration treatment which removes 
suspended sediments. Consequently the activity in drinking water 
is assumed to be equal to that of filtered river water. 

The quantities of water extracted for drinking purposes have 
been taken from published documents ~.§7 or have been estimated on 
the assumption that the populations of the small administrative areas 
bordering the river take their drinkin~ water from it at an individual 
rate of 1.5 1o-8m3 s-1 (1.2 1 d-1) fll.i7. Table 4.4 gives the 
quantities of water assumed to be extracted for each section of the 
Rhone and Loire. 

For a given radionuclide, the collective intake of activity 
is obtained by multiplying the average concentration of activity in 
filtered water for each river section with the quantity of water 
extracted for drinking purposes from that section. Table 4.5 shows 
as an example the collective intakes by ingestion of caesium-137 and 
strontium-90 corresponding to a release of 1 Bq s-1 of each nuclide 
continuously for one year from an installation on the Rhone (see 
Figure 4.1). 

(b) Ingestion of fish 

Various species of river flora and fauna can enter the humandiet 
but for the rivers in this study only the consumption of fish has 

been considered. The concentration of a given radionuclide in the 
edible parts of fish is calculated by multiplying the concentration 
of activity in filtered river water with the appropriate concentration 
factor given in Table 4.2. 

The quantities of fish caught in each section of the Rhone 
and the Loire are shown in Table 4.6; they have been obtained from 
the production of fish per km of river {depending on the river 
and the section of the river) and from fishing habits on the river 
~. 7 and 4.4iJ. It has been assumed that all the fish caught are 
consumed within the EC. The edible fraction of fish is assumed to 
be 5<1% on average. 

The collective intake of a given radionuclide from ingestion 
of fish per section of the river is calculated by multiplying the 
average concentration of activity in the edible fraction of fish 
with the quantity of fish caught in each section of the river. Table 
4.5 gives, as an example, the collective intakes of caesium-137 and 
strontium-90 corresponding to a release of each nuclide of 1 Bq s-1 
continuously for one year from an installation on the Rhone (see 
Figure 4.1). 
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(c) Ingestion of agricultural products contaminated by 
irrigation practices 

In this study consideration is limited to the spray irri~-tion 
of cultivated crops; this is considered to be the most important 
route b~r which radioactivity can ree.ch man from irrigated crops bea.riJ.Og 
in mind irrigation practices and the transfer mechanisms for radio
nuclides. 

Account is taken of the transfer of activity to the external 
surfaces of the plants and also root uptake and translocation in a 
manner comparable to that described for the deposition of activity 
from the atmosphere (see Section 3.3.3). The transfer coefficients 
used to describe the movement of activity are identical with those 
adopted in Section 3.3.3 with the exception of the fraction intercepted 
on plant surfaces during the deposition process. Experimental evidence 
~.8, 4.27 indicates that the fraction deposited on vegetation during 
spray irrigation is about 0.05 in contrast to the fraction of 0.2 adopted 
!or the deposition of activity from the atmosphere. 

The models in Section 3.3.3 haye been used to estimate the time 
integrated concentrations in Bq y kg- of agricultural produce derived 
from land irrigated at a rate of 1 Bq m-2 s-1 for the harvest period. 
The rate of deposition of each nuclide is obtained by multiplying the 
conc~ntration in non-filtered water, in Bq m-3, by the irrigation rate 
in mJ s-1 per m2. 

The quantity of agricultural products derived from irrigated 
l~~d varies considerably from one river to another, and within the 
various sections of a river. The flow of an Alpine river like the· 
Rhone varies little during the year but the river is utilised heavily 
for irrigation in certain sections: conversely the Loire has a water 
flow that varies considerably during the year but there is little use 
of river water for such purposes by comparison. 

Table 4.7 shows as an example the quantities 6f irri~ted crops 
produced along the length of the Rhone river ~.50 and 4.5JV; the 
classification of the various foodstuffs into the product categories 
modelled in Section 3.3.3 (green vegetables, root crops, grain) is 
indicated. In all cases the production of crops by irrigation 
is assumed to be consumed totally within the EC. 

For a given radionuclide end agricultural product, the collective 
intake of activity in each section of a river is obtained by multiplying 
the time integrated concentration in the product by the quantity 
produced in that river section. It is noted that it may be possible 
for activity to reach man by other routes from irrigation practices 
such as suspension of contaminated soil and subsequent inhalation by 
man or external irradiation by contaminated soil. It is assumed that 
these pathways are negligible in terms of collective dose compared 
with the ingestion of agricultural products. 

4.2.3.3. Sediment activity 
The model calculates the activity on bed sediments and river 

banks as a function of time and distance. The relevant equations are 
given in AppendixA4.1. Figure 4.4 shows the variation, as a function 
of distance, of caesium-137 ~~d stror.tium-90 concent=ations in sediments 
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at the end of a year's continuous discharge rate into the 
Rhone, while Figure 4.5 shows the variation of these concentrations at 
a point on the mouth of the Rhone river duril}.g and after the period 
of discharge (assumed to continue at 1 Bq s-1 for 1 year and then cease). 

In order to calculate doses from external irradiation by 
contaminated sediments, it is assumed that the sediment activity on the 
river banks is constantly in equilibrium with the activity on river 
sediments and that this activity is uniformly distributed to a. depth 
of 30 cm. Individual and collective doses have been obtained using 
the models described inSeotion 3.3.4 and assuming a. population density for 
all rivers of 20 km-1, this population spending on average 200 h hours 
per year on the river bank at the sections being considered ffi.J]. 

Table 4.8 shows, for each section of the Rhone, the average 
concentrations of mansanese-54, ooba.lt-60 and oaesium-137 in river bank 
sediments and the resulting truncated collective effective dose 
equivalent commitments from external irradiation (truncation at 50 
years). The particular radionuclides chosen for this example give 
rise to relatively high externa.l v radiation. 

!~.3 Estuarine models 

The mathematical modelling of river estuaries is complex and must 
refieot the indi vididuali ty of each river estuary. The physical mixing 
of fresh water which can have a. variable composition (the pH of river 
water is typically in the range 6.5 to 8.5, dissolved salts 0.1 kg m.-3) 
and sea. water which has a. relatively constant composition (pH 7.5 to 8.0, 
dissolved salts 30 kg m.-3) can lea.d to significant chemical changes to 
dissolved ra.dionuclides. 

The estuarine region is generally an area where sedimentation 
effects are important; the behaviour of suspended sediments is particularly 
complex in estuaries with significant tidal movements and with complex 
patterns of sedimentation and resuspension. The presence of marine 
currents also makes it dif!icul t to measure basic parameters for environ
mental models. 

Given the obvious complexity of each estuarine region and that 
the possible contributions from such areas to the total collective 
dose are in general small, a. simplified approach is adopted, The 
estuary is assumed to be a. simple interface between the end of the river 
and the sea.. At this interface adsorption and desorption of activity 
between the sediment& and water occur as a result of the mixing of 
fresh and marine waters. A schematic representation of the model is 
shown in Figure 4. 6. 

The fraction of each nuclide retained on sediments has been 
estimated from the distribution (concentration) factors between water 
and sediments- in the fresh-water and marine environments (or Table 4.2). 
For this purpose the radionuolides have been divided into six classes, 
Each of the 3 classes used for the river model is further divided into 
two sub-classes which reflect the a.dsorp~ion of radionuolides in marine 
sediments. The resulting classification is given in Table 4.9. The 
values adopted for the fraction of activity desorbed from river sediments 
in the estuarine region are as follows: 
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Class Ai 096 
Class A2 30% 
Class :B1 096 
Clas9 B2 30% 
Class C1 0% 
Class C2 0% 

Conseque~tly the only radionuclides (of those considered in this study) 
assumed to desorb in estuarine regions are carbon-14, strontium-90, 
caesium-134, caesium-136 and caesium-137. For these radionuclides, 
the period during which the activity discharged from the estuary to the 
sea is not limited to the period of discharge; contaminated bed sediments 
which move at a much lower speed than the river water, gradually reach 
the estuarine region and may then release a fraction of absorbed activity. 
This transfer pathway may lead to a release of activity spread over an 
extended period of time; Figures 4.7 and 4.8 show some results obtained 
for strontium-90 and caesium-137 where the activity transferred directly 
from the water phase and that desorbed from sediments are shown separately. 

These two components have been derived in the following manner. 
The rate Bg, at which sediments reach the estuary is given by 

.... (4.9 ) 

where V sediment velocity (m s-1) 

E sediment s thickness (m) 

L width of river (m) 

p density of sediments ( t m-3) 
s 

~e rate of activity release into seawater can be evaluated by multiplying 
Ra by the activity on sediments at the river mouth and by the percentage 
desorbed. 

4.4 Marine modelling 

In order to calculate collective intakes of activity resulting 
from discharges of activity to the sea it is necessary to model the 
dispersion of radionuolides in marine waters, their possible reconcentration 
in environmental materials and the pathways to man, Of the various path
ways by which man might be exposed the ingestion of marine foodstuffs is 
the most important in terms of collective intake, the most significant 
foods being fish, crustacea and molluscs, 

Other pathways could be important in the context of maximum 
in~ividual doses, ~otably external do2es from ~cnt~natei sedi~ents, 
~he resuspensio~ of cc~taminated sediments and the use of reclaimed 
coastal land for agricultural purposes L4.1i7. ThePe have been ignored 
bee~se their contributions to collective dose are liable to be small, 
and moreover will be very dependent on local environmental conditions and 
habits ~~d thus not amenable to modelling in the generic manner. 
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The models described below calculate time dependent water 
concentrations in various sea areas for discharges or a range or nuclides 
at particular locations. The models take into consideration the dispersion 
or the water masses, the bteroation or nuclides with sediments and radio
active decay. The calculated water concentrations are then used in 
association with concentration factors in marine species and fisheries 
statistical data to evaluate collective intakes or activity by the 
population of the EC. 

Activity may be discharged into the marine environment either 
directly or indirectly via a fresh-water body. In the latter case the 
environmental characteristics or the fresh-water system will influence 
the traction or activity which eventually reaches the sea; this traction 
can be evaluated using the models described in the previous Sections 4.2 
and 4.3. For direct discharges the local environmental conditions 
determine the traction or activity which becomes more widely dispersed 
and which, in general, contributes most significantly to the collective 
dose in the exposed population. For this reason the model chosen to 
characterise dispersion in the marine environment is subdivided into 
"local" and "regional" components which are subsequently suitably 
interfaced. The local model is concemed with two aspects: first, 
the estimation or water and sediment concentrations in the vicinity 
or the discharge which can be used to estimate the exposure or the 
critical grou~ and second, the prediction or the traction or the discharged 
activity which leaves the local area and becomes more widely dispersed in 
coastal waters bordering the EC. This more widespread dispersion is 
estimated using the regional model. The models are applied independently 
but subsequently interfaced in the manner indicated in Diagram 4.2 to 
evaluate the collective dose for a discharge at a particular location. 

Diagram 4.2 Sc~ematic di~ showing inte~race between loca~ 

discharge 

~d ~g:!,onal marine models. 

local marine 

compartment 

sedimentation, 
radioactive decay 

exchange regional marine 

compartment 

sedimentation, 
radioactive deoay 

exchange 

In this way the results or the regional model (which are independent 
or the location or discharge over relatively large areas) can be 
readily combined with a number or local models each representing different 
local environmental conditions. In a similar manner the discharge from 
the river/estuary model is interfaced with the regional model. 

4.4.1 Looal model 

Dispersion on the local scale occurs by different mechanisms 
depending on whether the discharge is made from the coast or tidal seas 
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(eg, English Channel, North Sea) or from the coast of non-tidal seas 
(eg,Mediterranean Sea). In the case of tidal seas, the effluent 
trajectories are determined by the marine currents which can be predicted 
accurately. Eddy diffusion also contributes to marine dispersion but 
in the local zone marine currents are assumed to dominate. For non
tidal seas the effluent trajectories are essentially dependent on the 
wind. The currents are less strong than those in tidal seas and there
fore the influence of eddy diffusion can determine the extent of 
dispersion. Experience of discharges of tracers L#.11 and 4.1k7, and 
the results of measurements of the currents in the local zone of the 
Gulf of Taranto L#.12 and 4.1j7 shows it is possible to represent 
the dispersion with a one compartment model. For simplification, such 
a model is also adopted in the case of tidal seas, and such an approach 
can predict concentrations close to observed values L4.3i7. 

The variation in time of the activity in the local compartment is 
expressed by the differential equation: 

...• (4.10) 

in which A is the activity in the local compartment at time t (Bq) 

Q is the rate at which activity is discharged (Bq s-1) 

A is the radioactive decay constant (s-1) 

A is the rate of loss by sedimentation (s-1) s 

(s-1) and Ar is the rate of renewal of water in the compartment 

This model assumes a one way exchange between the local compartment and 
the adjacent regional compartment governed by the loss term ArA. There 
will however be some activity returning to the local compartment from 
the regional compartment, but to a good approximation this return can 
be ignored in most practical cases. 

As will be shown later (equation (4.19)), the rate of loss by 
sedimentation As, is given by: 

.... (4.11) 

( 
-1 in which Kd is th~ sediment-water concentration factor Bq t per 

Bq m-J) (See Table 4.2). 

h is the water depth in the compartment (m), 

( -2 -1) s is the rate of sedimentation t m s , and 

ss is the suspended sediment load (t m-3) 
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T.he solution of equation (4.10) is: 

•••• (4.12) 

For a volume V of the compartment (~) the concentration of 
activity C(t) in Bq m-3 is given by 

C(t) = !!..:U 
V 

•••• (4.13) 

This concentratm n can be used to assess the exposure of the critical 
group resi~!ng in the vicinity of the discharge, subject to the 
specification of dietary and other habits together with concentration 
factors between sea water and other environmental media. In general, 
this exposure contributes insignificantly to the collective dose and 
has been ignored in this context. T.he main role of the local model 
in this study is to act as an interface between a discharge and the 
regional marine compartments. 

T.he rate of activity leaving the local compartment is a function 
of time g! ven by 

X A( t) = r 

•••• (4.14) 

where ~r(t) is the amount of activity going from the local 
compartment (Bq s-1) 

T.he equilibrium rate of activity leaving the local compartment for a 
continuous discharge is therefore 

•••• (4.15) 

Tb a good approximation, this equilibrium rate can be equated to the 
total activity over all time leaving the compartment for a discharge 
which continued for 1 year. This quantity is dependent on the ratio 
Xr/Ae which is both site and nuclide dependent. T.he values of site 
dependent parameters are given in Table 4.10 and some results for 
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different nuclides at two different sites, on the Gulf di Tar~~to and 
on the eastern Irish Sea, respectively, are given in Tables 4.11 and 4.12. 
These tables show that for most nuclides the equilib~ium rate of removal 
from the local compartment for a continuous discharge is attained 
within the first year. There are slight variations for the Gulf di Taranto 
because the local compartment has a relatively low rate of exchange with 
the regional compartment. However these differences between ~r(~ y) and 
~r(=) are not considered significant and only amount to 1 or 2 per cent 
for this site. The Eastern Irish Sea local box has both high water 
exchange rates and sedimentation rates and therefore Qlr(1 y) and Qlr(=) 
can be considered equal. 

4.4.2 Regional model 

Figures 4.9 and 4.10 show the various regions used in the 
regional models as well as the discharge locations considered. It has 
been decided to separate the Mediterranean Sea from the seas of 
Northern Europe because of the limited exchange between the Mediterranean 
and the Atlantic via the Straits of Gibraltar. This separation simplifies 
the mathematical treatment considerably. 

4.4.2.1 Description of the model used 

The model can conveniently be described under five headings: 
water movements, sediments, marine foodstuffs, radionuclide decay chains 
and the calculation of collective intakes. 

(a) Water movements 

The technique of compartmental analysis is used to model the 
movements of water, and the associated activity, between the various 
sea areas. This technique assumes instantaneous uniform mixing within 
each compartment, with the rates of transfer between compartments being 
defined by transfer coefficients. Figures 4.11 and 4.12 show the 
compartments used in the two models (North European waters and the 
Mediterranean Sea) and the relations between them. 

In order to allow for the return of long-lived nuclides to the 
regional waters of Northern Europe or the Mediterranean Sea following 
their dispersion in the rest of the world's oceans, two large compartments 
have been included, namely those representing the Atlantic Ocean (or 
the remainder of it) and the remainder of the world's oceans. 

The differential equation which describes the variation of the· 
activity in compartment i of the model is of the form: 

+ ~ 

for all i 1,N 

••.. (4.16) 
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where Ai is the activity present at time t in compartment i (Bq), 

Kij is the rate of transfer from compartment i to 
compartment j (s-1), with Kii = 0 

Ki is the rate of loss from compartment i by 
radioactive dec~, sedimentation etc (s-1), 

~ is the rate of discharge into compartment i (Bq s-1), 

and N is the number of compartments in the system. 

- ':! -1 A quantity often used is the volume exchange, R .. lair' s 
from compartment i to compartment j, ~J 

••••• (4.17) 

Vi being the volume of compartment i (~) 

(b) Sediments 

The adsorption of activity by sediments can result in significant 
depletion of activity from the water phase. Such depletion is due to 
both the partitioning of the activity between the liquid phase and 
the solid phase (suspended sediments) and the removal of activity from 
the water column to bottoa sediments. The amount of activity which is 
in solution is the quantity which needs to be calculated because the 
concentration factors for sediments and marine organisms are defined 
with respect to this soluble fraction. 

The sediment concentration factor, or distribution coefficient, 
Ka., is defined as the ratio of amount of radionuclide per unit weight 
of dry sediment to the amount per unit volume of water (Bq g-1 perBq cm-3 or 
Bq t-l per Bq mr3). Table 4.2 gives values of the sediment concentration 
~tor, ~' ~~eh have been adopted for the nuclides being studied 
L4.39 and 4.4QV For a given element, it is common to obtain variations 
in Ka. by two orders of magnitude according to the physical and chemical 
properties of the radionuclides and the sediments. The values given 
in Table 4.2 are considered most appropriate to the sediments of the 
continental shelf and in particular to the sediments in the zone where 
sedimentation is most marked. 

Depletion by sediments is greater for those nuclides with the 
higher values of the sediment concentration factor; it will also be 
greatest in those sea areas with high suspended sediment loads and/or 
high rates of sediment deposition, particularly if such sediments are 
of small grain size,such as mud and silts,which have a high surface 
area to volume ratio. At any given time the activity in the water 
column is partitioned between the water phase and the suspended 
sedimedmaterial. The fraction of the activity in the water colUJIJl 
which is in solution (the filtrate fraction), Fw, is given by: 
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where 6 s is the suspended sediment load ~m-3 ). 

•••• (4.18) 

Figure 4.13 shows the possible variation in Fw as a function of 
suspended sediment l9ad ss for ruthenium-106, caesium-137 and plutonium-239. 
Enh~1ced values for the Kd factors (ie, not those given in Table 4.2) 
are assumed for the purposes of an example. For radionuclides with 
small values of Kd, such as caesium-137, the fraction of activity adsorbed 
on the suspended sediments is on~y a few percent, even in areas with high 
suspended sediment loads (1o-5/1o-4t m-3). However, for radionuclides 
such as plutonium-239 which have high values of Kd, the value Fw is reduced 
by a factor of 1.4 for a sediment load of 2 1o-6t m-3, as has been 
observedL4.3j7 and a factor of 5 for a sediment load of 3 1o-5 t m-3. 

In order to take account of higher adsorption of the finer grain 
suspended sediments it may be necessary to assume en]:lanoelvalues for the 
Kci 1 s given in Table 4.2 for all radion).l.cl~s L4.1i7 so that agreement 
with measured values can be attained L4.3.1 • However in this study no 
such enhancement has been assumed, mainly because to assume no enhancement 
is a conservative assumption, but also the data on this phenomenon exist 
only for certain nuclides. Hence the valuA~ for Kd shown in Table 4.~ 
have been used. 

The removal of activity to bottom sediments is evaluated using 
a particle scavenging model. This assumes that removal of a radionuclide 
from solution in sea water and its transport to the ocean floor is 
determined by two main factors: the sediment concentration factor and 
the rate of settling of particulate matter from the water column to bottom 
seeiments. The particle scavenging model assumes that the radioactivity 
is uniformly distributed as a function of water column depth, a reasonable 
assumption in most continental shelf waters except in the vicinity of 
the discharge point itself. The fractional removal of activity from the 
water to sediments, Xs (s-1) is given by: 

where J! is the sedimentation rate(t m-2 s - 1) and 

h is the mean water depth (m). 

•••• (4.19) 

Va.luea for s, ss and h for each regional compartment of the marine 
models are given in Tables 4.3 and 4.7 for the Northern European waters 
and Mediterranean respectively. These data are averaged over quite 
large sea areas and therefore there may be some variations from the mean 
at particular positions within these areas L4.1i7. 
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It is assumed that the adsorption of activit,y by bottom sediments 
is irreversible and therefore no return of activit,y to the water phase 
occurs. This is a mechanism into which further research is being carried 
out L4.1i7, especially the effect of remobilisation of bottom sediments 
and the desorption of activit,y due to chemical changes occuring on 
the sea bed. 

(c) ~ foodstuffs 

Having calculated the concentrations of the filtrate fraction 
of the water in each of the sea areas of the regional model for a 
given discharge, these are combined with concentration factors for 
the edible part of marine foodstuffs (given in Table 4.2) and with 
catch data for each of the sea areas in order to calculate the 
collective intakes of activit,y. 

The concentration factors are taken from two references §.39 and 
4.4Q7 and the adopted values in some cases reflect a compromise between 
different data. There are many acknowledged difficulties in both the 
measurement of Kd 1 s and their use in time dependent models and therefore 
Table 4.2 should not be used uncritically. Themcould be local and regional 
variations and certain species of fish may have different Kd values from 
those given in Table 4.2. Nevertheless it is felt that this tabulation 
represents the best available current data. 

In using the catch data it is assumed that catches by EC countries 
can be equated to total consumption within those countries, ie, in terme 
of total intakes of activity the effects of imports by and exports from 
the EC are negligible. Included in the total catches of fish are those 
species, for example Norwegian powt and sand eels, which are not caught 
for human consumption but are used in the manufacture of cattle food 
and other materials. This will lead to conservative estimates of 
collective intakes of activity by .man, particularly from the Northern, 
Central and Southern North Seas areas in which the oatohes of such 
species represent a sie;nifioant fraction of the total catch. The 
oatoh data need to be corrected to allow for the edible fraction, and 
this is taken to be 50')6 of all marine foodstuffs. This is a conser
vative assumption for orustacea and particularly molluscs whose 
realistic edible fractions are closer to 35% and 15% respectively 
L4-127. 

(d) Radionuolide daughter products 

A radiological assessment requires the consideration of the 
daughter products of radionuclides where these are sie;nifioant. 
For many of the fission products which have radioactive daughter 
nuolides and which are of concern in discharges to the aquatic 
environment, the daughter nuolides are very short-lived relative 
to their parents, for example oaesium-137 (t• = 30.1y) and its 
daughter product barium-1.37m, (-q. = 2.55 minJ. If the 
radioactive half-life of the daughter nuclide is of the order of 
a ~ or less, as is often the case, the behaviour of the daughter 
product in the environment will essentially be determined by that 
of its parent. In these oases the two nuolides oan be considered 
to be in secular equilibrium throughout the environment. 

However for long-lived daughter products it is necessary to 
consider the behaviour of the daughter separately from its parent. 
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Two examples for which this may be particularly important are: 

11 
plutonium-241 ...,. americium-241 
(tt 15 y) (+,t 4.5~ y) 

and 

zirconium-95 ~ niobium-95 
(tt 1.8 1o-1 y) (tt 9.6 1o-2 y) 

In the former case equilibrium between parent and daughter are never 
achieved, and a peak americium-241 activity will occur about 75 years 
after discharge of plutonium-241. The ratio of peak americium-241 
to initial plutonium-241 activity is approximately 0.03. The possible 
importance of this nuclide pair arises because of the greater dose 
eq1ivalent per unit intake and greater concentration factors for 
americium-241 relative to plutonium-241, and the generally greater 
arisings of americium-241 due to decay of plutonium-241 than from the 
direct discharge of americium-241. In the case of zirconium/niobium-~5, 
a state of transient equilibrium is approximately reached after a 
period of about six months after release of zirconium-95 and from then 
onwards the niobium-95 ratio is approximately 2. -

A daughter product chain is modelled by adding for each daughter 
product in a decay chain a further set of compartments identical to 
those shown in Figures 4. 11 and 4. 12. For each set of compartments 
the physical oceanographic parameters are the same but the nuclide 
dependent terms such as radioactive decay and sedimentation rates 
are varied between the sets of compartments according to the properties 
of the various nuclides in the decay chain. Transfer between the sets 
then occurs between compartments representing the same sea areas, 
the value of transfer coefficient being the appropriate radioactive 
decay constant. Thus daughter products are modelled in a "mirror" 
system of the parent nuclide, with interaction between each system 
being the radioactive decay terms. 

(e) Collective intake by the population of the EC 

The solution of the system of differential equations (4.16) 
allows the calculation of activity present in each compartment, as 
a function of time, for a discharge into any one of the compartments. 
Theooncentration of activity in the water (Bq m-3) is then obtained 
for each compartment by dividing its activity by the compartment volume. 

The time integral of the collective intake from ingestion of 
a marine foodstuff, f, contaminated by the discharge of a radionuclide 
is given by: 

N 

IC(t) L: 
i=1 

•••• (4.20) 
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where IC(t) is the time integral of the collective intake to 
time t (Bq) 

ci(t) is the time integral of nuclide concentration in 
filtered sea water in region i (Bq y m-3) to time t 

~ is the nuclide dependent roncentration factor for 
seafood f (Bq t-1 Bq m-3) 

pf is the annual catch of seafood f in region (t y-1) 
c 

Ff is the edible fraction of the seafood f e 

This time integral of the collective intake can be used to calculate 
the collective effective dose equivalent commitments (or truncated 
values of this quantity) in the manner outlined in Chapter 2 and using 
the dose per unit intake by ingestion evaluated in Chapter 6. In this 
chapter however only the time integrated collective intakes are 
considered. 

(f) Some limitations of the regional models 

Both the Northern European Waters model and the Mediterranean 
model take account of exchange with the Worlds Oceans but not of exchange 
with the atmosphere. 

For the great majority of the nuclides considered, the exchange 
with the atmosphere is at a low rate and it is reasonable to limit the 
model to the marine environment. In these cases the predominant means 
of transfer to man is the ingestion of marine organisms; this is the 
only route of transfer which has been considered in this study for the 
majority of the radionuclides. 

The exceptions are tritium, carbon-14 and iodine-129 which, 
because of their chemical properties, environmental behaviour and their 
long radioactive half-lives, may undergo significant exchange between 
the aquatic environment and the atmosphere. The transfer of activity 
to the atmosphere and subsequently to the terrestrial environment may 
lead to additional significant pathways of exposure, not so far 
considered in the regional model. 

In order to study this more widespread dispersion of these three 
nuclides, models have been used which consider all the sectae of the 
environment. For these nuclides, the regional marine model is used 
first, for a period of 50 years following the discharges, to evaluate 
the regional marine component of the collective intakes. After 50 
years, the dispersion is relatively homogeneous in all the seas 
around the European coasts and global models, involving the other 
sectors of the environment are adOpted; these are the subject of 
Chapter 5. 

4.4.2.2. Results obtained wit~ the regional marine models 

The results of the calculations are values of collective intakes 
of activity from consumption of fish, crustacea and molluscs by the 
population of the EC from unit discharge per second continuously for one 
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year from a local to a regional marine compartment. These collective 
intakes from the three types of marine foodstuff have been summed 
to give a total coliective intake. The values of'the collective intakes 
by the three foodstuffs and the total collective intake have also been 
i~tegrated over various time periods following the discharge to give 
integrated collective intakes. 

The presentation and discussion of these results, as well as 
the 7alues of the parameters adopted are given separately for the 
discharges from local compartments to the North European waters and 
the I1edi terranean Sea respectively. 

(i) Northern European waters 

(a) Water movements 

A computer code NOCEAN has been written to solve the series 
of differential equations (4.16) which represent the rates of movement 
of water between the various compartments L4.15l, the source input and 
loss terms due to radioactive decay and sedimentation effects. This 
code utilises some general numerical methods developed at AERE, Harwell 
L4.1fl. 

The choice of sea area for each compartment has been determined 
by consideration of the dispersion characteristics of the region, 
the availability of various oceanographic data, the sites of discharges 
of radioactivity and the availability of fisheries statistics, Figure 
4,9 shows the area covered by each compartment within the continental 
shelf region of Northern Europe; not included in Figure 4.9 are those 
additional compartments which model the subsequent global ocean 
dispersion and which are included in the model to allow for the 
possible return of long-lived nuclides to continental shelf waters. 

All the compartments used in the model and their inter-relationships 
are shown schematicall;.Y in Figure 4.11, which gives values for the water 
volumes L4.17 to 4.2~ of each of the compartments (V km3) and for the 
volume flow rates between compartments (R km) y-1), As far as possible 
these flow rates have been obtained from a review of the literature 
~.17 to 4.20, 4.24 to 4.3Q7, but where data were not available estimates 
have been made based on water currents, likely residence t~mes in an 
area and by considering conservation of water volumes for each compartment. 
In some cases the adequacy of the data is good, for example that for 
the Irish Sea which has been the subjeqt of considerable study L4.19, 
4.31, 4.3i7. However, for some sea areas the rates of exchange could 
only be estimated and are therefore to be regarded as speculative. The 
reliability of these transfer coefficients is discussed further in 
reference ~.12;~. 

(b) Sediments 

The values adopted for the suspended sediment load of each 
marine compartment are given in Table 4.13 L4.25, 4.34, 4.357; many of 

these are values relative to coastal zones which have been extended to 
the wholg of the compartment. The values adopted range from 1 10-7 
to 6 10- t m-3, 

The values of sedimentation rates s L4.15, 4.18, .b.25, 4.33, 
4.36 to 4.3~ and depths h L4.18, 4.19, 4.21, 4.22, 4.3~ for each 
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marine compartment are given in Table 4.13. 

{c) Marine foodstuffs 

Table 4.14 gives the assumed annual catches by EC countries of 
the principal marine foodstuffs - fish, crustacea and molluscs -
from each area of the regional model. The data are based on the 1975 
figures ~ven by the International Council for the Exploration of 
the Sea L4.4iJ and the 1976 data by the Food and Agriculture Organisation 
L#.~. It is assumed that such a level of fish catches will be 
maintained for the indefinite future. 

For the Irish Sea the ICES only tabulates data for the whole 
of that sea. Since no more specific data for EC fish catches are 
available, the value for the total Irish Sea has been split to provide 
estimates for three sub-divisions of the Irish Sea in the regional 
model, usi~ values of the percentage of UK fish catches in each of 
these areas L4.1i{. This will not introduce a large error as approximately 
5096 of the total EC fish catch from this area is by the UK. 

(d) Collective intakes 

Table 4.15 shows values of the total collective intakes for a 
range of nuclides integrated over 1, 10, 50, 100, 500 years and infinity 
for a unit discharge per second continuously for one ;year from a local 
compartment into the southern North Sea. 

The integrated collective intakes for discharges from local boxes 
into four regional compartments are given in Table 4.16. The results 
for inputs into any other sea area could be represented in a similar 
way. They have been tabulated as intakes resulting from a discharge 
from a local box so that they may be used for a number of different 
si tee having unique local characteristics but discha.J:ging into the same 
regional sea areas. 

When comparison of collective intakes from different discharges 
is required, the results contained in Tables 4.15 and 4.16 need to be 
combined with the results of the appropriate local box model for the 
different sites. Hence Tables 4.15 and 4.16 do not provide a comparison 
of actual discharges into the different regional sea areas. As the 
Mediterranean Sea is not a compartment of the mo4el used for discharges 
into North European Waters, the water concentrations in the Mediterranean 
are taken to be equal to those in the Atlantic Ocean when calculating 
collective intakes from catches in the Mediterranean Sea. 

The total collective intakes shown in Table 4.15 vary considerably 
with the radioactive half-life, the concentration factor in marine 
foodstuffs and the behaviour with respect to sediments of each nuclide. 
For example, the collective intakes (integrated to 50 y) per unit 
discharge of iodine-131 (t; 2.2 1o-2y) are a factor of at least 10 
lower than those for iodine-129 (~ 1.57 107y) due to the very 
short half-life of the former nucl!de. However the difference is only 
a factor of about 2 for cobalt-58 (t! 1.94 1o-1y) compared with 
cobalt-60 (t; 5.28 y), and is less tEan a factor of 2 for caesium-134 
(t; 2.08 y) compared with caesium-137 ('ti 30.1 y). 

The effect of differing concentration factors can be seen most 
markedly by comparing the collective intakes (integrated to 50 y) for 
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triti~ and carbon-14, for which the concentration factors are 1.0 and 
5 1QJ Bq t-1 per Bq m-3 respectively (values for fish, crustacea 
and molluscs being the same). These two nuclides behave in a qualitatively 
similar manner with respect to sediments and, when account is taken of 
their differing half-lives, it is the difference in concentration factors 
which determine the relative magnitude of the collective intakes. 

The effect of adsorption of activity on sediments and the 
subsequent depletion of the water column can be significant for certain 
nuclides such as plutonium-239. In this case the effect of depletion 
of activity by adsorption onto sediments is as much as 25%. Since 
plutonium-239 has a very high sediment concentration factor, the effect 
will be smaller for most other nuclides. This depletion is due to both 
adsorption onto suspended sediments and also removal to bottom sediments. 
For the southern North Sea it is the former which is estimated to be 
by far the more important due to the relatively high value of the 
suspended sediment load and the relatively low rate of sedimentation 
in the North Sea. However, for the eastern Irish Sea, the effect of 
removal of activity to bottom sediments is more significant due to the 
very much greater rate of sedimentation in this area. The effect of 
depletion to sediments is about a factor of 10, with suspended sediments 
only causing a depletion by a factor of 1.2. For cobalt-60 in the 
Irish Sea the factor is about 2. 

It is of interest to compare the different values of total 
collective intakes for discharges into the various regional sea areas. 
It should be noted, however, that the comparison makes no allowance 
for local environmental conditions prior to the discharge into the 
required sea area. For an explicit comparison of discharges from 
particular sites it would be necessary to take such factors into account. 
Table 4.14 shows that of the four regions considered the integrated 
total collective intakes are highest for discharges into the southern 
North Sea and English Channel East, which tend to be very similar due 
to their proximity; those for the eastern Irish Sea are generally 
lower by factors of about 2 for many nuclides but with certain exceptions; 
collective intakes are lowest for the Bay of Biscay, these being 
about two orders of magnitude below those for the southern North 
Sea. 

The relative importance of the different sea regions is 
determined by two factors; firstly, the oceanographic parameters of 
the sea area and those of adjacent sea areas. For example exchange of 
waters in the Bay of Biscay with the large water masses of the Atlantic 
is relatively rapid and so results in relatively lower collective 
intakes. Also, the effect of the high rate of sedimentation in the 
Irish Sea is to considerably reduce the collective intakes of plutonium-239 
from the Eastern Irish Sea (as discussed above). 

The relative significance of inputs into different sea regions 
is determined by the relative importance of the catches of the various 
marine foodstuffs combined with the nuclide concentration factors in 
the marine organisms. For example Figures 4.14 and 4.15 show the 
relative importance of fish, crustacea and molluscs for the collective 
intakes of three nuclides - cobalt-60, caesium-137 and plutonium-239 -
from two sea areas - the 50 year integrated intakes have been used 
in these illustrations. From these it can be seen that the percentage 
contributions from the three marine foodstuffs varies depending on 
both the n~clide and the sea area. It is interesting to note that for 
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those nuclides that behave in a non-conservative manner in sea water and 
therefore have relatively high concentration factors in shellfish, 
the mollusc catch is often the marine foodstuff giving rise to the 
largest collective intake, 

The relative contributions from different sea areas to the 50 
year integrated total collective intakes are shown in Figure 4.16 for 
unit discharge rate from a local box to.the southern North Sea of 
caesium-137 and plutonium-239. From Figures 4,14 and 4.16 and 
Table 4,14 it can be seen that for caesium-137 it is the large fish 
catches from in order of importance, the central, southern and 
northern North Sea and Baltic Sea which largely determine the total 
collective intake, whereas for plutonium-239 the dominant foodstuff 
is molluscs and the order of importance of the sea areas is eouthern, 
central and northern North Sea and the English Channel East, 

Lastly, it can be seen from Table 4,15 that for many nuclides 
the values of the integrated total collective intakes do not increase 
significantly after about 50 years, or even after 10 years for the 
nuclides with half-lives of a few years or less. However, for very 
long-lived nuclides such as technetium-99 and plutonium-239 the 
integrated collective intakes can be seen to increase to some degree 
at very long periods of time after the initial release, This is due 
to the integration over very long time periods of very small annual 
collective intakes. This is shown for technetium-99 in Figure 4,17, 

(ii) Mediterranean Sea 

(a) Water movements 

Mediterranean type seas L#.4~ lie either between continental 
land masses or between a continent and a group of islands; in particular 
they are only in exchange with the world's oceans by very narzow straits 
whose depths are less than those of the seas themselves, The Mediterranean 
seas have, therefore, very little circulation. They often have salinity 
anomalies in relation to the oceans and in particular have an anomalous 
temperature profile. The characteristics of the Mediterranean are to 
be found in the "Mediterranean of the Ancient World" (Figure 
4.10) L4.17 and 4.4~. The sea exchanges with the western Atlantic 
Ocean by the Straits of Gibraltar and to the east with an inland sea, 
the Black Sea, by the Dardanelles and the Bosphorous. The mean depth 
is 1400 m. The Straits of Gibraltar have a de~th of about 300 m, the 
Bosphorous 40 m and the Dardanelles 80 m L4.11f. 

The Mediterranean Sea itself can be divided into two basins 
clearly separated by the narrowing across a line Italy-Sicily-Tunisia 
where the depth is a maximum of 400 m. The thermocline in the west 
basin is only temporary whereas it can be considered to be permanent 
in the eastern basin. Its mean depth has been estimated as 100 m 
&_.1j]. 

These characteristics have led to the choice of conpartments shown 
in Figure 4.12 which also gives the volumes of the compartments (km3) and 
the volume exchange between them (km? y-1), In general, these exchanges 
are less well known than those for Northern European waters. The exchanges 
between the Mediterranean and the Atlantic and the Black Sea have been 
taken from the literature L#.1i7 but the exchanges between the west 
and east basins have been derived by calculations. This has been 
done partly from the measurements of strontium-90 resulting from nuclear 
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explosions in the northern hemisphere L4.4i7 and partly from balancing 
the water inputs (from the Atlantic, the Black Sea, rivers and rain-fall) 
with evaporation. The method used is described in the Appe~dixA4.2. 

(b) Sediments 

The values adopoed for the rate of sedimentation, ohe~spended 
sediment load and the water depth in each compartment are shown in 
Table 4.17. Due to the lack of data these are mostly estimates and 
are not necessarily based on measurements; they reflect therefore a 
considerable measure of scientific judgement. 

(c) Marine foodstuffs 

The fish catches in the Mediterranean by the European Community 
(essentially by France and Italy) are 12000 t y-1 of crustacea, 91000 t y-1 
of molluscs and 281000 t y-1 of fish L4.4§7. For the east-IIlediterranean 
basin, it has been estimated that 2/3 of the catches are from the upper 
layer and 1/3 from the bottom layer of the sea. The fish catches are given 
in Table 4.16. The quantities of fish from the Atlantic Ocean are taken 
to be equal to the total quantity from the Northern European waters: 

3.68 106 t y-1 of fish 

9.9 104 t y-1 of crustacea 

4.0 1o? t y-1 of molluscs 

(d) Collective intakes 

Table 4.19 shows total collective intakes integrated to various 
times for unit discharge rate of 1 Bq s-1 for 1 year from a local box 
into the eastern Mediterranean. For all radionuclides the intakes are 
less than those from releases into Northern European waters, with the 
exception of releases into the Bay of Biscay. This is because EC 
countries consume more seafoods from Northern European waters than they 
do from the Mediterranean (the collective intakes resulting from releases 
into the Bay of Biscay are low because this area exchanges directly 
with the North Atlantic and is not extensively fished). Depletion of 
activity in water by sedimentation effects is however less pronounced 
in Mediterranean waters due to the lower suspended sediments loads 
and the greater average depth of the Mediterranean (Tables 4.13 and 
4.17). This latter effect will lead to enhanced collective intakes for 
nuclides experiencing significant sedimentation but it is a small effect 
in comparison to the difference in seafood consumption. It can be seen 
however in comparisons between regional values of the rati~ of total 
collective intakes integrated to 50 y for plutonium-239 and caesium-137. 
In the case of releases to t.he southern North Sea this ratio is 2.9, 
while for releases to the western and_eastern Mediterranean it is 8 and 
7.7 respectively. This indicates the lower rate at which plutonium-239 is 
depleted by sedimentation effects in Mediterranean waters. 

Table 4.20 shows the total collective intakes integrated to 
various times for a discharge of 1 Bq s-1 for 1 year from a local 
box into the western Mediterranean. There are marked differences 
between the collective intakes for discharges into the eastern and 
western Mediterranean for short periods of integration; in general 
these differences,at least for the longer-lived radionuclides, 
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decrease with increasing integration time. The differences between 
intakes at short times in these regions are essentially a reflection 
of the different volumes and seafood catches; because the compartment 
volumes are large the fractional exchanges and thus the contributions 
from adjacent compartments to collective intakes, are small at the 
end of 1 year. For example the total collective intakes of tritium at the 
end of 1 year given in Tables 4.17 and 4.18 are in proportion to 
the ratio of the volumes of the eastern and western Mediterranean. 
This proportionality is not present when the radionuclides have a 
short half-life or interact strongly with sediments. 

Figures 4.18 and 4.19 show the relative contributipns of 
different marine foodstuffs to the 50 year integrated total collective 
intake for discharges via a local box to the upper layer of the eastern 
Mediterranean and to the western Mediterranean for cobal t-60, 
caesiumo-137 and plutoniumo-239. These two figures are very similar, 
with molluscs forming the largest contribution for cobalt-60 and 
plutoniumo-239, whilst fish dominate in the case or caesiumo-137. 

Figures 4.20 and 4.21 show the relative contributions of 
different sea areas to the 50 year integrated total collective intake 
for discharges of cobalt-60, caesium-137 and plutonium-239 via a local 
box to the upper layer of the eastern Mediterranean and to the 
western Mediterranean. The relative importance of the upper eastern 
Mediterranean compartment can be seen; evaporation is an important 
mechanism in this region and hence there is a compensatory movement 
of water from west to east. 

Finally Figure 4.22 shows the variation of total collective 
intake as a function or time and the contribution of different sea 
areas in the case or technetium-99· The long half-life or this 
nuclide means that intakes from seas outside the Mediterranean become 
significaDt at long times. The contribution from other seas is less 
important for integration to 500 years (11% of the total collective 
intake) but becomes dominant when integrating to infinity (761)(, of 
the total collective intake). This is due principally to the fact that 
the quantity of marine foodstuffs consumed in the EC from Northern 
European waters is about 10 times more than the quantity consumed 
from the Mediterranean. 
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Table !ul_ 

Radionuclides considered in the evaluation 
of the radiological consequences of aquatic releases 

Nuclide Half -life (y) Nuclide Half -life (y) 

H-3 1. 23 1 o1 Te-127m 2.98 10-1 

C-14 5.70 1o3 Te-129m 9.21 10-2 

Cr-51 7.58 10-2 Te-132 8.90 10-3 

Mn-54 8.54 10-1 I-129 1.57 107 

Fe-55 2.70 I-131 2.20 10-3 

Fe-59 1.23 10-1 Cs-134 2.08 

Co-58 1.94 10-1 Cs-136 3.56 10-2 

Co-60 5-28 Cs-137 3.01 101 

Zn-65 6.70 10-1 Ce-144 7-77 10-1 

Sr-89 1.38 10-1 
Eu-154 8.50 

Sr-90 2.82 101 
Eu-155 4.96 

Y-90 7.31 10-3 Np-239 6.30 10-3 

Y-91 1.60 10-1 
Pu-238 8.60 101 

Zr-95 1.80 10-1 
Pu-239 2.44 104 

Nb-95 9.58 10-2 
Pu-240 6.58 1o3 

Tc-99 2.14 1o5 Pu-241 1.50 101 

Ru-106 1.01 Pu-242 3-19 1o5 

Ag-110m 6.87 10-1 
Am-241 4.58 102 

Sb-125 2.74 Cm-242 4.46 10-1 

Cm-244 1.76 101 
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Table 4.2 

Concentration factors for specified radionuclides 
( 1) 

Marine concentration factors (2) Freshwater concen-
Radio- tration factors (3) 

nuclidee 
Fish Crustacea Molluscs Sediments Seaweed Sediments Fish 

H-3 1 1 1 0 1 0 1 
C-14 5000 5000 5000 100 4000 2000 5000 

Cr-51 100 1000 1000 10000 30000 20000 100 
Mn-54 500 10000 10000 10000 10000 10000 300 
Fe-55 1000 1000 1000 10000 10000 10000 100 
Fe-59 1000 1000 1000 10000 10000 10000 100 
Co-58 100 1000 1000 10000 1000 30000 300 
Co-60 100 1000 1000 10000 1000 30000 300 
Zn-65 2000 5000 100000 10000 1000 1000 1000 
Sr-89 1 10 10 500 10 2000 30 
Sr-90 1 10 10 500 10 2000 30 
Y-90 10 100 500 10000 1000 4000 30 
Y-91 10 100 500 10000 1000 4000 30 

Zr-95 1 100 1000 10000 500 60000 30 
Nb-95 1 100 1000 10000 500 100 30000 
Tc-99 10 1000 1000 10000 10000 200 30 
Ru-106 1 500 2000 10000 2000 40000 10 

Ag-110m 1000 5000 50000 10000 1000 200 3 
Sb-125 5oo 300 100 10000 100 300 1000 

Te-127m 1000 1000 1000 10000 10000 30 1000 
Te-129m 1000 1000 1000 10000 10000 30 1000 
Te-132 1000 1000 1000 10000 10000 30 1000 

I-129 10 100 100 100 1000 200 30 
I-131 10 100 100 100 1000 200 30 

Cs-134 50 30 30 500 30 30000 1000 
Ce-136 50 30 30 500 30 30000 1000 
Cs-137 50 30 30 500 30 30000 1000 
Ce-144 10 1000 1000 10000 1000 30000 30 
Eu-154 100 1000 1000 10000 1000 30000 30 
Eu-155 100 1000 1000 10000 1000 30000 30 
Np-239 10 100 1000 50000 1000 30000 10 
Pu-238 10 100 1000 50000 1000 30000 10 
Pu-239 10 100 1000 50000 1000 30000 10 
Pu-240 10 100 1000 50000 1000 30000 10 
Pu-241 10 100 1000 50000 1000 30000 10 
Pu-242 10 100 1000 50000 1000 30000 10 
Am-241 10 200 2000 50000 2000 30000 30 
Cm-242 10 200 2000 50000 2000 30000 30 
Cm-244 10 200 2000 50000 2000 30000 30 

See over for notes. 
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Table 4.2 - Notes 

( 1) 

(2) 

(3) 

The concentration factors given here are the ratio of the 
quantit.Y per unit weight of the material considered (fish, 
crustacea, etc ••• ) and the quantity of activity per unit 
volume of filtered water, Bq tonne-1 per Bq m-3. These are 
based on the dry weight of sediments and wet weight of the 
edible part of the other materials. They are assumed to be 
independent of the discharge site. 

The assumed values of marine concentrati·on factors are based 
on information in references !Ji.yjJ and !Ji.4QJ. 

The freshwater concentration factors for fish are from 
reference 1Ji.4~. Those for sediments are from reference 
!Ji.4~, except for that for technetium, which is assumed 
to have the same value as iodine, and the actinides which 
have been assumed to have the same value as cerium. 
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Table 4-3 

Physical characteristics of the Bhone and Loire 

Section Slope Water Sediment Width Suspended 
velocity velocity sediment load number 96 (m s-1) (m s-1) (m) (t m-3) 

1 0.94 1.1 9.3 1o-5 200 2.5 1o-5 
R 

1.2 10-4 2.4 10-5 2 0.70 1.0 180 

H 
3 0.32 0.98 8 -5 .2 10 . 220 2.7 10-5 

0 4 0.54 0.92 1.1 10-4 220 3.1 10-5 

N 5 0.64 o.88 1.5 10-4 200 3.5 10-5 

6 0.72 o.83 1.7 10-4 200 3.7 10-5 
E 

7 0.65 0.79 1 .6 10-4 210 4.0 10-5 

8 0.38 0.75 1.3 10-4 220 4.5 10-5 

9 0.18 o.10 9.2 10-5 230 5.0 10-5 

L 1 0.50 1.3 1.1 10-4 200 2.0 10-5 
0 

9.5 10-5 3.0 1o-5 
I 

2 0.40 1.1 250 

R 3 0.30 0.8 6.3 10-5 280 4.0 10-5 

E 
4 0.10 0.7 3.2 10-5 310 5.0 10-5 
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Table 4-4 

Quantities of water extracted from each section 

f t Rh d (m3 y-1) o he one an Loire for drinking purposes _ _ _ 

Section number Rhone Loire 

1 8.3 104 4. 7 104 

2 4.8 10.5 8.2 104 

3 4.8 104 9.1 104 

4 2. 7 104 1.9 105 

5 7.4 104 

6 3.6 104 

7 1.1 105 (5.7 104)* 

8 1.4 105 

9 3.1 104 

*Point of discharge in the middle of the section. 

a:ctivit 

Collective ingestion (Bq) 

Section Drinking water Fish 

Sr-90 Cs-137 Sr-90 Cs-137 

1 - - - -
2 - - - -
3 - - - -
4 - - - -
5 - - - -
6 - - - -
7 31 11 0.4 5.0 

8 57 9 • .5 0.4 2.3 

9 9.8 0.7 2.8 6.3 
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Table 4-6 

Quantities of fish caught in each section 

of the Rhone and Loire (t y-1) 

Section Rhone Loire 

1 340 68 

2 57 70 

3 94 92 

4 75 140 

5 94 -
6 75 -
7 100 (50)* -
8 66 -
9 590 -

*discharge point in the middle of the section. 

Table 4-7 
Qu?nti ties of food produced by surface irrigation from the Rhone 

Section Leaf vegetables Root vegetables -1 
number and fruit (kg y-1) Cereals(kg y ) 

(kg y-1) 

1 2.0 106 1.8 106 0 

2 2.6 107 5.9 106 0 

3 5.6 107 5.8 106 0 

4 1.4 108 1.4 107 0 

5 2.7 108 1.4 107 0 
6 3.4 107 1 .1 107 0 

7 2.2 108 1.4 108 0 
8 1.3 109 6.7 108 8.0 106 

9 5.0 107 3.8 107 3.2 107 



Section 

of 

Rhone 

1 

2 

3 

4 

5 
6 

7 
8 

9 
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Table 4-8 

Time integral of activity concentration in 

sediments and truncated collective effective 

dose equivalent commitments (trucation at $0 y) 

Time integral of activity( ) Collective effective ( 1) concentration in sediment 1 
dose equivalent commitment 

(Bq y kg-1) (man-Sv) 

Mn-54 Co-60 Cs-137 Mn-54 Co-60 Cs-137 

- - - - - -
- - - - - -
- - - - - -
- - - - - -
- - - - - -
- - - - - -

4.1 10-2 1.1 10-1 1.4 10-1 1.4 10-6 1.2 10-5 3.2 10-6 

3.2 10-3 2.1 10-2 4.1 10-2 6.9 10-8 1.5 10-6 6.0 10-7 

1.0 10-3 1 • 1 10-2 4.1 10-2 3.1 10-8 1.1 10-6 8.8 10-7 

(1) Truncated at 50 y 
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Table 4-9 
Cla.ssi£ioa.tion o£ radionuclides according to their partition 

between dissolved and partioulate £o~ in seawa.ter 

Adsorption class Deg1'ee o£ Class in 
Ba.dionuclide in rivers adsorption on estuarine and 

marine sediment& marine a.rea.s 

Cr-51 

Mm-54 

Fe-55, Fe-59 

Co-58, Co-60 
Zr-95 A High A 1 
Ru-106 (strong 
ce...:144 adsorption) 
Eu-154, Eu-155 
Np-239 
Pu-238, Pll-239·, Pu-242 
Am-241 
Cm-242, Cm-244 

-------------
_______ .,. _______ 

Cs-134,Cs-136, Cs-137 Weak A 2 

Zn-65 
Y-90 High B 1 
Y-91 B 
·------------------- ~------------ --------------
C-14 (medium Weak B 2 
Sr-89, Sr-90 adsorption) 

Nb-95 
Tc-99 
Ag-110m High c 1 
Sb-125 

c 
Te-127 

(adsorption ----------------·- weak or ----------------- ~------------
H-3 zero) 

Weak or zero c 2 
I-129 



Site 1 
Gulf of 
Tarante 

Site 2 
English 
Channel 

Site 3 
Eastern 
Irish Sea 
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Table 4-10 

Site dependent parameters used in the 

local marine model 

h V r s 
(m) (m3) (y-1) (t m-2 y-1) 

15 1.5 4 10-4 

15 2.25 50 10-4 

20 10 10 10-2 

ss 
(t m-3) 

5.1o-7 

5.10-6 

1.25 10-5 
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Table 4.11 

Results*obtained for a discharge of 
-1 1 Bg s for 1 year into a local marine 

compartment in the Gulf of Taranto 

Nuclides C(1y) ~r(1y) ~r( eo) 
(Bq m-3) (Bq) (Bq) 

H-3 .5.10 10-3 3.0.5 107 3.11 1o7 

C-14 .5.17 10-3 3.09 107 3.1.5 107 

Co-.58 2.7.5 10-3 1.6.5 107 1.6.5 107 

Co-60 4-9.5 10-3 2.96 107 3.00 107 

Sr-90 .5.13 10-3 3.07 107 3.13 107 

Tc-99 .5.10 10-3 3.0.5 107 3.11 107 

Ru-106 4.38 10-3 2.63 107 2.6.5 107 

I-129 .5.17 10-3 3.09 107 3.1.5 107 

I-131 .5.92 10-4 3 • .56 106 3 • .56 106 

Cs-134 4-79 10-3 2.87 107 2.91 107 

Cs-137 .5.13 10-3 3.07 107 3.13 107 

Pu-239 4-79 10-3 2.88 107 2.91 107 

*For explanation of symbols see Section 4.4.1 
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Table 4.12 

Result/obtained for a discharge of 1 Bq s-1 for 

1 year into a local marine compartment in 

the eastern Irish Sea 

Nuclides C(1y) ~r(1y) ~r( eo) 
(Bq m-3) (Bq) (Bq) 

H-3 3.1 10-4 3.1 107 3.1 107 

C-14 3.1 10-4 3.1 107 3.1 107 

Co-58 1.8 10-4 1.8 107 1.8 107 

Co-60 2.2 10-4 2.2 107 2.2 107 

Sr-90 3.1 10-4 3.1 107 3.1 107 

Tc-99 2.2 10-4 2.2 107 2.2 107 

Ru-106 2,1 10-4 2.1 107 2.1 107 

I-129 3.1 10-4 3.1 107 3.1 107 

I-131 7.6 10-5 7.6 106 7.6 106 

Cs-134 3.0 10-4 3.0 107 3.0 107 

Cs-137 3.1 10-4 3.1 107 3.1 107 

Pu-239 1.2 10-4 1.2 107 1.2 107 

*For explanation of symbols see Section 4.4.1 
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Table 4-13 
Assumed values or ;parameters used to model loss by 

sedimentation in North European Waters 

Bate or Mean Suspended 
Compartment sedimentation s depth, h sediment load ss 

(t m-2 y-1) (m) (t m-3) 

Northern Sea North 1 10-4 240 6 10-6 

Central North Sea 1 10-4 50 6 10-6 

Southern North Sea 1 10-4 20 6 10-6 

English Channel East 1 10-4 40 1 10-6 

liklglish Channel West 1 10-4 60 1 10-6 

Bristol Channel 1 10-4 50 1 10-6 

Irish Waters 1 10-4 150 1 10-6 

Bay or Biscay 1 10-4 1700 1 10-6 

Irish Sea South 1 10-4 6o 1 10-6 

Irish Sea West 2 10-3 75 3 10-6 

Irish Sea East 5 10-3 35 3 10-6 

Scottish Waters 1 10-4 110 1 10-6 

Baltic Sea 5 10-3 55 1 10-6 

Arctic Ocean 1 10-5 1200 1 10-7 

North East Atlantic 1 10-5 3500 1 10-7 

Atlantic Ocean 1 10-5 3500 1 10-7 

Other Oceans 5 10-6 
4000 1 ~o-7 
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Table 4-14 
Quantities of fish caught in various regions (t y-1) 

Compartment Fish Crustacea Molluscs 

Northern North Sea 773000 3800 25000 

Central North Sea 1062000 30000 24000 

Southern North Sea 133000 9000 137000 

English Channel East 56000 3200 35000 

English Channel West 77000 13000 37000 

Bristol Channel 19000 320 380 

Irish Waters 93000 5100 2600 

Bay of Biscay 58000 17000 119000 

Irish Sea South 7200 670 1200 

Irish Sea West 22000 2000 3500 

Irish Sea East 43000 4000 7000 

Scottish Waters 288000 6700 6700 

Baltic Sea 457000 3600 4700 

Arctic Ocean 290000 0 0 

North East Atlantic 302000 640 1700 

Atlantic Ocean 281000 12000 91000 

Other Oceans 0 0 0 
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Table 4-12 

Total integrated collective intakes for a release of 

Bg s-1 for 1 year from a local box into the s outhem North Sea+ 

Total integrated collected intake (Bq) 
Nuclide 

1 y 10 y 50 y 100 y 500 y Infinity 

H-3* 8.5 10-1 2.5 2.6 (2.6) (2.6) (2.6) 

C-14* 4.4 1o3 1.4 104 1.5 1cf (1.5 104) (1.5 1cf) (1.7 104) 

Co-58 2.0 102 2.3 102 2.3 102 2.3 102 2.3 102 2.3 102 

Co-60 3.3 102 6.0 102 6.0 102 6.0 102 6.0 102 6.0 102 

Sr-90 3.6 6.9 7.3 7.3 7.3 7.3 

Tc-99 3.0 102 5.0 102 5.0 102 5.0 102 5.0 102 7.3 102 

Ru-106 4.8 102 6.6 102 6.6 102 6.6 102 6.6 102 6.6 102 

I-129* 3.7 101 7.3 101 7.6 101 (7 .6 101) (7.9 101) (3.2 1o3) 

I-131 4.9 5.0 5.0 5.0 5.0 5.0 

Cs-134 3.4 101 8.2 101 8.2 101 8.2 101 8.2 101 8.2 101 

Cs-137 3.7 101 1.2 102 1.2 102 1.2 102 1.2 102 1 .2 102 

Pu-239 2.9 102 3.5 102 3.5 102 3.5 102 3.5 10
2 3.5 102 

*For these nuclides the regional model is used only to calculate the total 
collective intake integrated to 50 y. Beyond this time, the global model 
is used • 

..tTbese data should not be interpreted as resulting from a direct discharge 
from a cxastal site. That is, they must be used in conjunction with a 
local box model of the type described in Section 4.4.1. 
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Table 4-17 
Assumed values or ;parameters used to model loss by 

sedimentation in the Mediterranean 

Bate or !fean depth Suspended 
Compartment sedime~a tion (m) sediment load 

(t m- y-1) (t m-3) 

West Mediterranean 1 10-4 1400 1 10-7 

East Mediterranean 5 1o-5 1400 1 10-7 

:Slack Sea 1 10-4 1200 1 10-7 

Atlantic Ocean 1 1o-5 3500 1 10-7 

Other Oceans 5 10-6 4000 1 10-7 

Table 4-18 
Quan.ti ties or !ish caus1lt in regions or the Mediterranean 

and other waters 

Compartment Fish Crustacea Mollusca 
(t y-1) (t y-1) (t y-1) 

West Mediterranean 1.13 105 2.4 103 2.7 104 

East Mediterranean 1.12 105 6.3 103 4.3 104 
(surface waters) 

East Mediterranean 5.6 104 3·2 103 2.1104 (deep waters) 

:Slack Sea 0 0 0 

Atlantic Ocean 3.7 106 9.9 104 4.0 1oS 

Other Oceans 0 0 0 
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Table 4-19 

Total integrated collective intake for a release of 
-1 t Bq s for 1 year from a local box into the eastern Mediterranean 

Total integrated eollective intake 

Radio- (Bq for a discharge of 1 Bq s-1 for 1 year) 
nuclides 

1 y 10 y 50 y 100 y 500 y Infinite 

H-3 6.9 10-3 5. 7 10-2 7.6 10-2 7-7 10-2 7-7 10-2 7-7 10-2 

C-14 3-5 10
1 3.5 10 2 6. 7 10 2 7.8 1cf 1 .1 103 3-3 1o3 

Co-58 1. 1 1.5 1.5 1.5 1.5 1.5 
Co-60 2.5 1. 7 10 1 1 .8 1 o1 1. 8 101 1 .8 101 1 .8 101 

Sr-90 2.6 10-2 2.3 10-1 3.5 10-1 3-7 10-1 3-7 10-1 3. 7 10-1 

Tc-99 2.2 2. 1 1 o1 3. 7 101 4.3 101 5.5 101 4.2 1o2 

Ru-106 3.1 9.1 9.1 9.1 9.1 9.1 

I-129 2.6 10-1 2.5 4.7 5.4 7.3 5.6 1o3 

I-131 1.7 10-2 
1.7 10-2 1. 7 10-2 1. 7 10-2 

1.7 10-2 1. 7 10-2 

Cs-134 2.8 10-1 1.3 1.3 1.3 1.3 1.3 

Cs-137 3-1 10-1 2.8 4.5 4.7 4.8 4.8 

Pu-239 1.9 1.8 10' 3.2 10' 3.6 101 4.4 101 8.9 101 

t See footnotes to Table 4-15 
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Table 4-20 

Total integrated collective intake for a release of 
-1 t 1 Bg s for 1 year from a local box into the western Mediterranean 

Total integrated collective intake 

Radio- (Bq for a discharge of 1 Bq s-1 for 1 y) 

nuclides 1 y 10 y 50 y 100 y 500 y Infinity 

H-3 9.8 10-4 1.8 10-2 3-3 10-2 3.3 10-2 3-3 10-2 3-3 10-2 

C-14 5.0 1.2 102 3.8 102 4.8 102 8.2 102 3.0 1o3 
Co-58 1.2 10-1 1.6 10-1 1.6 10-1 1.6 10-1 1.6 10-1 1.6 10-1 

Co-60 2.8 10-1 
4.1 5.5 5.5 5.5 5.5 

Sr-90 2.9 10-3 6.6 10-2 1.6 10-1 1. 7 10-1 1.8 10-1 1.8 10-1 

Tc-99 -1 2.2 10. 5.9 1.9 101 2.4 101 3.7 10
1 4.0 102 

Ru-106 3.2 10-1 1.4 1.4 1.4 1.4 1.4 
I-129 3.0 10-2 7.5 10-1 2.5 3.1 5.0 5.6 1o3 
I-131 1. 7 10-3 1.7 10-3 1.7 10-3 1.7 10-3 1.7 10-3 1.7 10-3 

Cs-134 4.1 10-2 3.0 10-1 3.1 10-1 3.1 10-1 3.1 10-1 3.1 10-1 

Cs-137 4.5 10-2 9.4 10-1 2.3 2.5 2.5 2.5 
Pu-239 2.0 10-1 5.1 1.6 101 2.0 101 2.8 101 7.4 10

1 

' See footnotes to Table 4-15 
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Figure 4-1 Sections of Rhone a.nd point of discharge 
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Figure 4- 6 . Diagram of transfers 
between river and 
estuary 
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Figure 4-18. Percentage contributions of 
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Appendix 4.1 

Mathematical expression for sediment concentrations in rivers 

This appendix describes the model used to calculate the transport of 
sediment contamination. 

In order to simplify the mathematical expressions it has been assumed 
that the river flow has a constant average value downstream from the release 
point, that the river has a regular cross-section, that resuspended 
sediments travel with the same constant velocity and that there is no 
desorption phenomena occuring. Figure A4.1.1 shows a situation schematically. 

The following terms may be defined 

a~t =activity corresponding to a single release of short duration(Bq) 
t = time elapsed since the release (s) 
T = time of observation (s) 

T1 = the time taken for the sediments to travel the distarlce X 
between the point of release 0 and the point of observation C(s) 

The water velocity is considerably higher than the bed sediment velocity, it 
can beassumedhowever that the activity in water produces contamination on 
sediments instantaneous from t = 0. The profile of contamination travels 
the length of the river bed with velocity v. At time T the contamination 
s of sediments at point C is equal, allowing for radioactive decay, to the 
contamination at t = 0 at a point B situated at a distance vT upstream of 
C, which is a distance X = x - vT from the point of emission, Thus 

As (C) =~s (B) e->.T 
(A4.1) 

s (x, T) = s (X, o) e->.T (A4.2) 

The calculation of sediment activity at B and t o is carried out in the 
following way. 

For a given radionuclide the activity of water, Q, in the river water at 
point B is 

Q (x, o) = ~t e-kX 

whereas the activity lost from the water between X and X +~X is 

~ Q (x, o) = -k a~t e -kX ~X = k Q(X, o) ~X 

this decrease in activity is due to decay and sediment deposition. 
decrease due to sediment deposition is 

~Q 1 (X, o) = -k 1 Q (X, o)~X 

this quantity being equal to the quantity deposited on ~_X, thus 

ds 1 (X, o) = k 1 Q (X, o) ~X 

Thus for unit length, 

~ B (X, 0) = ~ = k 1 Q (X, 0) = k 1 a~t e -kX 
~X 

(A4.3) 

(A4.4) 

The 

(A4.5) 

(A4.6) 

(Al~. 7) 
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where 

( ) -kX -XT 
~ s x, T = k' aAt e e 

••••• (A4.8) 
A series is now considered of n emissions of short duration at times t1 
ti. • • • • ~ spread out between times t = 0 and t = T. Each emission will 
contribute to the sediment activity at point C at time T, giving, 

B (x, T) = if;n ~B (X, ti) e-X(T- ti) 
i = 1 ••••• (A4.9) 

with 

For a continuous emission of duration t greater than T 

S (x, T) ~T ds (X, t) e- X(T- t) 

0 

therefore after equation A 1 • 1. 

s (x, T) =~ k' a e-kX (t) e- X(T- t) dt 

0 

with X (t) = X - V (T - t) 

••••• (A4.10) 

••••• (A4.11) 

••••• (A4.12) 

This means that: {T 

( T) 
_ k' -k (x - vt) ->.T e( X- kv)tdt 

s x, - a e e 
0 (A4.13) and therefore 

B (x, T) = ~ 
kv ->. 

-k (x - vT) -XT 111 (>.- kv)T7 
e e L' - e • 

giving finally (A4.14) 

( ) ( ) L-e(kv - X) T _ !7 B x, T = k' Q X 
kv- X ••••• (A4.15) 

So far situations have been considered where timeT ~s less than T1, 
that is the time of observation is less than the time taken for the 
sediments to travel the distance x. In the case where T is gr:eater than T1 the sediment concentration at point C cannot be calculated in the above 
manner at T1 = x/v because the sediments situated upstream of the outfall 
cannot be contaminated. In this case the lower band of the integral is not 
0 but T-T1 and 

s(x, T) = JT 
T- T1 

which gives 

k' a e-kX(t) e- >.(T- t) dt 

B (x, T) = k' Q (x) fe(kv- X) T1 - 1_7 
kv- X 

••••• (A4.16) 

••••• (A4.17) 
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It is important to note that in this case the sediment concentration at a 
given point is independent of time. A study of the variation as a 
function of distance shows a maximum ~ given by the expression. 

xm = ln (kv7A) 
k- A V ..... (A4.18) 

The model can be adapted to consider the more complex case where the 
river is divided into several sections and the velocity of water and 
sediment is constant. 

v1 v2 V 

• k1,k'1,w1 k2,k'2,w2 k3'k' 3,w3 : 

I 

10 I 
12 I 

11 
I T1 I T2 I T3 I 
'11111( ....... •'-• ... J 

In the case where there are 3 sections the formulation is as follows: 

Water: c = 1 /a e-k1 x1 e-k2 (x2- ~) e-k3 (x- X2)7 
water V- -

..... (A4.19) 

~.mere V is the water flow at point x. 

In the case of daughter product ingrowth we have 

C =a AD (e-k1X1e-k2(X2-~)e-k3 (x-~) water V r-:-A 
D 

(A4.20) 

(A4.20) 
where A decay constant of parent nuclide 

AD = decay constant of daughter nuclide 
kn = Schaeffer parameter for the daugher product 

The sediment concentration at T < T
3 

is given by 

..... (A4.21) 
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for 

k'2Q(X2) ->.T3 (k2v2->.)(T-T3) 
s (x, T) .. e [e - J] 

k2 v2 - ). 

+ 
k 1

3 
Q (x) 

[e 
(k3 v3 - >.) T3 

- J] 
k3 v3 - ). 

••••• (.A4.22) 

for T2 + T
3 

< T < T
1 + T2 + T3 

k'J Q (X
1

) ). (T2 + T
3

) (kl v
1

- >.) (T- T2 - T
3

) 
s(x,T)• e [e -J] 

kl VI - ). 

••••• (A4.23) 

••••• (.A4.24) 
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In the parallel case for daughter products for T > T1 + T2 + T3 

a .~D -kl XI ->. (T2 + T3) (e 
(kl VI - ~) Tl 

-I) 
s (x, T) c--[k1 e e 

>. - >. I kl V - }. 
D I 

-ky,l XI ->. (T2 + T3) <ky,l VI - >.D) Tl 
- I) I ,D (e 

- k I e e 
ky,l VI - >.D 

.. .. • (.A4.2S) 

These expressions can be.easily adapted for the general case where the 
river is divided into n sections and Vi, wi and ki are constants. 
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Appendix 4.2 

Determination of the rates of transfer between the western and eastern 
Mediterranean 

The rates of transfer between the western Mediterranean and the 
Atlantic Ocean, and between the eastern Mediterranean and the Black Sea, 
are known [A -4. 2 .:~} 

The water volumes must be conserved: the inputs of water (rainfall, 
rivers, Atlantic and Black Sea inflows) balance the loss of water 
(evaporation, loss to the Black Sea and Atlantic). 

This is expressed by the following equations corresponding to the three 
defined compartments of the Mediterranean (Figure A4.2.1) 

k21v2 + k31v3 + k51v5 + p1 + f1 - (k12 + k13 + k15) v1 - e1 = 0 

k12v1 + k42v4 + P2 + f2 - (k21 + k24) v2 - e2 = o 

k13v1 - k31v3 = o 

(A4.26) 

(A4.27) 

(A4.28) 
where kij is the fraction of the volume of compartment i passing to 
compartment j per unit time. 

Vi is the volume of compartment i 

~1 , e2 are the annual losses by evaporation in compartments and 2 

p1 , p2 are the annual precipitation into compartments 1 and 2 

f 1, f 2 are the annual input from rivers into compartments 1 and 2 

These 3 equations are not independent, because the total volume of 
the Mediterranean is also constant. Only 2 of them can be used to determine 
the transfer coefficients k12 , k21 , k

13 
and k

31
• 

The two supplementary equations can be found in using th~ results of 
measurements of Strontium-90 in the Mediterranean basin /J.-4. 2 .~ Although 
atmospheric fallout from nuclear explosions has only existed for about 30 
years it is assumed that equilibrium has been established in the 
Mediterranean: i~that the concentration is constant in time in each 
compartment. 

It is necessary to formulate this hypothesis because there is 
only one value for the concentration in eachompartment, that measured in 
1973· 

The following 3 equations describe the balance of exchanges between 
the compartments, the inputs and losses of activity: 

k21C2V2+k31C3V3+k51C5V5+P1+F1 - (K1+X+k13+k15)C1V1 

k12C1V1+k42C4V4+S2+P2+F2- (K2+X+k21+k24)C2V2 = 0 

k13C1 V1 - (K3+ A +k31) C/3 = 0 

0 
(A4.29) 

(A4.30) 

(A4.31) 
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where Ci is the concentration in compartment i :Bq m-3 _1 X is the radioactive dec~ constant at Strontium-90 {y ) 
Ki is the rate of loss by sedimentation in compartment i (y-1) 

S1, S2 are the annual inputs of Strontium-90 by dry deposition into 
compartments 1 and 2 respectively (Bq y-1) 

P1 , P2 are the annual inputs of Strontiu-90 by rainfall into compartments 
1 and 2 respectively (Bq y-1) 

F1, F2 are the annual inputs of Strontium-90 by rivers into compartments 
1 and 2 respectively (Bq y-1) 

These three equations are not independent because if the 
concentrations are constant in each compartment, the volumes being 
constant, the total activity present in the Mediterranean is also 
constant. 

As a consequence, only two of the equations can be used. 

It is necessary to determine the transfer coefficients k12' k21• 

k13 and k31, since four equations are used, it is therefore possible 
to determine their values if one knows the rates of sedimentation, the 
inputs and losses of Mediterranean water and the inputs of Stronti~ into 
the Mediterranean. These data are shown in Table A4. 2. 1 and Figure 
A4.2.1. 

The dry deposition of Strontium-90 is evaluated from the measurements 
of air concentration at ISPRA in 1973 and 1974 /j.-4.2.'[/: a mean of 
1o-3 pCi m-3 being a dry deposition of 0.15 m Ci h-1. The value used for 
Strontium-9J concentrations in rainfall is the mean at' measurements 1ak:en at ISPRA 
and at CASACCIA during 1973-74, being 408 pCi m-3. The value used for 
the concentration in river water is that measured in 1972 in drinking 
water from the Paris r_!gion from a treatment works which takes water 
from the Seine ~-4.2.J!: 220 pCi m-3. 

The data on inputs from rivers and by precipitation and losses 
of water by evaporation are only known for the whole of the Mediterranean 
basin. It is therefore assumed that the rainfall and evaporation are 
uniform over the whole of the Mediterranean: ie, that the inputs and 
losses are proportional to the surface areas. 

Finally it is assumed that the input of rivers is the same in the 
two basins. 

The values of the transfer coefficients obtained are shown in 
Table A4.2.2 and Figure A4.2.1 • These values, as a function 
of the simplifYing hypothesis which are necessary to derive them, 
should be verified and specified; they allow however a representation 
of the water circulation in the Mediterranean which conforms to the 
generally accepted ideas. 
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Table A4.2.1 

Input by precipitation 

Input by rivers 

Loss by evaporation 

Concentration in: 

- ra.ini'all 

- river water 

- air 

- 222-

Data Used 

3.16 

7.30 

1.15 

104m3 s-1 

103m3 s-1 

1oS m3 s-1 

408 pCi m-3 (mean ISPRA.CASACCIA 
1972-1973 [i-4.2.g7) 

220 pCi m-3 (Seine 1972 [i-4.2.J7) 

10-3 pCi m-3 (ISPRA - 1973, 1974 
[i-4.2.17>· 

Rate of sedimentation of Strontium-90: 

- we stem Mediterranean 4 

- eastem Mediterranean 2 

Surface: 

of westem Mediterranean 8.5 

of eastem Mediterranean 1.7 

Concentration of Strontium-90: 

Black Sea 

Upper layer of eastem Mediterranean 

Lower layer of eastem Mediterranean 

Westem Mediterranean 

Atlantic 

-5 -1 10 y 
-5 -1 10 y 

105 J&m2 

106 
J&m

2 

530 pCi m-3 

140 pCi m-3 

14 pCi m-3 

81 pCi m-3 

68 pCi m-3 
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Table A4.2.2 Values used in the regional model for the Mediterranean 
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CH.A.Pl'ER 5 

GLOBAL CIRCULATION OF RADIONUCLIDES 

5.1 Introduction 

Some radionuclides, owing to the magnitude of their radioactive half
lives and their behaviour in the environment, may become globally dispersed 
and act as a long term source of irradiation of both regional and world 
populations; this is an addition to the irradiation of the population 
exposed during the initial dispersion of these nuclides from their points 
of discharge. The radionuclides which are important in this context have 
already been identified in sections 3.2.6 and 4.4.2.1 for discharges to the 

atmospheric and the aquatic environments: they are krypton-85, tritium, 
iodine-129 and carbon-14. 

Once these nuclides become globally distributed essentially the whole 
of the population of the European Community will be irradiated at the 
same level. Krypton-85 is not readily incorporated into body tissues and 
it is significant only in respect of external irradiation of the population. 
The nature of the radiation emitted by the other three nuclides is such 
that external irradiation is not important compared with that from the 
incorporation of these nuclides in the body. 

5.2 Global circulation models 

The models used to estimate the global circulation of krypton-85, 
tritium, iodine-129 and carbon-14 are essentially those given by Kelly et 
al ~-!7• Some minor modifications, in the interests of simplification, 
have been made to these models without any undue loss of precision; these 
modifications are identified where appropriate. Only the principal features 
of each model are described and reference may be made to Kelly et al ~-!7 
for further detail. In each case a compartment model is adopted to evaluate 
the global circulation and the general technique of compartmental analysis 
is outlined in the Appendix 3.2. 

5. 2. 1 Krypton-82 

The compartment model for krypton-85 is shown in Figure 5.1 and is a 
simplified version of that used by Kelly et al /~.17. The discharged 
krypton-85 is assumed to be dispersed uniformly; and instantaneously, 
throughout the troposphere of the northern hemisphere which is assumed to 
have a height of 1 0 km and a mass of 1 • 9 1 o21 g. Exchange takes place between 
the tropospheres of the two hemispheres with a half time of about 2 years. 
The model adopted by Kelly et al L~·!7 included a more detailed 
representation of the dispersion in the troposphere of the northern 
hemisphere. Within a few years the krypton-85 becomes uniformly mixed 
through the whole troposphere and the sole loss from the system is by 
radioactive decay. 

Krypton-85 in the atmosphere results in the exposure of man by 
external irradiation from both photons and electrons. The dose in man is 
estimated from the time integral of the concentration of krypton-85 in the 
tro~sphere of the northern hemisphere (expressed in terms of Bq per kg in 
air) and the dose equivalent commitment per unit time integral of the air 
concentration. 
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5.2.2 Tritium 

The model used for tritium is shown in Figure 5.2 and is identical 
with that given by Kelly et al L~·!7· Discharged tritium (whether to the 
atmospheric or the aquatic environment) is assumed to be immediately 
dispersed and exchanged with the hydrogen content of the circulating waters 
of the hemisphere into which the discharge is made. The subsequent 
circulation of tritium is then determined by the exchange of the circulating 
waters between the two hemispheres and the deep oceans. The circulating 
waters of the northern hemisphere comprise essentially the surface waters 
of the sea to a depth 75m and have a mass of 1 o22g. The intake of tritium 
by man is determined assuming that all water taken into the body has a 
specific activity of tritium equal to that in the circulating waters of the 
Northern Hemisphere. 

5.2.3 Iodine-129 

The model used for iodine-129 is identical with that for tritium and 
is shown in Figure 5.2. Little is known of the long term global 
circulation of iodine-129 but clearly the model is a considerable over
simplification. For example no account is taken of possible sedimentation 
of iodine-129 on to the ocean bed; bearing in mind the extremely long half 
life of the nuclide this mechanism could be important. However the 
approach adopted here is conservative. The discharged iodine-129 (whether 
to the atmospheric or to the aquatic environment) is assumed to be mixed 
instantaneously through the circulating waters of the northern hemisphere 
and subsequently to follow the general patterns of water movement. The 
intake of iodine-129 by man is determined assuming the specific activity of 
iodine taken into the body is identical to that in the circulating waters 
of the northern hemisphere. The stable iodine content of these waters is 
taken as 60 ~g per g water ~·!7• 

5.2.4 Carbon-14 

The model used for carbon-14 is shown in Fi~e 5.3 and is slightly 
modified compared to that adopted by Kelly et al ~·!7• The modification, 
as for krypton-85, comprises a lees detailed representation of the dispersion 
in the troposphere of the northern hemisphere. The model is considerably 
more elaborate than that adopted for tritium and iodine-129 and is possible 
because of the extensive measurements made of carbon in the carbon cycle. 
The compartment "circulating carbon" comprises carbon in the troposphere and 
in those parts of the terrestrial biosphere which are subject to rapid cycles 
of growth and decay. The compartment "humus" comprises the carbon content 
of the terrestrial biosphere that is recycled more slowly. Carbon-14 
discharged to the atmospheric or aquatic environment is assumed to be 
unifor.mly and instantaneously mixed with the carbon content of the compart
ment into which the discharge is made. The subsequent circulation between 
the respective compartments is governed by the transfer coefficients given 
in Figure 5.3. The intake of carbon-14 by man is determined assuming the 
specific activity of all carbon ingested or inhaled by man is equal to that 
in the circulating carbon of the northern hemisphere. The mass of 
circulating carbon in the northern hemisphere has been calculated as 
3.6 1o17g from the work of Ekd.ahl anci Keeling £5.2J. 

5.3 Application of the models and selected results 

The models have been applied to evaluate the time variation of the 
concentrations of each nuclide in the respective compartments following the 
discharge of each nuclide continuously at a rate of 1 Bq a-1 for 1 year. 
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Consideration is given to the discharge of each nuclide to the atmospheric 
and to the aquatic environment, apart from krypton-85 which is discharged 
only to the atmosphere. In each model, for the compartment most 
appropriate to the estimation of dose in man, the time variation of the 
concentration and time-integral of concentration of each nuclide are shown 
in Figures 5.4 and 5.5. The concentrations of each nuclide are expressed 
in terms of the activity concentrations of each nuclide in an appropriate 
medium (eg, Bq per kg air for krypton-85) as specified in sections 5.2.1 -
5.2.4. A matrix of results has been generated which contains the time
integrals of the activity concentrations of each nuclide in the respective 
media to times of 50, 100, 500 years and infinity (see table5.1). The matrix 
corresponds to the continuous discharge into the appropriate parts of the 
environment of each nuclide at a rate of 1 Bq s-1 for one year. This matrix 
of time integrals of concentration forms the basis of the assessment of the 
collective exposure of the Community population. In the case of carbon-14, 
tritium and iodine-129, the matrix is used first to evaluate the intake by 
the population, by ingestion and inhalation, of these nuclides. The 
collective intakes to time, t, of carbon-14 by the population by ingestion 
is obtained as 

TIC(t) Ming PEC (Bq) 

.......... (5.1) 

where TIC(t) is the time integral to t, of the concentration of 
carbon-14 per unit mass of carbon (Bq y kg-1) 

M. is the average annual individual intake of carbon by 
~ng ingestion, (Rg y-1) 

PEC is the population of the Community taken as 2.55 108 

and similarly the collective intake of carbon-14 by the EC population by 
inhalation is 

TIC ( t) Minh PEC (Bq) 

.......... (5.2) 

where M.nh is the average annual individual intake of carbon by 
~ inhalation 

Comparable equations can be written for the intake, by ingestion and 
inhalation, of tritium and iodine-129 with appropriate substitution for 
the time integrals of concentration in, and intakes of, the relevant media 
(water and iodine respectively). The annual intakes of carbon, water and 
iodine by inhalation and ingestion are summarised in Table 5.2 and are 
taken from Reference Man /5.37. The collective dose in the exposed 
population is obtained as-the product of these collective intakes and the 
appropriate committed dose equivalents per unit intake by the respective 
routes (see Chapter 6). 

In the case of krypton-85 the only significant mode of exposure is 
by external irradiation and a slightly different procedure is adopted in 
which the collective dose in the exposed population is evaluated directly 
from the time integral of the air concentration. The collective effective 
dose equivalent commitment (truncated at time t) in the population is given 
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TIC( t) DK PEC (man Sv) 

•••••••••• (5. 3) 

where TIC( t) is the time integt'SJ. to t, of the concentration of 
krypton-8.5 per unit mass of air (:Bq y kg-1) 

DK is the effective dose equivalent commitment per 
unit time integral of the concentrati~n of krypton-8.5 
per unit mass of air ( Sv per :Bq y kg- ) 

The effective dose equivalent commitment per unit time integral of the 
concentration of krypton-8.5 per unit mass of air, DK, is summarised in 
Table .5.3, together with dose equivalent commitments in other appropriate 
organs. 

At short times the time dependence of the concentrations of iodine-129 
and tritium, and of carbon-14 when discharged to the aquatic environment, 
should be regarded with caution. In reality there will be a significant 
time del~ before these nuclides become uniformly distributed through the 
circulating waters of the northern hemisphere; dispersion is assumed to be 
instantaneous in the models adopted. In practice the uncertainties 
introduced by such an approximation are rarely of importance; the infinite 
time integt'SJ. of concentration (and thus dose commitment) is in general 
dete~ed by the concentrations over much greater time periods • 

.5.4 Interface between the regional marine and global models 

In addition to the global models described above, the regional marine 
models take some aocount of the global circulation of activity in seawater, 
so it is necessary to consider the interface between the two. 

The global models for iodine-129, carbon-14 and tritium take account of 
the circulation of activity not only in the seas but also in the atmosphere 
and terrestrial biosphere. In contrast,the regional marine models consider 
only the circulation of activity in the seas themselves, and the estimated 
transfer of activity to man is essentially that due to the consumption of 
marine foodstuffs. The results of the two types of models are compared for 
iodine-129 in Figure ,5.6, which shows the variations with time of the time
integrals of the transfer of iodine-129 to the population of the EUropean 
Collllllllnities, as calculated by each model. It was assumed that the iodine-129 
was discharged into the Southern North Sea, though that does not affect the 
general conclusions to be drawn. Figure ,5.6 shows that the regional marine 
model significantly underestimat~s the time-integral of activity ingested 
by the population after about 104 years, and would thus underestimate the 
collective dose commitment. Similar considerations can be shown to apply 
to carbon-14, but less so for tritium because of its shorter half-life. 
As mentioned in section .5.3 the assumption in the global models that 
activity is dispersed instantaneously into the compartment receiving the 
discharge means that the short-term results of these models should be 
regarded with caution. 

The approach adopted in this study to interfaoe the regional marine and 
global models for iodine-129, oarbon-14 and tritium is therefore as follows. 
The contributions to the time-integrals of ingested activity from the 
regional marine models are added to those from the global models, but only 
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for the first 50 years following the discharge. After 50 years the 
contributions to the time integrals are determined by the global models 
only. Inspection of figure 5.6 shows that this is a satisfactory approxim
ation for iodine-129, and the same can be demonstrated for carbon-14 and 
tritium. 
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·Table 5.2 Annual intakes of stable materials by 
Reference Man 

Annual intake, kg per y 
Material 

Ingested Inhaled 

Water 8.0 102(b) 1.3 102(b) 

Carbon 9·3 10
1 1.2(a) 

Iodine 7 10-5 0.3-13 10-6 

(a) Calculated from average levels of carbon in air and an average 
adult iDbalation rate of 22m3 per ~ ~.J7 

(b) A total water intake rate by all routes of 3000 g per da:l for man 
and 2100 g per ~ for women is given in Reference Man l5·J7. 
The respective intakes by inhalation and ingestion havt been 
evaluated assuming an annual averase of 8.1g H20 per mJ air and a 
mean adult inhalation rate of 22 mJ per ~. The intake by 
inhalation given in the Table also contains the intake by skin 
absorption which is assumed equal to the intake by inhalation. 
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Table 5.3 Dose equivalent commitments from external radiation (~,y) 
per unit time integral of air concentration of krypton-85 

Organ Dose equivalent commitment per unit time integral 
of air concentration of krypton-85 (Sv per Bq y kg-1) 

Effective 4.0) 10-9 

Gonads 3.19 1 o-9 

Thyroid 3.53 10-9 

Skin(1) 5.42 10-7 

Notes 

(1) The doses are determined solely by v radiation apart from the 
skin where the v contribution is only about 1% of that from 
~ radiation. 
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CEAPl'ER 6 

DCSD1ETRIC MODELS 

The models used to evaluate the external irradiation of man from 
the discharge of radionuclides to the atrnospLeric and to the aquatic 
environment have been described in Chapters 3 and 4 respectively. In 
those Chapters the estimation of exposure by internal irradiation was taken 
only as far as the quantity of activity inhaled or ingested. The irradiation 
of the body and its various org-~s from incorporated radionuclides can be 
evaluated as the product of these intakes and the doses per unit intake 
for each intake route. The models adopted to determine the dose equivalents 
per unit inta..lce by inhalation or ingest.ion of the nuclides of concern are 
briefly described below. The procedures and data adopted are those described 
by Adams et al LG.Jl which may be consulted for ftirther detail. 

6.1 Estimation of dose eauivalent in the bodv from unit intakes of 
radionuclides by in~estion or inhalation 

6.1.1 Introduction 

As radioactive material progresses throu~~ the body, organs are 
irradiated both from the radiations resulting from transformations occurring 
in the organ itself and from those occurring in sUrrounding organs. 
Irradiated orga..~s are referred to as target organs and those in which trans
formations occur are referred to as source organs. 

There are four main steps necessar~ to estimate the dose equivalents 
delivered in any organ from a given nuclide in a given period of time. 

(i) 

(ii) 

The computation of the number of nuclear transformations 
of the inhaled (or ingested) radionuclide in each of 
the source organs, i.e. those through which the radio
active material passes. A similar computation is 
necessary for any radioactive daughters formed following 
intake of the parent nuclide. 

The preparation of matrices (one for 3ach radionuclide 
involved) containing the absorbed doses received by 
the target organs per transformation in the source 
organs. 

(iii) The conversion of the absorbed doses in the matrices 
evaluated in (ii) to dose equivalents; quality factors 
of 1 and 20 are used for low (~,y) and high (a) LET 
radiations respectively. 

(iv) The combination of (i) and (iii) to obtain the dose 
equivalent in each target organ from the inhaled (or 
ingested) parent and a..~ daughter radionuclides. 

Approximately 30 organs are considered as source and/or target 
orga..~s. In addition to the esti~a"ion of dose equivalents in organs the 
effective dose equivalent is also calculated according to the procedure 
described in ICRP 26 16.17 and detailed in Chapter 2. 
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6.1.2 Procedure adopted 

A linear compartment model is used to describe the transport of 
material from the "lung and GI tract to body fluids. The lung is 
represented by the model of the ICRP Task Group on Lung Dynamics l5.j7 
and the GI tract by the model of Eve l5.~. These two models are 
illustrated in Figures 6.1 and 6.2 respectively, together with the value 
of the non-element dependent parameters adopted in the models. In the 
lung model values are given for the three inhalation classes D, W and Y 
which have clearance ti:nes of the order of days, weeks and years, 
respectively. For ingested material the fraction of each element 
reaching body fluids is determined by the gut transfer fraction, whilst 
for inhaled materials it is mainly the inhalation class of the compound 
and to a lesser extent the gut transfer fraction which is important. The 
fraction of each element transferred from body fluids to each organ is 
summarised in Table 6.1 and the retention of the element in these organs 
is determined by the retention parameters given in Table 6.2. 

The number of transformations in a source organ is ~valuated 
from the distribution of each nuclide among the various organs and 
their retention. Non-penetrating radiations (a,~) emitted in the trans
formations are assumed to be absorbed in the source organ, apart from 
those tzansformations in bone. For bone two radiosensitive tissues, 
red bone marrow and endosteal cells, are a~nsidered. The fraction of 
the non-penetrating radiations absorbed by these tissues depends on the 
spatial distribution of transformations in mineral bone. The fraction of 
energy absorbed in these tissues is evaluated taking into account the 
relative proportion of transformations in cortical and trabecular bone 
(characterised by their low and high ratios of surface area to volume, 
respectively) and whether the nuclide is uniformly distributed througbo~t 
the bone volume or preferentially deposited on endosteal surfaces. 

For penetrating radiation (v) only a fraction of the energy 
emitted by transformation in the source organ is deposited in that 
organ and further fractions are de~osited in other oraans. Reference 
should be made to Adams et al l6.1f for the procedures adopted to 
determine the energy deposited in source and target organs for 
transformations in the various source orsans leading to the emission 
of penetrating radiation. 

Dose equivalents in each organ are derived from the absorbed 
doses in each organ using the appropriate quality factor for the 
radiation considered. 

6.1.3 Committed dose eguivalents per unit intake 

The committed effective dose equivalent and committed dose 
equivalents in skin, thyroid, and gonads are summarised in Tables 6.3 
and 6.4 for unit intake of each nuclide of interest by ingestion and 
inhalation respectively-.* The dose equivalent in gonads is taken as the 
mean of the dose equivalents in the testes and ovaries. The effective 

* Within the framework of the CEC programme, '~lutonium Recycle in Light 
Water Reactors", a study was undertaken on the toxicity of plutonium, 
americium and curium, (Nenot,·J.C. and Stather, J.W. The toxicity of 
plutonium, americium and curium. ~ 6157 { 1979) (Perga:non, Oxford)). 
The metabolism proposed in that study for plutonium, americium and 
curium is in general consistent with that adopted in the models used here 
to calculate committed dose equivalents. 
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~oses are those given-~ Adams et al LG.i7 and the dose equivalents in 
individual organs L6.2f are those evaluated by the same authors in the 
derivatio~ of the effective dose equivalent. Con~itted dose equivalents 
are given in Table 6.3 for ingestio~ and in Table 6.4 for inhalation of 
the nuclides in various chemical forms or inhalation class respectively. 
For intake by ingestion gut transfer fractions are assumed for the 
che,nical forms in which the isotopes have been assumed in the environment 
and are indicated in Table 6.3. The con~itted dose equivalents from unit 
inta{e by inhalation are given for various inhalation classes; the chemical 
forms of the nuclides associated witl-t the respective inhalation clg.sses 
are summarised in Table 6.5. 



[6.fl 

[6.if 
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Table 6.2 

Retention parameters 

Element A1 T1 (y) A2 T2 (y) 

Chromium Bone 1.0 2.7 2 
2.2 10-1 Rest 0.62 1.6 10- 0.38 

Bone 1.0 -1 1.1 10 2 
10-1 Manganese Liver 0.4 1.1 10-2 0.6 1.1 

Rest 0.5 1.1 10- 0.5 1.1 10-1 

Iron 1.0 5.5 
Oobalt 0.6 1.6 10-2 0.2 1.6 10-1 

Zinc Bone 1.0 1.1 
Rest 0.3 5.5 10-2 0.7 1.1 

Rubidium 1.0 1.1 1o-1 

Trab.bone 0.43 1.4 1o-2 0.06 4.7 10-1 
Strontium Cort.bone 0.36 1.4 1o-2 0.04 4.4 10-1 

Rest o.ao 4.9 1o-3 0.15 8.2 1o-2 

Yttrium 1.0 ... 
Zirconium Bone 1.0 2.2 101 

Rest 1.0 1.9 1o-2 

Niobium 0.5 1.6 1o-2 0.5 5.5 1o-1 

Molybednum 0.1 2.7 1o-3 0.9 1.4 1o-1 

Technetium 0.76 4.4 1o-3 0.20 1.0 10-2 

Ruthenium 0.41 2.2 10-2 0.35 9.6 10-2 

Silver 0.1 9.6 1o-3 0.9 1.4 10-1 

Antimony 1.0 5.5 10-2 

Tellurium Bone 1.0 1.4 101 
Rest 1.0 5.5 10-2 

Iodine Thyroid 0.25 3.3 1o-1 0.75 4.9 10-1 
Rest 0.11 3.3 1o-2 0.11 4. 7 10-1 

Caesium 0.1 5.5 1o-3 0.9 3.0 1o-1 

Trab.bone 0.83 5.5 1o-§ 0.1 9.6 1o-3 
Barium Cort.bone 0.83 5.5 10- 0.1 9.6 10-3 

Rest 0.73 2.2 1o-3 0.13 4.9 1o-2 

Lanthanum 1.0 9.6 Cerium 

Neptunium 
102 Plutonium Bone 1.0 1 

Americium Liver 1.0 4 101 
Curium Gonads 1.0 ... 

~ The fraction of an element retained in an organ t'o. time, t, 
is given by I Ai exp-L9.693t/Ti7 
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Table 6.2 cont. 

Element A3 T3 (y) A4 T4 (y) 

Chromium Bone 
Rest 

Bone 
Manganese Liver 

Rest 

Iron 

Cobalt 0.2 2.2 

Zinc Bone 
Rest 

Rubidium 

Tr~b.bone 0.16 2.5 0.35 6.8 
Strontium Cort.bone 0.21 3.0 0.39 2.4 101 

Rest 0.041 5.5 10-1 0.003 4.4 

Yttrium 

Zirconium Bone 
Rest 

Niobium 

Molybdenum 

Technetium 0.04 6.0 1o-2 

Ruthenium 0.24 2.7 

Silver 

Antimony 

Tellurium Bone 
Rest 

Iodine Thyroid 
Rest 

Caesium 

Trab.bone 0.016 1. 1 0.047 3.8 
Barium Cort.bone 0.03 2.7 0.047 1.5 101 

Rest 0.1 3.6 1o-1 0.017 2.7 

Lanthanum 
Cerium 

Neptunium 
Plutonium Bone 
Americium Liver 
Curium Gonads 



Nuclide 

H-3 
C-14 

Cr-51 
Cr-51 
Mn-54 
Fe-55 
Fe-59 
Co-58 
Co-58 
Co-60 
Co-60 

Zn-65 
Rb-86 
Sr-89 
Sr-89 
Sr-90 
Sr-90 
Y-90 
Y-91 
Zr-95 
Nb-95 
Mo-99 
Mo-99 
To-99 
Ru-103 
Ru-106 
Ag-110M 
Sb-125 
Te-127M 
Te-129M 
Te-131M 
Te-132 

I-129 
I-131 
I-132 
I-133 
I-134 
I-135 

Cs-134 
Cs-136 
Cs-137 
Ce-141 
Ce-144 
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Table 6.3 

Committed Dose Equivalents per unit 

int~~e by ingestion (Sv per Bg) 

Committed Dose Equivalent Sv per Bq 

Form f (c) 
1 Effective Gonad ThyrOid Skin 

Fo~d) 1.0E+OO 1.7E-11 1.7E-11 1.7E-11 1.7E-11 
1.0E+OO 1.1E-09 1.1E-09 1.1E-09 1.1E.09 

Trivalent 1.0E-02 4.0E-11 2.4E-11 4.0E-13 1.6E-12 
Hem valent 1.0E-C1 4.0E-11 2.,5E-11 3 • .$E-12 3.9E-12 

All 1.0E-01 7.2E-10 5 • .5E-10 1.1E-10 1.6E-10 
All 1.0E-01 1.6E-10 9.9E-11 9.9E-11 9.9E-11 
All 1.0E-01 1.8E-09 1.2E-09 5.9E-10 5.1E-10 

m 
5.0E-02 7.7E-10 5.8E-10 6.4E-11 8 • .$E-11 
3.0E-01 9.4E-10 7 • .$E-10 3.7E-1C 2.8E-10 
5.0E-02 2.7E-09 2.1E-09 ?.?E-10 6.9E-10 
3.0E-01 7 .1E-09 6.3E-09 4.6E-09 3 • .5E-09 

All 5.0E-01 3.9E-09 3-3E-09 3.1E-09 2.3E-09 
All 1.0E+OO 2 • .5E-09 2.1E-09 2.1E-09 2.0E-09 

Titanate 1.0E-02 2.2E-09 8.2E-12 8.1E-12 8.2E-12 
All others 3-0E-01 2.1E-09 2.4E-10 2.4E-10 2.4E-10 
Titanate 1.0E-02 3.0E-09 4.4E-11 4.4E-11 4-l.!E-11 
All others 3.0E-01 3-3E-08 1.3E-09 1.3E-09 1.3E-09 

All 1.0E-04 2.7E-09 1.3E-14 1.3E-14 1.3E-14 
All 1.0E-04 2 • .5E-09 1.6E-12 1.3E-13 2.4E-13 
All 2.0E-03 9.6E-10 4.8E-10 7.9E-12 4.2E-11 
All 1.0E-02 5.9E-10 4.2E-10 1.0E-11 4.4E-11 

Sulphide 5.0E-02 1.2E-09 1.3E-10 1.0E-11 1.8E-11 
All others S.OE-01 8.5E-10 2.1E-10 1.7E-10 1. 7E-10 

All S.OE-01 2.5E-10 6.6E-11 4.6E-09 6.6E-11 
All S.OE-02 7.3E-10 3 • .5E-10 6.2E-11 6.9E-11 
All S.OE-02 5.8E-09 1.6E-09 1.4E-09 1.4E-09 
All s.oE-02 2.9E-09 1. 7E-09 1.9E-10 3.8E-10 
All 2.0E-01 8.'TE-10 4.1E-10 1.7E-10 1.6E-10 
All 2.0E-01 2.4E-09 1.0E-10 9.9E-11 9.8E-11 
All 2.0E-01 2.6E-09 1.9E-10 1.6E-10 1.,5E-10 
All 2.0E-01 3 • .5E-09 3-0E-10 7.2E-08 7.1E-11 
All 2.0E-01 1.0E-09 2.,5E-10 2.0E-o8 1.7E-10 
All 1.0E+OO 9.9E-08 1.3E-10 3-3E-06 2.4E-10 
All 1.0E+OO 1.4E-08 3.4E-11 4.5E-07 7.6E-11 
All 1.0E+OO 1.4E-10 2.3E-11 3.4E-09 1.8E-11 
All 1.0E+OO 2.5E-09 3.6E-11 8.3E-08 3· 7E-11 
All 1.0E+OO 5.1E-11 1.0E-11 5.8E-10 8.1E-12 
All 1.0E+OO 5 • .5E-10 3.6E-11 1.8E-o8 3.0E-11 
All 1.0E+OO 2.0E-08 1.9E-08 1.8E-o8 1.3E-08 
All 1.0E+OO 3.1E-09 2.8E-09 2.9E-09 2.0E-09 
All 1.0E+OO 1.LE-o8 1.4E-08 1.3E-08 1.0E-08 
All 3-0E-04 7 .OE-10 9.1E-12 1 • .$E-13 3.1E-12 
All 3.0E-04 5.3E-09 4.1E-11 5.1E-12 7.3E-12 

CONT. 



Nuclide 

Pm-147 
Eu-154 
Eu-155 
Pu-238 
Pu-238 
Pu-239 
Pu-239 
Pu-240 
Pu-240 
Pu-241 
P"ll-241 
Pu-242 
P"ll-242 
Np-239 
Am-241 
Cm-242 
Cm-244 
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Table 6.3 cont. 

Form f (c) 
1 Effective Gonad Thyroid Skin 

All 1.0E-04 2,6E-10 4.4E-16 4.4E-16 4.4E-16 
All 1.0E-04 1.9E-09 6 • .5E-10 9.7E-12 ?.OE-11 · 
All 1,0E-04 3.0E-10 5.0E-11 1,JE-13 2.4E-12 

O, OH 1.0E-05 1 • .5E-08 2.3E-09 7.9E-14 7.9E-14 
All others 1.0E-04 1.0E-07 2,JE-08 7.9E-13 7.9E-13 

O, OH 1,0E-05 1.6E-08 2.6E-09 7 • .5E-14 7 • .5E-14 
All others 1.0E-04 1,2E-07 2.6E-08 7.5E-13 7.5E-13 

O, OH 1.0E-05 1.6E-08 2.6E-09 7.5E-14 7.5E-14 
All others 1.0E-04 1.2E-07 2.6E-08 7 • .5E-13 7 • .5E-13 

O, OH 1.0E-05 2.6E-10 5.7E-11 5.8E-18 5.BE-18 
All others 1.0E-04 2.4E-09 5.7E-10 5.8E-17 5.8E-17 

0, OH 1.0E-05 1 • .5E-08 2 • .5E-09 7 .1E-14 7 .1E-14 
All others 1.0E-04 1.1E-07 2 • .5E-08 7.1E-13 7 .1E-13 

All 1.0E-02 1.0E-09 8.0E-11 5.6E-13 5.2E-12 
All 5.0E-04 6.0E-07 1.4E-07 4.0E-12 4.0E-12 
All 5.0E-04 1.8E-08 2-.6E-09 4.4E-12 4.4E-12 
All 5.0E-04 2.9E-07 6.6E-08 4.2E-12 4.2E-12 

(a.) Applies to oxides, hydroxides a.nd a.ll other inorganic 
chromium compounds ingested in tracer quantities. 

(b) Applies to organic complexes a.nd all other inorganic 
compounds of chromium, except oxides a.nd hydroxides, 
in the presence of carrier material. 

(c) £1 is the gut transfer fraction for the nuclide in the 
chemical form specified. 

(d) The form of ingested carbon is assumed typical of that in 
diet. 
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Table 6.4 

Committed Dose Equivalents per unit intake by inhalation (Sv per Bg) 

Committed Dose Equivalent Sv per Bq 

Nuclide Inhala~i~n 
f (b) Effective Gonad Thyroid Skin 

Class a 1 

H-3 j - 9.8E-16 6.0E-17 6.0E-17 6.0E-17 
H-3 - 1. 7E-11 1. 7E-11 1.7E-11 1. 7E-11 
C-14 - 1.1E-12 1.1E-12 1.1E-12 1.1E-12 
C-14 - 8.9E-15 2.~15 2.~15 2.~15 
C-14 - 9.6E-12 1.8E-12 8.6E-12 1.2E-12 

Cr-51 y 1.0E-01 7.2E-11 1.)E-11 9.8E-12 7.6E-12 
Cr-51 D 1.0E-01 3.0E-11 2.2E-11 1.7E-11 1.)E-11 
Mn-54 w 1.0E-01 1. 7E-09 4.7E-10 7.JE-10 4.9E-10 
Mn-54 D 1.0E-01 1.4E-09 7 • .5E-10 5.6E-10 6.2E-10 
Fe-55 w 1,0E-01 3.2E-10 1.7E-10 1. 7E-10 1.7E-10 
Fe-55 D 1.0E-01 6.7E-10 4.8E-10 4.8E-10 4.8E-10 
Fe-59 w 1.0E-01 2.8E-09 1.2E-09 1.1E-09 8 • .5E-10 
Fe-59 D 1.0E-01 4.1E-09 3.JE-09 2.9E-09 2.2E-09 
Co-58 y 5.eE-o2 1.9E-09 3.0E-10 9.1E-10 4.9E-10 
Co-58 w 5.0E-02 1.2E-09 4.2E-10 5.7E-10 3.JE-10 
Co-60 y 5.0E-02 4.:1E-08 3.JE-09 1.6E-08 1.0E-08 
Co-60 w 5.0E-02 B.OE-09 3.JE-09 3.7E-09 2.6E-09 
Zn-65 y 5.0E-01 4.8E-09 1.9E-09 3.1E-09 1.9E-09 
Zn-65 w 5.0E-01 3.~09 2.JE-09 2.6E-09 1.8E-09 
Zn-65 D 5.0E-01 4.2E-09 3 • .5E-09 3 • .5E-09 2 • .5E-09 
Rb-86 D 1.0E+OO 1. 7E-09 1.JE-09 1.JE-09 1.JE-09 
Rb-88 D 1.0E+OO 2.1E-11 1.JE-12 1.JE-12 1.~12 
Rb-89 D 1.0E+OO 9.7E-12 1.~12 1.9E-12 1 • .5E-12 
Sr-89 y 1.0E-02 9 • .5E-02 8.1E-12 8.2E-12 8.1E-12 
Sr-89 D 3.0E-01 1 • .5E-09 4.2E-10 4.2E-10 4.2E-10 
Sr-90 y 1.0E-02 3.4E-07 2.~10 2.l.IE-10 2~LIE-10 
Sr-90 D 3.0E-01 5.7E-08 2.JE-09 2.JE-09 2.JE-09 
Y-90 y 1.0E-04 2.2E-09 5.2E-13 5.2E-13 5.2E-13 
Y-90 w 1.0E-04 2.0E-09 9 • .5E-12 9 • .5E-12 9 • .5E-12 
Y-91 y 1.0E-04 1.2E-08 7 .1E-12 8.JE-12 7.JE-12 
Y-91 w 1.0E-04 7.9E-09 1.1E-10 1.1E-10 1.1E-10 

Zr-95 y 2.0E-03 4.9E-09 3.4E-10 1.2E-09 6.JE-10 
Zr-95 w 2.0E-03 3.6E-09 5.8E-10 7.6E-10 5.8E-10 
Zr-95 D 2.0E-03 5.JE-09 1.5E-09 1.~09 1 • .5E-09 
Nb-95 y 1.0E-02 1.2E-09 2.~10 3.7E-10 2.1E-10 
Nb-95 w 1.0E-02 8.8E-10 3.5E-10 3.1E-10 2.1E-10 
Mo-99 y 5.0E-02 1.0E-09 5.9E-11 1.6E-11 1.4E-11 
Mo-99 D 8.oE-o1 5 • .5E-10 1.JE-10 1.2E-10 1.2E-10 
Tc-99 w 8.0E-01 2.0E-09 4.4E-11 3.0E-09 4.4E-11 
Tc-99 D 8.0E-01 1. 7E-10 5.0E-11 3.5E-o9 5.0E-11 
Tc-99M w 8.0E-01 2.0E-12 4.5E-13 2.4E-12 3.4E-13 
Tc-99M D 8.0E-01 3.4E-12 1.1E-12 6.JE-12 6.JE-13 
Rh-103M y 5.0E-02 1.1E-12 2.0E-15 1.9E-15 1.9E-15 
Rh-103M w 5.0E-02 1.0E-12 2.4E-14 2.4E-14 2.4E-14 
Rh-103M D 5.0E-02 1.2E-12 8.4E-14 8.JE-13 8.2E-12 
Ru-103 y 5.0E-02 2.0E-09 1.9E-10 2.7E-10 1.7E-10 

CONT. 
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Table 6.4 cont. 

Nuclide Inhalation f (b) 
Class(a) 1 Effective Gonad Thyroid Skin 

Ru-103 w 5.0E-02 1.3E-09 3.0E-10 2.8E-10 2.0E-10 
Ru-103 D 5.0E-02 B.OE-10 7.2E-10 5.9E-10 4.6E-10 
Ru-106 y 5.0E-02 1.3E-07 1.2E-09 1.7E-09 1.4E-09 
Ru-106 w 5.0E-02 2.5E-08 4.0E-09 4.0E-09 3.9E-09 
Ru-106 D 5.0E-02 1.5E-08 1.4E-08 1.4E-08 1.3E-08 
Sb-124 w 2,0E-01 .5.6E-09 8.5E-10 9.9E-10 7.8E-10 
Sb-124 D 2.0E-01 2.4E-09 1.5E-09 1.2E-09 1.1E-09 
Sb-125 w 2.0E-01 2.7E-09 3.4E-10 4.7E-10 3.2E-10 
Sb-125 D 2,0E-01 B.OE-10 5.2E-10 4.4E-10 3.7E-10 
Te-125M w 2.0E-01 1.8E-09 6.7E-11 4.1E-11 4.4E-11 
Te-125M D 2.0E-01 1.3E-09 1. 2E-10 1.0E-10 9.7E-11 
Te-127 w 2.0E-01 8.2E-11 2.0E-12 2,0E-12 1.9E-12 
Te-127 D 2.0E-01 6.JE-11 6.9E-12 6.8E-12 6.8E-12 
Te-127M w 2.0E-01 _5,8E-09 9.9E-11 1.0E-10 9.9E-11 
Te-127M D 2,0E-01 3.6E-09 2.5E-10 2.5E-10 2.5E-10 
Te-129 w 2,0E-01 1.8E-11 4.8E-13 .5.1E-13 I.J.,8E-13 
Te-129 D 2.0E-01 2.1E-11 1.7E-12 1.6E-12 1.6E-12 
Te-129M w 2.0E-01 5.5E-09 1.5E-10 1.6E-10 1.5E-10 
Te-129M D 2.0E-01 2.2E-09 4.0E-10 3.9E-10 3.8E-10 
Te-131M w 2.0E-01 2.1E-09 1,1E-11 3.5E-08 4.5E-11 
Te-131M D 2.0E-01 1.7E-09 1.9E-10 4.5E-08 9.8E-11 
Te-132 w 2.0E-01 7.6E-10 1.5E-10 4.5E-08 8.7E-11 
Te-132 D 2.0E-01 1.JE-09 3.1E-10 4.3E-09 2.3E-10 

I-129 D 1.0E+00 6.)E-08 8,0E-11 2.1E-06 1.5E-10 
I-131 D 1.0E+00 8,3E-09 2.1E-11 2.8E-07 4.9E-11 
I-132 D 1,0E+OO 8.0E-11 1,0E-11 1.5E-09 9.6E-12 
I-133 D 1.0E+OO 1.3E-09 2.0E-11 4.4E-08 2. 2E-11 
I-134 D 1.0E+OO 3.0E-11 4.1E-12 2.7E-10 4.2E-12 
I-:-135 D 1.0E+OO 3.2E-10 1. 7E-11 8,6E-09 1. 7E-11 

Cs-134 D 1.0E+OO 1.)E-08 1.2E-C8 1.1E-08 7.9E-09 
Cs-135 D 1,0E+00 1.3E-09 1.2E-09 1.2E-09 1.2E-09 
Cs-136 D 1.0E+OO 2.0E-09 1.7E-09 1.8E-09 1.2E-09 
Cs-137 D 1.0E+00 8.8E-09 8.8E-09 7.9E-09 6.6E-09 
Cs-138 D 1.0E+OO 2.3E-11 3.2E-12 3.6E-12 3.1E-12 
Ba-140 D 1.0E-01 9.4E-10 3.6E-10 2.7E-10 2.4E-10 
La-140 y 3.0E-01 1.3E-09 2.8E-10 5.4E-11 6.5E-11 
La-140 w 3.0E-04 1.2E-09 2.6E-10 6. 7E-11 7.6E-11 
Ce-141 y 3.0E-04 2.2E-09 3.1E-11 2. 8E-11 1.7E-11 
Ce-141 w 3.0E-04 1.9E-09 5.9E-11 4.7E-11 4.3E-11 
Ce-144 y 3.0E-04 9.5E-<8 2.1E-10 2.9E-10 2.6E-10 
Ce-144 w 3.0E-04 ).3E-OS 1.9E-09 1.9E-09 1.9E-09 
Pm-147 y 1.0E-04 9.3E-09 1.0E-13 1.0E-13 1,0E-13 
Pm-147 w 1,0E-04 6.9E-09 ).2E-13 .5.2E-13 .5.2E-13 
Eu-1.54 y 1.0E-04 1.1E-07 .5.7E-09 1.5E-08 1.1E-08 
Eu..:1.54 w 1.0E-04 8,2E-08 1.3E-08 7.4E-09 1.5E-08 
Eu-1.5.5 y 1,0E-04 8.3E-09 .5. 7E-11 2.2E-10 1.5E-10 
Eu-1.5.5 w 1.0E-04 .5.9E-09 1.5E-10 1.3E-10 1. 7E-10 
Np-239 w 1.0E-02 7.6E-10 .5.1E-11 6.9E-12 7.4E-12 
Pu-238 y 1.0E-0.5 8.2E-0.5 1.0E-0.5 3.8E-10 3.8E-10 
Pu-238 w 1.0E-04 1.2E-04 2,8E-05 9.5E-10 9.5E-10 

CONT. 
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Table 6.4 cont. 

Nuclide Ii:Jhalatto) f (b) Effective Gonad Thyroid Skin 
Class a 1 

Pu-239 y 1.0E-05 9.0E-05 1,2E-05 3.7E-10 3.7E-10 
Pu-239 w 1.0E-04 1.4E-04 3.2E-05 9.0E-·10 9.0E-10 
Pu-240 y 1.0E-05 8.9E-05 1.2E-05 3.7E-10 3.7E-10 
Pu-240 w 1.0E-04 1.4E-04 3.2E-05 9.0E-10 9.0E-10 
Pu-241 y 1.0E-05 1.6E-06 2.aE-07 2.~-12 2.4E-12 
Pu-241 w 1.0E-04 2.9E-06 6.8E-07 2.2E-13 2.2E-13 
Pu-242 y 1.0E-05 8.5E-05 1,1E-05 3.6E-1·0 3.6E-10 
Pu-242 w 1.0E-04 1.JE-04 3.0E-05 8.5E-10 8.,5E-10 
Am-241 w 5.0E-04 1.4E-04 3.JE-05 9.6E-10 9.6E-10 
Cm-242 w 5.0E-04 4. 7E-06 5.7E-07 9.4E-10 9.4E-10 
Cm-244 w 5.0E-04 7.0E-05 1.6E-05 1.0E-09 1.0E-09 

(a) The forms of the various nuclides associated with the respective inhalation 
classes are summarised in Table 6.5. 

(b) f1 is the gut transfer fraction for the nuclide in the chemical form 
considered. 

(c) For H-3 inhaled as element. 

(d) For H-3 inhaled as tritiated water. 

(e) For C-14 inhaled as C02. 

(f) For C-14 inhaled as CH4. 

(g) For C-14 inhaled as eo. 
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Table 6.5 

Inhalation class of the elements in various forme 

Inhalation Class 

Element 
D w y 

Rb All 

Sr All others Titanate 
y All others Oxide 

Hydroxide 

Zr All others Oxide Carbide 
Hydroxide 
Halide 
Nitrate 

Nb All others Oxide 
Hydroxide 

Mo All others Element 
Sulphide 
Oxide 
Hydroxide 

To All others Oxide 
Hydroxide 
Halide 
Nitrate 

Ru All others Halide Oxide 
Hydroxide 

Sb All others Oxide 
Sulphide 
Hydroxide 
Halide 
Nitrate 
Sulphates 
Carbonates 

Te All others Oxide 
Hydroxide 
Nitrates 

I All 

Cs All 

Ba All 

La) Oxide 
Ce) All others Hydroxide 

Fluoride 

Np All 

Pu All others Dioxide 

Am All 

Cm All 
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a) Gastrointestinal tract model 

INGESTION 

BODY FLUIDS 

EXCRETION 

b) Values of parameters used in the model 

Mass of Mean 
~ Section of GI tract contents residence days -1 

(g) time (days) 

Stomach (ST) 250 1/24 24 

Small intestine (SI) 400 4/24 6 

Upper large intestine (ULI) 220 13/24 1.8 

Lower large intestine (LLI) 135 24/24 1 

Figure 6.2 The model for the gastrointestinal tract 
and values of non-element dependent 
parameters used in the model 
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CHAPI'ER 7 

APPLICATION OF THE l'I!ErHODOLOGY TO ESTIMATE COLLECTIVE 
AND INDIVIDUAL DOSES 

7.1 Introduction 

The manner in which the models, described in earlier chapters, can be 
applied to estimate collective and individual doses is illustrated by means 
of examples in this chapter. 

This study is principally directed towards the evaluation of the health 
detriment to the population of the European Community following the 
discharge of effluents to the atmosphere or to the aquatic environment; 
the appropriate dosimetric quantity for this purpose is the collective dose 
equivalent commitment (or truncated values of this quantity) resulting from 
each pathway of exposure. The methodology can equally be applied to the 
estimation of individual dose equivalents. Additional detailed information 
is however often required of the habits of the individual if reliable 
estimates are to be made of such doses; this is contrary to the assessment 
of collective doses where average habits of the exposed population are in 
general sufficient. 

Theexampleschosen to demonstrate the application of the methodology 
have been chosen arbitrarily. The numerical results presented are solely 
illustrative and must not therefore be considered as having any absolute 
significance. 

7.2 Estimation of doses from atmospheric discharges 

7.2.1 General procedure 

The estimation of the collective dose equivalent commitment in an 
exposed population comprises the integration over time and space of the 
individual dose equivalent rates in that population. In its most general 
form the collective dose equivalent commitment can be written as 

ff f . 
N(d, 8,t) H(d, 8 ,t) dd d8 dt 

d 8 t 
•••••••••• (7.1) 

where N(d,8,t) is the population at time, t, at a distance, d, and 
angle, 8, relative to the point of discharge . 

H(d,8,t) is the individual dose equivalent rate at d, 8, and t. 

Several important modes of irradiation need to be considered in assessing 
the dose equivalent rate at any particular location following the discharge 
of radioactive material to the atmosphere; these comprise: 

external irradiation (~,v) from the cloud 
inhalation of the cloud 
external irradiation (~,v) from deposited activity 
inhalation of resuspended activity 
ingestion of contaminated foodstuffs 

The irradiation of man by pathways a) - d) is essentially determined by the 
level of environmental contamination local to the individual, be it the 
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airborne, or the soil, concentration. Thus the spatial and temporal 
distributions of the population and activity (and hence dose) can readily 
be combined in the manner indicated in Equation (7.1) to yield the 
collective dose equivalent commitments via these pathways of exposure. For 
irradiation by ingestion of contaminated foodstuffs the same approach cannot 
be adopted since in general the contamination level local to the individual 
has in this case only a limited influence in determining the magnitude of 
exposure; this is a consequence of much of man 1 s diet being obtained far 
from his local habitat. An alternative procedure is therefore adopted in 
the estimation of collective dose equivalent commitments via this route. 
The spatial and temporal distributions of agricultural production are 
combined with similar distributions of the discharged activity in various 
foodstuffs to evaluate the total quantity of activity appearing in the diet 
of the exposed population; the collective effective dose equivalent commit
ment is then evaluated from knowlege of the dose per unit intake by 
ingestion of the nuclide of interest. This procedure provides a satisfactory 
method for estimating the collective dose equivalent commitment but provides 
no information (other than temporal) on the distribution of the dose among 
the exposed population. Such information if necessary could be obtained but 
would necessitate a complex analysis of food distribution practices on a 
national and possibly international scale. For pathways a) - d) the 
distribution of the collective dose among the population is on the contrary 
readily discernible. The general procedures adopted in the estimation of 
collective dose equivalent commitments via pathways a) - d) and via pathway 
e) are outlined separately in the following sections. 

7.2.1.1 Inhalation and external irradiation pathways (a- d) 

To facilitate the numerical evaluation of the collective dose equivalent 
commitment as represented by equation (7 .1) a number of approximations are 
made; these include a simplified representation of the population and of 
activity concentrations in.various parts of the environment (and hence dose), 
and adjustments to accommodate the available dosimetric quantities (see 
Chapter 2). The more important approximations are described. 

The spatial distributions 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 angle 9 , relative to 
the discharge point. These variations have been approximated in the manner 
indicated in Figure 7 .1. The area surrounding the discharge point is divided 
into a number of annuli of varying radii; these annuli are further sub
divided into a number of sectors of width A 9 (see Section 3.4.) 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' 9 jj) can be evaluated as 

t/ N(dj, 9jj't) H(dj, 9jj't)dt 
•••••.•••• (7.2) 

where N(dj,9jj't) is the population in the annular segment (dj,9jj) . 
H(d.,9.j,t) is the mean dose equivalent rate in the segment 

J J (d., 9 j 1) and in general taken as that at the mid 
point ~f the segment(d., 9 .. ) 

J JJ 

The spatial component of the integration of the total collective dose 
equivalent commitment specified in equation (7.1) can thus be reduced to a 
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summation over the various annular segments. The collective dose equivalent 
commitment becomes 

. 
H(dj, 11jj't)dt 

.......... (7.3) 

For the purpose of this study it is assumed that the spatial distribution 
and magnitude of the population remains constant over all time. Equation 
(7.3) reduces therefore to 

•.••.••••• (7.4) 

The selection of annular segments is a compromise between minimising 
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 
approximations is not significant in comparison with other uncertainties 
in the overall assessment. The number of sectors depends on the nature 
and categorisation of the meteorological data available for the discharge 
location in this report;the number of sectors is either 12 or 18 corres
ponding to angular width of 30° or 20° respectively, The radii of the annuli 
adopted in this study are summarised in Table 7.1; they were chosen such 
that the percentage uncertainty in estimating the collective dose equivalent 
commitment in each annular segment was comparable. An accurate estimate of 
the uncertainty in the collective dose equivalent commitment summed over 
all annular segments is difficult since much depends on the particular 
population distribution considered; it is considered most unlikely however 
that an error greater than 2ryfo would ensue from the adoption of this 
approximate procedure. 

A number of points are worthy of note regarding the evaluation of 
the time integral of the dose equivalent rate and in particular the 
approximations adopted in order to accommodate available dosimetric quantities. 
These approximations are reviewed comprehensively in Chapter 2 and are only 
briefly summarisedhere; also the detailed procedure adopted in deriving 
the time integrals of dose equivalent rate are described fully in Chapter 3· 
For external irradiation from the cloud or from deposited activity the 
evaluation of the time integral of the dose equivalent rate at a particular 
location is relatively straight forward. For irradiation from inhaled 
activity (either from the cloud or from resuspension) the situation is more 
complex since published data are not available on the variation of the dose 
equivalent rate following inhalation of activity; moreover account should be 
taken of the age distribution of the population at exposure. The time 
integral of the dose equivalent rate can however be conservatively estimated 
using the committed dose equivalent per unit intake of activity (see Chapter 
2 for details) and this procedure is adopted here. For irradiation by 
inhalation the collective dose equivalent commitment is evaluated as follows 
using a modified form of equation 7.4, 

.2: N(d.,l1 .. ) H.nh(i)fr<d.,e .. ,t)dt 
(d.,l1 .. ) J JJ J. t J JJ 

J JJ 
•••.•••••• (7 .5) 
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where t/ 

. 
H(dj' 8jj't)dt ~ Hinh(i) 

t 

{ r(d., 8 . • ,t)dt 
J JJ 

•••••••••• (7 .6) 

and Hinh(i) is the committed dose equivalent per unit intake of 
nuclide, i, by inhalation . 

I(d.,8 .. ,t) is the average individual rate of intake of activity by 
J JJ inhalation in segment (d.,8 .. ) 

J JJ 
The approximation in equation 7.6 leads to an overestimate in the collective 
dose equivalent commitments but only for nuclides of long retention time 
in the body, and even then by not more than a few tens of percent for a 
population of typical age distribution. 

Thus the estimation of collective dose equivalent commitments from 
the respective pathways of exposure comprises a summation over all annular 
segments of the product of the population in and time integral of the 
appropriate dose equivalent rate at the mid-point of the segment (d.,8.~). 
Collective dose equivalent commitments, or their truncated values, ~an~~e 
evaluated by appropriate choice of the integration period. 

7.2.1.2 Irradiation bY the ingestion pathway (e) 

As discussed earlier the estimation of collective dose equivalent 
commitments from ingestion of contaminated food products must be evaluated 
in a different manner. The basis of the estimate is the evaluation of the 
quantity of activ!ty appearing in agricultural produce which is then assumed 
to be ingested by the population of the European Community. 

In its most general form the collective dose equivalent commitment can 
be expressed as 

H. (i) Z 
~ng k f f /PA(d, 8,t,k) CK(i,d,8,t,k) dd d8 dt 

d 8 t 

.••••.••.• (?.?) 

where H. (i) is the committed dose equivalent per unit intake of 
~ng nuclide, i, by ingestion 

PA(d,8,t,k) is the yield of agricultural product, k, at time, t, at a 
distance d and angle 8 relative to the discharge 

CK(i,d,8,t,k) is the concentration of nuclide, i, in agricultural 
product, k, at time, t 

The yield and concentration of activity in the various food products will 
be continuously varying functions of distanced, and angle, 8, relative to 
the discharge. To facilitate the integration in equation (7.7) these 
variations have been approximated in the same manner as described for the 
population distribution in the previous section (see Figure 7.1), that is 
the creation of annular segments over which the yield and concentration of 
activity are essentially assumed uniform. The selection of annular segments 
is identical with that previously described. 
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The collective dose equivalent commitment from food products can then 
be expressed as a summation over the annular segments, (d.,8 .. ) 

J JJ 

H. (i)" 
wg L....J 

k 

" f PA(d.,8 .. ,t,k) L....J J JJ 
(dj, 8jj) t 

CK(i,d, 8 . . ,t,k)dt 
JJ 

.......... (7.8) 

For the purposes of this study the agricultural practice and yields are 
assumed constant over all time.Equation (7,8) can therefore be reduced to 

H. (i) " wg L....J 
k 

PA(d.,8 .. ,k) /CK(i,d,8 .. ,t,k)dt 
J JJ JJ 

t 

.......... (7.9) 

The use of the quantity "committed dose equivalent" per unit intake 
by ingestion in equation (7.9) results in a conservative estimate of the 
collective dose equivalent commitment for nuclides with long retention times 
in the body. The reasons for its use are outlined in the previous section 
where the committed dose equivalent for inhaled activity had to be adopted. 

Thus the estimation of the collective dose equivalent commitment from 
ingestion of each of the food products involves a summation over all annular 
segments of the product of the yield and time inte~al of the activity 
concentration of each foodstuff at the mid point, d., of each segment 
(dj,8 .. ). This procedure provides no insight into Aow the collective dose 
equivalent commitment is distributed in the exposed population; it does 
however provide information on the spatial distribution of the origin of 
this dose. 

7.2.2 An example of the application of the methodology 

To assist in the understanding of the procedures adopted to estimate 
collective dose equivalent commitments a worked example is presented. 
Consideration is given primarily to the estimation of the collective 
effective dose equivalent commitments; the procedure, however, is similar 
for the evaluation of truncated collective effective dose equivalent 
commitments after appropriate modification of the integration period and for 
collective dose equivalent commitments in particular tissues, again by 
appropriate substitution of the tissue for the effective dose equivalent. 

For the purposes of the worked example the collective effective dose 
equivalent commitment is evaluated in a particular annular segment 
(dj,8 .. ) for the release of caesium-137 at a rate of 1 Bq s-1 continuously 
for aJ~ear. The estimation of the total collective effective dose equivalent 
conunitment from the discharge would necessitate a comparable evaluation for 
each of the annular segments followed by summation over all segments, but it 
is not undertaken in this illustrative example. The area surrounding the 
discharge point is subdivided into 12 sectors of angular width, 30°, in the 
manner indicated in Figure 7.1. The assumed frequencies with which the wind 
blows into the sector of interest, 8 .. , and in particular meteorological 
conditions is summarised in Table 7.~~ The meteorological conditions have 
been categorised according to the Pasquill scheme (stability classes A-F); 
in addition categories C and D are considered in two modes in which 
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precipitation is or is not assumed to be occurring, thus making 8 
categories in all. The radial bounds of the annulus are taken as 100 and 
200 km, respectively. The population in the annular segment, (dj,8;;), is 
taken as 8 1 o!> and the agrioul tura1 yields of the products of inter!U~t are 
summarised in Table 7.3. 

It must be noted that the values adopted for the various parameters which 
dete~ne the environmental characteristics of the annular segment considered 
have been chosen arbitrarily and solely for illustrative purposes. The 
numerical results evaluated in this section have therefore no absolute 
significance. Equally no conclusions should be drawn as to the relative 
importance of the collective effective dose equivalent commitments evaluated 
for the respective modes of exposure; this would vary considerably with the 
characteristics of the environment considered (eg, relative magnitude of 
population and agricultural practice). Judgements on the relative import
ance of particular modes of exposure should therefore only be made on a case 
by case basis and after a. complete assessment (ie, summation over all 
annular segments) of a particular discharge. 

The evaluation of the collective effective dose equivalent commitment 
for each of the path~s is outlined. 

7.2.2.1 Inhalation of the cloud 

Irradiation from the inhalation of activity in the cloud depends on 
the concentration of activity near ground level. The annual average ground 
level concentration of nuclide, i, in the atmosphere in the annular segment 
(dj,8jj) can be written, from equation (3.25) as 

C(i,d.,8jj) = N Q (i) 1: X (i,c,d.) f(Q .. ,c) 
J 0 c 0 J JJ 

........ .. (7.10) 

where N is the number of sectors and is taken as 12 

Q (i) is the discharge rate of nuclide, i, and is taken as 
0 1 Bq s-1 of caesium-137 

X
0
(i,c,dj) is the concentration in air at dj for unit release rate of 

caesium-137 in dispersion rategory, c, and assuming a uniform 
windrose (Bq m-3 per Bq s- ) 

-
is the fraction of the time during which the dispersion 
category, c, occurs and the wind blows into the sector 8 jj 

dJ. is the mid point of the annular segment (d.,8 .. ) and is 
taken as 150 km. J JJ 

Values of X (i,c,dj), evaluated using the models described in Chapter 3, 
and values issumed for f(8j~'c) are summarised in Table 7.2. Substituting 
these values into equation \ 7.10) the annual average fbr concentration in 
the annular segment (dj,8jj) is evaluated as 1.96 10- Bq m-3. 

The time integral of the activity inhaled by an individual at 
(dj' 8jj) is 

.......... (7.11) 
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where B is the annual volume of air inhaled by an adult and is taken 
to be 8030 m3 y-1 

Substituting for C(i,d.,9 .. ) and Bin equation (7.11) 
J JJ 

. - -10 I.nh (~,d.,9 .. ) = 1.96 10 
~ J JJ 

8030 = 1.57 10-
6 

(Bq) 

The collective effective dose equivalent commitment in the annular segment 
(d.,9 .. ) is then, from equation (7.5), given by 

J JJ 

si (dJ,ajj) = N(dj,ajj) Hinh(i) j I(i,Cij, ajj)dt 
t 

N(dj,ajj) Hinh(i) Iinh(i,dj,ajj) 

•••••••••• (7.12) 

where Hinh(i) is the committed effective dose equivalent from unit 
intake by inhalation of caesium-137 (see Chapter 6) 
and is equal to 8.8 10-9 (Sv Bq-1). 

Substituting for N(dj,ajj), Hinh(i) and Iinh(i,dj,ajj) in equation (7.12) 

c ( ) 5 -9 SE d.,a .. = 810 8.810 
J JJ 

-6 10-8 1.57 10 = 1 .1 (man Sv) 

It should be noted that in this calculation it is assumed 1hat the 
exposed population has been exposed to the same level of air concentration 
whether they are inside or outside buildings. 

7.2.2.2 External irradiation from the cloud 

Caesium-137, associated with its very short lived daughter product, 
barium-137m, is a ~/v emitter. Consideration is given to the evaluation 
of the collective effective dose equivalent commitment from the photon 
component and to the co1.lective dose equivalent commitment in skin from the 
electron component. 

Photon component 

The average effective dose equivalent rate from cloud y radiation from 
a nuclide, i, in the annular segment (d., B .. ) can be written, from equation 
(3.30) as J JJ 

ir. (i,d.,a .. ) 
y J JJ N Q (i) z HG(i,c,d.) f(a .. ,c) 

0 c J JJ 
(Sv y-1 ) 

•••••••••• (7.13) 

where HG(i,c,d.) is the cloud v effective dose equivalent rate for unit 
J release rate (1 Bq s-1) of caesium-137 in dispersion 

conditions, c, and assuming a uniform windrose and 
where the other symbols have the meaning as previously 
indicateC 
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Values of HG(i,c,dj), evaluated using the models described in Chapter 3, 
and values assumed for f(e.j,cl are summarised in Table 7.2. Substituting 
these values in equation_{7.13 the avera~6effec~tve dose equivalent rate 
in the annular segmenf { d . , 8 j j is 1 • 5 1 0 Sv y • For a discharge 
continuous at 1 Bq s- fo~ a yea~ the time integral of the average effective 
dose equivalent rate is 1.5 10-1 Sv. 

From equation {7.4) the collective effective dose equivalent commitment 
from external v radiation from the cloud is 

c j' . -SE (d.,8 .. ) = N(d.,8 .. ) H (~,d.,8 .. )dt 
J JJ J JJ V J JJ 

t 

= 8 105 1.5 10-16 
= 1.2 10-10 

.......... (7.14) 

(man Sv) 

This estimate makes no allowance for shielding of the exposed population 
by building structures; it will therefore be an overestimate of the actual 
collective effective dose equivalent commitment by a factor which will vary 
according to the habits of and type of building structure utilised by the 
population in question. 

Electron component 

The average dose equivalent rate in skin from cloud ~ irradiation from 
nuclide, i, in the annular segment (dj,8jj) can be written from equation 
(3.31) as 

HQ(i,dj,8j.) = N Q {i) L HB(i,c,d.) f(8 .. ,c) 
~ J 0 c J JJ 

HB(i,c,d.) 
J 

.......... (7.15) 

is the cloud ~ dose equivalent rate in skin for unit 
release rate of caesium-137 {1 Bq s-1) in dispersion 
category, c, and assuming a uniform windrose and 
where the other symbols have the meaning previously 
defined. 

HBT(i)X {i,c,d.) 
0 J 

.......... (7.16) 

where HBT(i) is the dose equivalent rate in skin per unit air 
concentration of nuclide, i, {Sv y-1 per Bq m-3). For 
caesium-137 in eqyilibri~ with its daughter product the 
value is 4,44 10..;;·r Sv y-1 per Bq m-3, 

Substituting for HB(i,c,dj) from equation {7.16) into equation (7.15) and 
further substituting from equation (7.10) the expression for HB(i,dj,Bjj) 
can be reduced to 

.......... (7.17) 
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Substituting for HBT(i) and C(i,d.,8 .. ) in equation (7.17) 
J JJ 

( . - ) -7 -10 -17 HQ ~,d.,8 .. = 4.44 10 1.96 10 = 8.7 10 
fJ J JJ 

-1) (Sv y 

For a discharge continuous f~f 1 year the time integral of the average dose 
equivalent in skin is 8.7 10 1 Sv. 

From equation (7.4) the collective dose equivalent in skin in 
segment (dj,8jj) from cloud ~ irradiation is 

SEC (d. ,6 .. ) 
J JJ N(dj,ej) t/ H~(i,d:j,ejj) dt 

8 105 8.7 10-17 = 7 10-11 (man Sv) 

The estimate assumes that the air concentration is identical inside and 
outside buildings and moreover assumes no shielding due to clothing or 
position of the body in relation to other structures which may provide 
further shielding; the value quoted is therefore an overestimate. 

7.2.2.3 External radiation from deposited activity 

As for external radiation from the cloud, consideration is given 
separately to photon and electron components from deposited activity. 

Photon component 

The time integral of the effective dose equivalent rate from photon 
irradiation in segment (dj,8jj) from deposited activity can be written from 
equation 3.40 as 

HD (i,d., 8 .. ,t) 
'I' J JJ 

w (i,d.,8 .. ) F (i,t) 
J JJ 'I' 

(Sv) 

where F (i,t) 
'I' 

.......... (7.18) 

is the integral to time, t, of the effective dose 
equivalent rate received by a person continuously 
expos:d to external v radiati~~ from rad~onuclide, i, 
depos~ted at a rate of 1 Bq m s-1 cont~nuously for 
1 year on undisturbed pasture 

and w (i,dj,8jj) is the average deposition rate at dj' 8jj 

and is given from equation (3.29), as 

w (i,d.,8 .. ) = N Q (i) E G(i,c,d..) f(eJ.J.,c) J JJ 0 c J 
( -2 -1) Bq m s 

where G(i,c,d.) is the deposition rate at d. in dispersion category, 
J c, for unit discharge rate ~f nuclide, i, and assuming 

a uniform windrose. 

The time integral of the effective dose equivalent rate for the continuous 
deposition of caesium-137 at a rate of 1 Bq m-2 s-1 for a year, Fv(i,t) is 
given as a function of time in Table 3.23; the infinite time integral is 
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1 -2 -1 ( - ) 1.6 10 Sv per Bq m s for a year. Values of G i,c,dj , evaluated 
using the models in Chapter 3, and f(8jj'c) are summarised in Table 7.2. 
Substituting for the various parameters into equation (7.19) and then 
(7.18) the infinite time integral of the effective dose equivalent rate 
at dj, ejj is 

( . - ~ -12 1 -11 HD ~,d.,O .. ,=J = 1.0410 1.610 = 1.710 
V J JJ 

(Sv) 

From equation (7.4) the collective effective dose equivalent commitment from 
v radiation from deposited activity following a continuous release of 
caesium-137 at a rate of 1 Bq s-1 for 1 year is 

si (dj,ejj) = N(dj,ejj) HDv(i,d:j,ejj'=) 

= 8 105 1.7 10-11 = 1.4 10-5 (man Sv) 

The collective effective dose equivalent commitment evaluated above 
assumes the exposed population to be outdoors continuously. If the 
fraction of time spent outdoors is f , and the ratio of the dose indoors 
to that outdoors is f~, then the col~ective effective dose equivalent 
commitment as evaluat~d as above for a population continuously outdoors 
must be reduced by the following factor 

Assuming the fraction of time spent outdoors to be 0.2 and the ratio of 
the dose indoors to that outdoors to be 0.2 L7·!7 then the collective 
effective dose equivalent commitment becomes 

-5 ( ) -6 1.4 10 0.2 + o.B 0.2 = 5.1o (man Sv) 

Electron component 

The time integral of the dose equivalent rate in skin from ~ irradiation 
from deposited activity can be expressed from equation 3.41 as 

HD(.l(i,d:., e .. ,t) = "'(i,d., ej .) F(.l(i,t) 
~ J JJ J J ~ 

(Sv) 

.......... (7.20) 

where F~(i,t) is the integral to time, t, of the dose equivalent rate 
in skin received by a person continuously exposed to 
external ~ radiation from radionuclide, i, deposited at 
a rate of 1 Bq m-2 s-1 continuously for 1 year on 
undisturbed pasture 

w(i,ii'.,6 . . ) is defined in equation (7.19) 
J JJ 

The inf~ge time inte~l of the dose equivalent rate in skin, !s(i,=), 
is 2.2 10 Sv per Bq m 2 s-1 of oaesium-137 for 1 y and substituting into 
equation (7.20) 
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(Sv) 

From equation (7.4) the collective dose equivalent commitment in skin from 
~ irradiation from deposited activ~ty following the continuous discharge of 
caesium-137 at a rate of 1 Bq a-1 for a year becomes:-

N(dj,ejj) HD~(i,dj,ejj'=) 

8 105 2.3 10-20 = 1.8 10-14 (man Sv) 

Again this value assumes the population to be continuously outdoors. 
Assuming as above that the fraction of time spent outdoors is 0.2 and that 
the dose indoors is zero owing to building structures affording essentially 
total shielding from~ radiation the collective dose equivalent commitment 
in skin becomes 

0.2 1.8 10-14 = 3.6 10-15 (man Sv) 

7.2.2.4 Inhalation of reauspended activity 

The time integral of the individual inhalation rate of reauspended 
activity at dj,ejj can be written from equation (3.42) as 

IRS(i,d.,6 .. ,t) = 1 w(i,d.,9 .. ) IR(i,t) B (Bq) 
J JJ 3.15 101 J JJ 

...•••••.• (7. 21 ) 

where IR(i,t) is the time integral of the resuspended air concentratio~ 
following deposition of nuclide, i, at a rate of 1 Bq m
s-1 continuously for 1 year 

and w (i,d., 6 .. ) is as defined in equation (7 .19) 
J JJ 

The time integral of the resuapended air concentration following unit 
deposition of caesium-137 at a rate of 1 Bq m-2 s-1 for a year is illustrated 
in Figure 3.5; the infinite time integral is 2.2 109 Bq a m-3 per Bq m-2 s-1 
for one year. The value of w (i,dj ,6 jj) is a function of the frequency 
distribution of dispersion condi tlons assumed fo~ thf sec:!!or 6 ; it is 
evaluated in Section 7.1.2.3 as 1.04 1o-12 Bq m- s- at dj for a discharge 
rate of 1 Bq s-1 of caesium-137. 

Substituting into equation (7.21) the infinite time integral of the 
individual inhalation rate of resuspended activity at d., 6 .. is 

J JJ 

IRS(i,d.,6 .. ,=) 
J JJ 

= 1.0410-12 2.2 109 8030 

3.15 107 

8 -7 
= 5. 10 

(Bq) 

(Bq) 

The collective effective dose equivalent commitment in the annular segment 
(dj,8jj) is then, from equation (7.5) given by 
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si(dj, ejj) = N(dj, ejj) 

= N(dj,8jj) 

.......... (7.22) 

where Hinh(i) is the committed effective dose equivalent from unit 
intake by inhalation of cae,ium-137 (see Chapter 6) and 
is equal to 8.8 1o-9 Sv Bq-

Substituting in equation (7 .22) 

c ( ) 5 -9 -7 -9 SE dj,8jj = 8 10 8.8 10 5.8 10 = 4.1 10 (man Sv) 

7.2.2.5 Ingestion of contamination foodstuffs 

The time integral, from the beginning of the release to time t, of the 
quantity of nuclide, i, in foodstuff, k, derived from an annular segment 
dj,8 .. can be written from equation (3.44) as 

JJ 

CCP(i,d.,8 .. ,k,t) = w(i,d.,8 .. ) CP(i,k,t) PA(d.,8 .. ,k) TD(i,k) (Bq) 
J JJ J JJ J JJ 

••••.•••.. (7 .23) 

where CP(i,k,t) is the time integrated concentration of nuclide, i, 
in unit mass of foodstuff, k, following the de~osi{ion 
of nuclide, i, at a continuous rate of 1 Bq m- s- for 
1 year 

PA(dj,8jj'k) is the annual yield of foodstuff, k, in the segment 
dj,8jj 

TD(i,k) = exp - Xi rk where Xis the radioactive decay constant 
and rk is the delay between harvest (or animal 
slaughter) and consumption 

and w (i,d.,8 .. ) is the deposition rate of nuclide, i, at d.,8jj and 
J .JJ is defined in equation (7.19) J 

The deposition rate, w(i,d.,8 .. ) for unit discharge rate of caesium-137 
is evaluated in section 7.T.2~3 for the frequency distribution of dispersion 
conditions given in Table 7.2 and which were selected to characterise the_1 sector 8 .; the value of w is estimated as 1.04 1o-12 Bq m-2 s-1 per Bq s • 
The infiMte timeintegralsof the concentration, (CP(i,k,oo))s of caesium~137 
in unit mass of ea~ foodstuffare summarised in Table 7.3 for a deposition 
rate of 1 Bq m-2 s continuous for a year and were evaluated using the 
models described in Chapter 3. The assumed annual yields of each foodstuff 
in the sector (d.,8j.) are also ~umnarised in Table 7.3, together with the 
mean delay perioas, rJk' assumed between harvest of a crop (or slaughter of 
an animal) and consumption of the food product. 
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Substituting the various values in equation (7.23) and summing over 
the food products listed in Table 7.3 the infinite time integral for the 
quantity of caesium-137 in foodstuffs at the time of consumption obtained 
from the segment dj' 8 ji is 79 Bq. The collective effective dose equivalent 
commitment from foodsturfs derived from the segment (dj, 8jj) can from 
equation (7.9) be written as 

SEC(d.,8 .. ) =H. (i)Lk PA(d.,8 .. ,k)/CK(i,d.,8 .. ,t,k) dt 
J JJ 1ng J JJ J JJ 

t 
= Hing(i)~ CCP(i,dj' 8jj'k,co) 

•••••••••• (7.24) 

The committed effective dose equivalent per ~t intake of caesium-137 by 
ingestion is evaluated in Chapter 6 as 1.410- Sv Bq-1 • Substituting in 
equation (7.24) 

SEC (d., 8 .. ) 
J JJ 

1.410-
8 

79 

1 .1 1 o-6 

(man Sv) 

(man Sv) 

It should finally be noted that the above collective effective dose 
equivalent commitment is not received by the population in the segment 
(d.,8 .. ) but by the population consuming the food products derived from 
this M~gment. 

7.2.2.6 Summary of the collective dose equivalent commitments from 
the atmospheric discharge of caesium-137 

The collective effective dose equivalent commitments (and selected 
doses in skin) via the respective pathways are summarised in Table 7.4. 
The values refer to the doses delivered to the population in a single 
annular segment or to the doses resulting from foodstuffs derived from 
that segment. The environmental characteristics assumed for the segment 
were chosen arbitrarily and therefore the numerical results in Table 7.4 
have no absolute or relative significance; the numerical values are 
particular to the assumptions made. The evaluation of the total collective 
effective d6se equivalent commitment entails a comparable evaluation over 
each annular segment and summation over all segments. 

It should finally be noted that the example presented took account 
only of doses arising during the first pass of activity after discharge. 
Some nuclides (eg, krypton-85, iodine-129, carbon-14 and tritium) because 
of their mobility and long half-lives may become globally dispersed and 
account must be taken of this additional contribution to the exposure of 
the population. 

7.2.3 Indicative individual exposure 

The methodology can equally be applied to the estimation of individual 
as well as collective exposure, although reliable estimates of the former 
require fairly detailed habits data. The procedures described in Sections 
7.2.1 and 7.2.2 for the assessment of collective dose equivalent 
commitments from external ~rradiation and inhalation pathways have their 
origins in the estimation of individual dose rates at particular locations, 
for example in annular segments (d.,8 .. ). 

J JJ 
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The estimates are however subject to the assumption of individuals with 
habits representative of the average in the population; this is sufficient 
for the estimation of collective doses. 

The estimation of individual dose equivalents is particularly relevant 
in the context of comparisons with dose equivalent limits. The manner in 
which the methodology can be applied to evaluate indicative individual 
dose equivalents for this purpose is SUIIIIIIa1'ised. The magnitude of annual 
individual dose equivalents is, for long lived nuclides, and particularly 
for those with long retention times in the body, a function of the 
duration of the discharge practice. For the purpose of illustration the 
discharge is assumed to continue for a period of 50 years and annual dose 
equivalents are evaluated in the last year of the practice; in general this 
corresponds to the maximum annual dose equivalent. Other periods of 
duration of the practice could equally be chosen, as appropriate. 

For external irradiation from the cloud the dose is delivered only during 
the period of the discharge and does not vary from year to year. The 
annual dose equivalent at dj,ejj is then obtained from equation (7.13) as 

N Q (i)LHG(i,c,d.) f(8 .. ,c) 
0 c J JJ 

(Sv y-1) 

•••••••••• ( 7. 25) 

Inhalation of activity from the cloud continues during the discharge 
practice; the dose however, particularly for long lived nuclides, may 
continue to be delivered well beyond this period. The annual dose 
equivalent in the 50th year o! discharge can be equated to the committed 
dose equivalent from the intake during the first year of discharge (or 
more generally the annual dose in the nth year of discharge can be equated 
with the time integral to n years of the dose equivalent rate from intake in 
the first year). Thus the annual dose equivalent from inhalation of the 
cloud at dj, ejj in the 50th year of discharge can be derived from equation 
(7 .10) as 

B Hinh(i) N Q (i)L X (i,c,Ci.) f(9 .. ,c) 
0 c 0 J JJ 

.......... (7.26) 

The annual dose equivalents from external radiation and the inhalation 
of resuspended activity resulting from activity deposited on land surfaces 
will increase during the discharge period and may or may not reach an 
equilibrium depending on the radioactive half life and environmental 
behaviour of the nuclide considered. For external irradiation, be it ~ or v, 
the annual dose equivalent in the 50th year of discharge can be equated to 
the time integral to 50 years of the dose equivalent rate from the 
deposition in the first year (or again more generally the annual dose 
equivalent in the nth year can be equated to the time integral to the nth 
year of the dose equivalent rate from deposition in the first year). Thus 
the annual dose equivalent at dj,e'j in the 50th year can be written from 
equations (7.18) and (7.19) as J 

N Q (i) L G(i,c,d.) f(8 .. ,c) F (i,50) 
0 C J JJ V 

.......... (7.27) 
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In the case of inhalation of resuspended activity the annual dose equivalent 
in the 50th year cannot in general be equated in the same way to the 
committed dose equivalent from intakes in the first year; this is a 
consequence of the intake of activity by this route increasing for some 
nuclides as the discharge continues. The annual dose equivalent in the 50th 
year can however be conservatively estimated by equating it to the committed 
dose equivalent from intakes by this route in the 50th year of the 
practice. The resultingover-estimate may be as much as a factor of 2 but 
in general will be considerably smaller. The annual dose equivalent from 
inhalation of resuspended activity, from equation (7.21) is at d.,9 .. 

J JJ 

.......... (7 .28) 

For ingestion of contaminated foodstuffs it is not possible to estimate 
individual doses unless some assumption is made regarding the source of 
the individual's dietary intake. As an extreme hypothesis the individual 
is assumed to derive his total diet from his local habitat; average 
annual individual dietary intakes, P(k), of the various food products are 
summarised in Table 7.3 f7.g7. 

In a similar manner to the intake by inhalation of resuspended activity 
the intake of activity by ingestion may increase during the practice owing 
to the accumulation of long lived nuclides in the environment. The equality 
between the annual dose equivalent in the nth year of practice and the time 
integral to n of the dose equivalent rate from intakes in the first year, 
which holds for a continuous rate of intake, cannot be adopted. As for 
resuspension the annual dose equivalent in the 50th year can be 
conservatively assessed by equating it with the committed dose equivalent 
from intakes in the 50th year; the same caveats as outlined above apply to 
the degree of conservatism in this estimate. The annual dose equivalent in 
the 50th year from a dietary intake derived solely at d., e .. can, from 
equation (7.23) be written as J JJ 

Lk H. (i) w(i,d.,O .. ) CP(i,k,50) P(k) TD(i,k) 
~ng J JJ 

(Sv y-1 ) 

.......... (7.29) 

Thus from equations (7.25) to (7.29) indicative individual annual dose 
equivalents can be derived that are typical of the maximum likely to be 
received at d., 8jj during the duration of a discharge practice. Estimates 
of critical ~oup noses can thus be made subject to specification of its 
habits (eg. its spatial distribution for most routes of exposure and its 
source of diet for ingestion). For example, assuming the population within 
5 km of the discharge to be representative of the most exposed group, an 
indicative annual dose equivalent to a critical group could be derived as the 
average annual dose in the annular segments of 5 km radius surrounding the 
discharge point. Other equally plausible assumptions could be adopted in 
the estimation of indicative doses to the most exposed group of individuals. 
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7.3 Estimation of doses from discharges to the aquatic environment 

7.3.1 General procedure 

The general procedure adopted in the estimation of collective dose 
equivalent commitments from discharges to the aquatic environment is in 
principle similar to that for atmospheric discharges. The various aquatic 
·environments modelled in Chapter 4 are subdivided into various compartments 
or sections. For each compartment the collective dose equivalent commitment 
(and/or its truncated values) is evaluated for each route of exposure and 
the collective dose equivalent commitment in the whole population is 
evaluated by summation over all compartments. (eg. the model which represents 
the Northern European system of waters comprises some 17 individual 
compartments. ) 

To assist in the understanding of the procedure an example is given in 
the following section of the estimation of the collective effective dose 
equivalent commitment in a particular section of a river and in a particular 
compartment of .the marine environment. 

7.3.2 An example of the application of the methodology 

As an illustrative example it is assumed that caesium-137 is 
discharged into a river at a rate of 1 Bq s-1 for a period of 1 year and 
that this river nows into the Mediterranean. Consideration is given to 
the collective effective dose equivalent commitment arising from one 
section of the river and one compartment of the Mediterranean. 

The pathways of exposure considered (see Diagram 4.1) are: 

- for the river section 

ingestion of drinking water 
ingestion of fish 
ingestion of irrigated food crops 
external irradiation from sediments 

The river section is assumed to commence at the point of discharge and is 
25 km long (Section 7 in Table 4.3) 

- for the marine environment 

ingestion of fish, crustacea and molluscs 

The marine compartment considered is the western Mediterranean (see Figure 
4.12). 

7.3.2.1 River environment 

The doses by the various pathways are determined by the activity 
concentration in the river water and sediments in the section of interest. 
The activity concentration of caesium-137 in filtered water (used for the 
e:va.luation of the activity ingested from arinking water and fish) is 
estimated during the discharge as 2.0 10- Bq m-3 (see equation (4.4)) while 
the concentration in

4
untreated water (which is used for irrigation) is 

estimated as 4.4 10- Bq m-3 (see equation(4.3)). These concentrations 
are assumed constant at these values over the duration of the discharge and 
to be zero afterwards. The concentration however in the sediments (which 
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is used to determine external v irradiation) in the section of river of 
interest varies with time. The quantity used to assess the collective 
effective dose equivalent commitment is the infinite time integral of the 
activity concentration. 

Each route of exposure is considered in turn. 

Ingestion of drinking water 

It is assumed that the total population of the communities bordering 
the section of river considered derives its drinking water from the river or 
its aquifer (which is assumed to be contaminated at the same concentration 
as the river water). As§uming an average individual water intake of 1.2 
litres per day by 1.3 10~ people comprising these communities yields a 
collective intake by ingestion of 11 Bq (see Table 4.5). The collective 
effective dose equivalent commitment can be evaluated as the product of 
this intake and the cgmmitted effective dose per unit intake of caesium-137 
by ingestion (1.4 10- Sv Bq-1 -see Chapter 6) and is equal to 1.5 10-7 
man Sv. 

The time delay which occurs between the extraction of water from the 
river or its aquifer and its consumption is variable. In this study a 
value of 7 days is assumed which, for caesium-137 owing to its long half
life, does not lead to a significant reduction in the dose. 

Ingestion of fish 

The collective intake of activity by ingestion of fish is the product 
of the concentration in the filtered water, the concentration factor between 
fish and filtered water, the annual yield of fish in the river section 
considered and the edible fraction of fish and is given by:-

2 10-4 (Bq m-3) 103(m3 t-1 ) 50 (t) 0.5 

5 (Bq) (see 'l'able 4.5) 

The collective effective dose equivalent commitment can be derived as the 
product of this collgctive intake and the committed effective dose per unit 
intake, and is 7 10- man Sv. The delay between the catch and consumption 
of fish is taken as one day, which is insignificant in so far as the dose 
from caesium-137 is concerned. 

Ingestion of irrigated food products 

The quantities of agricultural products irrigated by the river section of 
interest are given in Table 4.7, For example, the ~ual yields of green 
vegetables and root vegetables are 2.2 108 and 1.4 10 kg y-1, respectively. 
The integrated concentration of caesium-137 in the green vegetables is 

4 deriv3d as the product of the concentrati~n in the untreated water (4.4 10-
Bq m- ), the rate of irrigation (6.38 10- m3 s-1 per m2 of ground) and the 
appropriate transfer factor between the activi5y in the ~een vegetables per 
unit deposition rate during irrigation (1.1 10 Bq y kg- per Bq m-2 s-1 
during a year).

7 
The infinite time integral of caesium-137 in green vegetables 

is thus 3.1 10- Bq y kg-1 and c~rresponds to a collective effective dose 
equivalent commitment of 9.5 10- man Sv. For root vegetables, the transfer 
factor between the deposition rate during irrigation and the integrated 
activity in those food products is taken as 1.2 104 Bq y kg-1 per Bq m-2 s-1 
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during a year {Table 7. 3). The corresponding ini'ini te time integral of 
caesium-137 in root vegetab~es is thus 3.4 10-8 Bq y kg-1, which, associated 
with a production of 2.2 10 kg ~1, leads to a collective effective dose 
equivalent coiiDDitment of 6. 7 10- man Sv. The time delq, assumed between 
harvest and consumption is 7 days for green vegetables and 6 months for 
root vegetables. In the case of caesium-137, these time delqs do not 
significantly affect the doses obtained. 

Exter.nal Irradiation 

The external irradiation of fishermen {who are assumed to number 20 
per km of river and to spend 200 hours per year on the river banks) is 
estimated from the integrated concentration of activity on the sediments. 

The evaluation is given in Section 4.2.3.3. 

From these occupe.ncy data and the infinite time integral of the 
exter.nal v dose from deposited caesium-137 the collective effective dose 
equivalent coiiDDitment is estimated to be 9.5 1o-10 man Sv. 

7.3.2.2 Marine environment 

The collective effective dose equivalent coiiDDitment from ingestion of 
sea foods is obtained as the sum over each foodstuff of the product of the 
infinite time integral of the collective intake of caesium-137 in that 
foodstuff and the coiiDDitted effective dose equivalent per unit intake by 
ingestion. The infinite time integral of the collective intake of caesium-137 
in each foodstuff is derived as the product of the annual yield of the 
edible fraction of the sea food, the infinite time integral of the 
concentration of ca.esium-137 in sea water, and the concentration factor between 
the foodstuff and sea water for caesium. The yields of fish, crustacea, 
and molluscs in the marine com~ment considered are 1 .13 1 o5 t y-1 , 
2.4 103 t y-1 and 2.7 1o4 t y- respectively {see 'l&ble 4.18). Using these 
yields and for a discharge into e. river of 1 Bq s-1 for a year which nowe 
into this marine co~nt a collective effective dose equivalent 
coiiDDitment of 3.1 10- man Sv has been evaluated. 

The delq between the catch and consumption of the V&'L'ious sea foods is 
assumed to be 7 dqs; this again is too short to have any significant 
influence on the dose from ca.esium-137. 

7.3.2.3 Summary of the collective dose equiyalent coiiDDitments from 
discharges of caesium-1 37 to the aquatic environment 

The collective effective dose equivalent coiiDDitm.ents from the various 
path~s are summarised in Table 7.5 for the assumed river section and 
marine compartment. Comparable estimates would need to be made for each 
section or compartment of the river and marine environment in order to 
estimate the total collective effective dose equivalent coiiDDitment from the 
discharge considered. 

It must be stressed that the numerical values given in Table 7.5 are 
particular to the section of river and sea considered and to their assumed 
environmental characteristics. 
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MOreover the values refer to only one section of the respective 
environments and no conclusions should therefore be drawn as to the relative 
importance of the various pathways of exposure. Such conclusions can only 
be drawn following a complete evaluation of the collective dose equivalent 
commitments from the total aquatic system. 
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Table 7.1: Radii used to specify annular bands used to characterise the 
spatial distribution of the population, agricultural 
production and activity concentration 

Radial limits of annulus, km Radial distance to mid-point 
of annul us, km 

0 - 1 o.s 
1 - 2 1.S 

2 - 3 2.S 

3 - s 4 

s - 7 6 

7 - 10 8.S 

10 - 1S 12.S 

1S - 20 17 .s 
20 - 3S 27.S 

3S - so 42.S 

so - 70 60 

70 - 100 8S 

100 - 200 1SO 

200 - 300 2SO 

300 - 4.50 37S 

4SO - 700 S7S 

700 - 1100 900 

1100 - 1600 13SO 

1600 - 2000 1800 

2000 - 2400 2200 

2400 - 3000 2700 
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Table 7.2: Frequency distribution of dispersion categories assumed for 
the sector 81j and airborne concentration, deposition rate 
and cloud y ~ose at a distance of 150 km for 1 Bq s-1 
continuous discharge of caesium-137 

Probability Cloud y or effective occurrence Atmospheric1) Deposit)on dose Pasquill or concentration rate1 equivalent dispersion dispersion Bq m-3 ~er Bq m-2 s-1 
rate1) category category, c Bq s- per Bq s-1 

Sv y-1 ~er in X
0
(i,c,d) G(i,c,d) Bq s-

direction 8 HG(i,c,d) 
r(8jj'c) 

7 0.00083 3·3 10-10 1!62 10-12 2!63 1o-16 

B 0.00417 2.05 10-10 1.02 10-12 1.63 1o-16 

Dry c 0.0083 1.75 10-10 8.7 10-13 1!38 10-16 

Weather D 0.04750 2.0 10-10 9!9 10-13 1.55 10-16 

E 0.00583 4.85 10-10 2.44 10-12 
3~4 10-16 

..l 0.00583 1. 5 10-10 7~2 10-13 9·7 10-17 

----------------- ---------- ---------------- ---------- ----------
Precipitations 

~ 
0.00167 7·7 10-12 7.8 10-13 6.0 10-18 

0.00667 8.3 10-13 7·3 10-13 7.0 10-18 

------------------------ --------------~---------~---------
Weighted values according to frequency 
of dispersion conditions in direction 8 

C(i,d,8) w(i,d,8) Hv(i,d,8) 

1.96 10-10 1.04 10-12 1.5 10-16 

-1 1) Evaluated for a discharge rate of 1 Bq s assuming a uniform wind 
rose and continuous persistence of the dispersion category, c. 
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Table 7.3: Infinite time integral of the concentration of caesium-137 in the 
various food products, assumed annual yields in the chosen 
annular segment, mean delay periods between harvest and 
consumption, and individual consumption rates 

Infinite 
time Annual Mean delay lntegral production between Indicative 

Food of in the harvest individual 

product concentration segment and consumption 
CP 1 considered consumption rate 

(Bq y kg- PA 1 T P(k21 
per _

1 
(kg y- ) k kgy 

Bq m-2 s ) 

Fresh milk 3·9 105 2.4 10 7 2 days 104.( 

Milk products 3·9 105 3.2 10 7 3 months 21.1 

Cow meat 1, 5 1 o6 6.1 10 6 
7 days 27.9 

Cow liver 1.6 106 1.510 5 7 days 0.71 

Sheep meat 4.8 106 4.2 10 6 
7 days 3.2 

Sheep liver 2.8 106 1.0 105 7 days 0.13 

Green 2.0 105 1.3 10 7 
7 days 144.1 vegetables 

Root 1 • 1 104 2.3 10 7 6 months 114.0 vegetables 

Cereals 4.1 105 5.2 10 7 11 months 81.4 
i 
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Table 7.4 Summar,y of the collective dose equivalent commitments in (or 
from) an annular segment due to Q:t!. atmospheric discharge of 
1 Bq s-1 caesium-137 for a year1J) 

Collective effective Collective dose 

Pathway dose equivalent Pathway equivalent 
commitment commitment 

(man Sv) in skin (man Sv) 

Durine; ;eassa~ Duri!,!;S ;2assa~ 
of cloud:- of cloud:-

Elcternal photon 1.2 1o-10 External electron 7 .o 1o-11 
irradiation irradiation 

Inhalation 1.0 10-8 

From de;eosited From de;2osited 
activity:- activity:-

External photon s.o 10-6 External electron 4.0 10-15 irradiation irradiation 

Inhalation 4.0 10-9 

Ingestion 1 .1 10-6 

Total 6.1 1o-6 7.0 10-11 

~ 

1) The numerical values of the collective dose equivalent commitments are 
particular to the environmental characteristics of the annular segment 
which were chosen arbitrarily for illustration. They have therefore 
no absolute or relative significance and no attempt should be made to 
draw conclusions from the values presented. 
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Table 7 • .5: Collective effective dose equivalent commitment for discharges 
to the aquatic environment1J 

Collective 
effective 

Aquatic Method of irradiation dose equivalent 
environment commitment 

m!m ,Sv 

Fish 3 10-9 

Marine INGESTION 10-11 compartment Crustacea 3 

Molluscs 4 10-10 

Drinking water 1 10-7 

Freshwater fish 7 10-8 

River INGESTION section Irrigated 
1 10-6 green vegetables 

(and fruit) 

Irrigated root 7 10-8 
vegetables 

EXTERNAL y Sediments 1 10-9 
IRRADIATION 

1) The numerical values of the collective dose equivalent commitments 
are particular to the environmental characteristics of the river 
and marine compartments which were chosen for illustration. They 
have therefore no absolute ~r relative significance and no attempt 
should be made to draw conclusions from the values presented. 
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where 1'1' 1a the n:amber ot sectors 

nlustration ot the scheme ot amNlar segments adopted to represent 
the spatial distribution ot popalation and activi't7 in various parte 
ot the envirolllllent 
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CHAP!'ER 8 

THE ESTJliiATION OF HEALTH EFFECTS IN AN EXPOSED 

POPULATION 

8.1 Introduction 

Exposure of a population to radiation may lead to the incidence 
of stochastic and non-stochastic health effects (somatic effects) and 
stochastic effects in its descendants (hereditary effects). Non-stochastic 
effects occur only if particular threshold levels of dose are exceeded; 
these levels are far in excess of doses typically encountered from the 
discharges of effluents during the normal operation of the nuclear fuel 
cycle and non-stochastic effects can, therefore, be disregarded in the 
present context. The important stochastic effects are carcinogenesis in 
the exposed population and hereditary effects in its descendants. The 
probability of occurrence of stochastic effects is assumed proportional to 
dose, without threshold. 

The appearance of stochastic effects, and thus the expression of 
the risk following irradiation is not immediate but extends over a 
considerable period which may be as large as several tens of years. Age 
at exposure has therefore a considerable influence on the probability 
that a particular dose equivalent will induce a given health effect; 
the probability will decrease when life expectancy at the time of 
irradiation becomes comparable with or smaller than the median time taken 
for the appearance of the effect (assuming the radiosensitivity of tissue 
to be independent of age). A rigorous evaluation of the incidence of 
stochastic effects in an exposed population must, therefore, take account 
of the age distribution of the population since for each age at exposure or 
intake, the temporal distribution of dose equivalent will affect the 
probability of appearance of the effect. The latter is particularly 
important for internally incorporated radionuclides with long effective 
half-lives in the body when exposure continues over an extended period. 
The inclusion of such factors leads to a relatively complex procedure for 
the estimation of health effects and for the purpose of this study a 
simpler, but conservative approach is adopted. This simplification is 
considered justified in the context of the low levels of exposure typically 
encountered from effluent discharges (and consequently the small numbers of 
healtheffects)and the inherent uncertainties in the risk coefficients 
adopted to convert dose equivalent to health effects; nevertheless its 
conservatism should be recognised. 

8.2 Estimation of the numbers of health effects 

8. 2.1 Fatal cancers and hereditary effects in the first two 
generations 

The use of the quantity, collective effective dose equivalent 
commitment (together with values truncated at particular times) as a 
measure of health detriment is adopted in this report. Assuming linearity 
between dose equivalent and effect, the relationship between these two 
quantities given by ICRP in Publication 26 LS.i7 can be used to estimate 
the incidence of particular health effects. ICRP has recommended a risk 
coefficient of 1.65 10-2 sv-1 to be applied to the effective dose 
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equivalent for estimation of the incidence of radiation induced fatal 
cancers (other than in skin) and hereditary effects in the first two 
generations. The coefficient was derived. in the 
context of occupational exposures; as has been explained it is assumed 
here to be equally applicable to exposure of the general public within 
the uncertainty introduced by other approxilna. tions in this assessment. 
The product of collective effective dose equivalent commitment (and/or 
its truncated values) and a risk coefficient of 1.65 1o-2 sv-1 yields 
the incidence of the health effects of the types specified above; the 
estimation of other important health effects (e.g. fatal cancers in 
skin, non-fatal cancers, and hereditary effects in subsequent generations) 
is considered later. The number of health effects evaluated in the above 
manner will be an overestimate for several reasons, principally 

the collective effective dose equivalent commitment 
eira.luated in this report is an overestimate of the 
actual dose equivalent received by the population 
(see Chapter 2). 

- no account is taken of the age distribution of the 
population nor of the temporal distributions of dose 
equivalent, and consequent risk, within it. 

But it underestimates the total health detriment because it does not 
include all subsequent hereditary effects, faf;al skin cancers nor the 
?JOn-fatal cancers. 

It is difficult to generalise on the degree of apProximation since 
lllllch depends on the age distribution of the exposed population and the 
nature of the exposure (e.g. duration, radionuclide, etc.). However, for 
a population of age distribution typical of the European Community, the 
overestimate on account of the above considerations is unlikely to be high; 
lllllCh greater factors could ensue if consideration were limited to 
irradiation of particular age groups in the population. 

An additional, and perhaps more important, consideration is the 
degree of conservatism in the as~tion of linearity between dose 
equivalent and effect. The ICRP L8.i} has stated that the risk coefficients 
given in Publication 26 are intended to be realistic estimates of the 
effects of irradiation at low annual dose equivalents (up to the 
Commission's recommended dose equivalent limits). Notwithstanding this, 
there remains a considerable body of scientific opinion that regards these 
risk coefficients as overestimates of the true risk at the levels of annual 
dose equivalent typical of those contributing significantly to the 
collective dose equivalent to the general public from mpst operations in 
the nuclear fuel cycle (e.g. typically annual dose equivalents lllllch lower 
than 1 1-1Sv). This aspect is the subject of continuing debate and is 
unlikely to be resolved quickly; for the purposes of this study linearity 
between dose equivalent and effect at all levels of dose equivalent is 
assumed while recognising the possible conservatism of this approach. 

8.2.2 Other health effects 

Fatal ~~~cers ir- Skin, non-~atal cancers and hereditary ef~ects in 
subsequent generations are further radiation induced health effects which 
need consideration; depending on the nature of the irradiation, these may 
contribute significantly to the total number of health effects. To allow 
for fatal skin cancers the ICRP has now recommended J.B.iJ that in the 
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assessment of detriment a weighting factor, wT, of 0.01 be used for the 
dose equivalent in the skin. This implies a risk coefficient for fatal 
skin cancer of 1 • 65 1 o-4 Sv-1 which has been approximated to 2 1 o-4 Sv-1 
in this study. 

For most organs the incidence of a radiation induced cancer can be 
considered to lead to fatality; the prinoipal exception~ comprise the skL,, 
breast and tnyxoid. In the case of radioactive effluent releases it is 
not clear that the breast would be irradiated exclusively and, therefore, 
any incidence of non-fatal cancer may not add significantly to the total 
health detriment. There may be a significant incidence of non-fatal 
cancers following irradiation of the thyroid and skin, but the ICRP has 
given no guidance as to their incidence per unit dose. We have, therefore, 
not proposed any non-fatal cancer incidence in this methodology. We have 
estimated organ doses (Chapter 6) so that if risk coefficients become 
available, the health effects could be calculated. 

The risk of serious hereditary ill-health within the first two 
generations following the irradiation of the gonads of either parent 
is t~~en by ICRP in Publication 26 LS.i7 as about 0.01 sv-1; the 
additional damage in all subsequent generations is considered to be of 
the same magnitude. For uniform irradiation of a population (of age 
distribu~ion typical to the European Community ), the total incidence 
of hereditary effects per unit collective dose equivalent in gonads can 
be estimated as about 8 1o-3 sv-1 in gonads after making appropriate 
corrections for the genetically significant component of the dose 
equivalent. A risk coefficient of 4 1o-3 per unit of collective gonad 
dose of the exposed population is implicit in the procedure outlined in 
Section 8.2.1. to estimate the incidence of fatal cancers and hereditary 
effects in the first two generations from the collective effective dose 
equivalent; the incidence of hereditary effects in subsequent generations 
can, therefore, be assessed using a risk coefficient of 4 1o-3 per unit 
collective gonad dose. 

8.2.3 Procedure 

The risk coefficients specified above are 
sufficient to estimate the incidence of fatal cancer in the exposed 
population and the hereditary effects in its descendants. There is some 
merit however in adjusting the manner in which these coefficients are 
applied with the objective of achieving a more appropriate grouping of 
the like effects. For example application in their present form would 
result in the estimation of fatal cancers (not in skin) plus hereditary 
effects in the first two generations without any means of determining 
their relative magnitudes. 

The scheme for applying the various coefficients to enable the 
separate estimation of fatal cancers and hereditary effects is summarised 
in Table 8.1*. The incidence of fatal cancer is estimated from the 

*Within the framework of the CEC programme - Plutonium Recycle in Light 
Water Reactors - a study was undertaken on the toxicity of plutonium, 
americium and curium (Nenot, J .c. and Stather, J .w. The toxicity of 
plutonium, americium and curium. EUR 6157 (1979) (Pergamon, Oxford)). 
The risk coefficients proposed in that study are consistent with those 
recommended in ICRP Publication 26 and which have been adopted in this 
study. 
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collective effective dose equivalent with appropriate provision made for 
the extraction of hereditary effects and the addition of fatal skin 
cancers. The total incidence of hereditary effects is evaluated although 
the fraction appearing in the first two generations can be readily estimated 
as one half of the total. 

The use of the scheme outlined in Table 8. 1 in conjunction with 
the collective dose equivalent commitments (or truncated values) as 
evaluated in this study enables the incidence of the respective health 
effects to be evaluated. It must be noted, however, that the procedure 
advocated, for simplicity, in this study leads to an approximation to the 
total number of health effects in the exposed population. 
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Application of risk coefficients to evaluate fatal 
cancers, and hereditary effects 

Health Effect Number of Effects1) 

Fatal Cancers 1.65 10-2 SE+ 2 1o-4 Ss- 4 1o-3 SG 

Hereditary Effects2) 8 10-3 SG 

(1) Sm, Ss, and SG are the collective effective dose equivalent 
and collective dose equivalents in skin and gonads respectively. 

(2) The total number of hereditary effects appearing over all 
generations is quoted; those appearing in the first two 
generations is half the quoted value. 
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CHAPTER 9 

CONCLUSIONS 

This report provides the description of a comprehensive methodology 
for the assessment of the health detriment to the population of the 
European Community from radioactive effluents discharged within the area of 
the Community, The health detriment provides a quantitative measure of the 
radiological impact of a release of radioactivity to the environment and is 
also an important input to the procedure of optimisation for the management 
of radioactive wastes. 

In order to estimate the health detriment mathematical models have 
had to be developed which represent the transfer of a wide range of radio
nuclides through atmospheric, terrestrial and aquatic pathways, 

The models enable the spatial and temporal distribution of radio
activity through the environment to be predicted and are thus more extensive 
than those which have been used in the past for calculation of doses to 
critical groups. 

As a result of developing these models an effluent release to the 
atmospheric or aquatic environment for essentially any location in the 
European Community can be taken and the resulting collective dose to the 
population predicted as a function of time. 

This report is concerned with a methodology which may be applied 
to assess the radiological consequences of radioactive effluents. It has 
therefore been necessary to choose representative values of parameters 
which necessarily reflect a compromise within their range of variability, 
Thus when particular releases from specific sites are considered, it may be 
necessary to choose alternative values for parameters to reflect the conditions 
of interest, 

One of the more important advantages of having developed the models 
is that sensitivity analysis may be undertaken to identify those parameters 
where uncertainty in their value has a significant effect on the overall 
result. The use of such analysis gives an indication as to those areas 
where research effort should be concentrated to improve the overall accuracy 
of the assessment. These studies should form one of the next stages in 
assessing the radiological impact of effluent releases. 

A number of conservative assumptions have been adopted in the 
estimation of the health detriment and it must be recognised that in some 
applications, particularly optimisation studies, there may be a need for the 
use of more realistic estimates of the number and types of different health 
effects. However, the methodology developed here represents the first attempt 
to assess total health detriment and provides a basis on which to build in 
future, 
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GLOSSARY 

is a measure of the energy deposited in 
matter by ionising radiation. The 
absorbed dose D is defined as:-

dE 
D = dm 

where dE is the mean energy imparted by 
ionising radiation to the matter in a 
volume element and dm is the mass of the 
matter in that volume element. The 
special SI unit of absorbed dose is the 
"gray" 
1 gray (Gy) = 100 rad = 1 J kg-1 

are those for which the probability of an 
effect occurring, rather than its severity, 
is regarded as a function of dose, without 
threshold. 

are those for which the severity of the 
effect varies with dose and for which a 
threshold may therefore occur. 

of a quantity of radioactive material, is 
the number of nuclear transformations 
which occur in this quantity in unit time. 
The SI unit of activity is the "becquerel" 
1 becquerel (Bq) • 1 nuclear transformation 

per second. 

is a quantity which correlates better with 
the deleterious effects of exposure to 
ionising radiation, more particularly with 
the delayed stochastic effects, than does 
absorbed dose. The dose equivalent H is 
defined as:-

where D is the absorbed dose, Q is the 
quality factor which allows for the 
different biological effectiveness of 
various types of radiation, and N is the 
product of all other modifying factors. 
A value of unity has been assigned to N 
by ICRP. For most practical purposes the 
following approximate values of Q can be 
used for both external and internal 
irradiation. 

X-rays, y rays and electrons 

Neutrons, protons etc of unknown 
energy 10 

a particles and other multiply-
charged particles of unknown energy 20 



EFFECTIVE DOSE EQUIVALENT 

COMMITTED DOSE EQUIVALENT 

COMMITTED EFFECTIVE DOSE 
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- 290-

Thermal neutrons 

These values of Q and hence values of H 
are intended only for use in radiation 
protection applications and then only in 
the context of the system of dose 
limitation. They are not necessarily 
appropriate for assessing the 

2.3 

consequences of severe accidental exposures 
in man. 

The special SI unit of dose equivalent is 
the "sievert" 
1 sievert (Sv) = 100 rem = 1 J kg-1 

- BE• is defined as:-

BE = i WT ~ 

Where ET is the dose equivalent in tissue 
T and WT is a weighting factor 
representing the proportion of the 
stochastic risk resulting from irradiation 
of tissue T to the total risk when the 
body is irradiated uniformly. The 
expression thus acts as an indicator of 
the stochastic risk assumed to result from 
any irradiation, whether uniform or non
uniform. The values of WT recommended by 
the ICRP are tabulated in ICRP 
Publication 26. 

- is the time integral over 50 y of the dose 
equivalent rate which will be received by 
an individual following an intake of 
radioactive material into the body. The 
integration time of 50 years following the 
intake represents a working life. 
Committed dose equivalent, ~0 , is defined 
as:-

t
0 

+ 5o y 

~0 = I H(t) dt 

to 

where H(t) is the dose equivalent rate in 
the organ or tissue at time t following a 
single intake of radioactivity at time t

0
• 

- H5o,E is obtained by replacing dose 
equivalent rate by effective dose 
equivalent rate in the above expression. 
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COLLECTIVE EFFECTIVE DOSE 
EQUIVALENT 

DOSE EQUIVALENT COMMITMENT 

EFFECTIVE DOSE EQUIVALENT 
COMMITMENT 

TRUNCATED DOSE EQUIVALENT 
COMMITMENT 

COLLECTIVE EFFECTIVE DOSE 
EQUIVALENT COMMITMENT 
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- is a quantity introduced to provide a 
measure of the health detriment in an 
exposed population. The collective dose 
equivalent S is given by: 

= 
s Of H N(H) dH 

where N(H) is the number of individuals 
receiving a dose equivalent in the whole 
body or any specified organ or tissue in 
the range H to H + dH. The unit of 
collective dose equivalent is the "man 
sievert". 

SE• is obtained by replacing dose 
equivalent by effective dose equivalent 
in the above expression. 

- from a given practice is the infinite time 
inte~al of the per caput dose equivalent 
rate g (t), in a given organ or tissue for 
a specified population. Dose equivalent 
commitment HC is aefined as:-

=":" I H(t)dt 

0 

where H(t) is the per caput dose equivalent 
rate as a function of time t. 

- H~ is obtained by replacing dose 
equivalent rate by effective dose 
equivalent rate in the above expression. 

- The dose quivalent commitment becomes the 
truncated dose equivalent commitment if the 
period of integration is reduced to a 
value less than infinity. 

c . - SE , 1s defined as:-

s'E ,J~ 

where SE(t) is the collective effective 
dose equivalent rate. 
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- the collective intake of a radionuclide 
by the population under consideration is 
obtained as:-

OD 

IC = f I N(I)di 

0 

where I is the intake and N(I) is the 
number of people with intakes between I 
and I + di. 
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