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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 1'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.
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The International System of Units (SI) has been adopted throughout
The relationship between the SI units and previous units are

shown in the table below.

this report.

New named unit |In other 014 special
Quantity and symbol ST units |unit and symbol Conversion factor
Exposure - c kg'1 réntgen (R) |1 C kg ~3876 R
sorbed | gray (Gy) Tkg' | rad (ved) 1 Gy = 100 rad
Dose gievert (Sv) J kg-1 rem (rem) 1 Sv = 100 rem
equivalent N
Activity |becquerel (Bq) s curie (i) 1 Bq~2.7 1071 o1




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
charaoter that the corresponding methodology can find wide application for
the evaluation of the radiological consequences of discharges of effluents.
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CHAPTER 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 provides
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 enviromment. The methodology developed consists of a
series of interlinked models which describe the transfer of radionuclides
through the various sectors of the enviromment, the pathways by 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.

Radiocactive 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
men. 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 &
congequence of inhalation of redionuclides 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, intermal
irradiation from inhglation of resuspended activity and ingestion of
contaminated terrestrial foodstuffs. The relative importance of these
pathways depends on the radionuclide and 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 Buropean 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 Buropean Community have been established as matrices
based on grids having dimensions of approximately 100 km2 and 104 km?
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 pathway 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 instence 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. Ingestion of marine
foodstuffs is the only pathway considered for the purposes of this report
for the exposure of man following discharges of effluents to the marine
environment. Individual and collective doses can be evaluated from the
levels of activity in various mterials (eg, fish, water) in the aquatic
environment using the appropriate population, food and habit date and
doesimetric models. Each of these items is described in this report.

Some radionuclides, owing to their long radioactive half-lives and
their behaviour in the enviromment, may become globally dispersed and
act as long term sources of exposure of large populations. Models are
described which evaluate the global circulation and transfer to man of such
radionuclides as a result of their discharge to either the atmospheric ox
aquatic environment.

In this report results are presented from the envirommental models
which have been applied, for a range of radionuclides, to evaluate the
temporal and spatial distribution of activity in selected environmental
materials for unit release to the atmosphere and to the aquatic environment.
The distribution of activity in terrestrial materials is evaluated for unit
deposition per unit area of land. The range of muclides is not exhaustive
but was selected to encompass both those usually encountered in effluents
from nuclear installations and those kmown to be of public concern. The
matrix of results generated from this application forms a basic data set
which can be readily used to assess the collective dose to the population of
the Furopean Commumity for a discharge of defined composition at a partiocular
location. These data may also be applied to calculate representative
individual doses. In the case of atmospheric discharges, results are
evaluated for a wide range of meteorological conditions and associated
parameters; these results cean then be applied in a site specific mammer to
discharges from any location by summation over the various conditions, each
weighted according to its frequency of occurrence. A somewhat less general
approach is adopted for aquatic discharges where account must be taken, from
the outset, of the particular features of the enviromment into which the
discherge is made. The matrix of results which has been established for
aquatic discharges comprises data for the discharge of radiomuclides from a
number of locations into four rivers (the Rhine, Hhone, Loire and Po rivers).
In this report results for 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 for 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 of terrestrial and marine foodstuffs and the
appropriate dosimetric models for external and intermal irradiation. The
evaluation of the matrices of results and the procedure for the application
to estimate collective doses in the population of the Buropean Commumity
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 radiocactive effluents, only the stochastic
effects of radiation need be considered; these comprise both .fatal and non-
fatel cancers in the exposed population and hereditary 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 méthod-



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 ir 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 aguatic environment are
outlined in Chapters 3 and L 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.
The methodolosy developed here represents a first attempt to assess total
health detriment and provides a basis on which to build in future.






CHAPTER 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 15.17 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 the
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 agsumed 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 eveluation of the total health effects, and with the adoption of
generally accepted dosimetric quantities.

The International Commission on Radiological Protection (ICRP) /2.27
has defined the quantity effective dose equivalent, HE, a8

By = Iy ceeeeeeesa(2.1)



where H,Il is the dose equivalent in tissue T and

Vip 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 uniformly irradiated.

The weighting factors have been specified by the ICRP in Publication 26
[2.1] 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 may only be used to give a measure of the incidence of these
particular health effects; the incidence of the remsining effects must be
evaluated from other quantities. The incidence of fatal cancers in gkin
and of hereditary effects in subsequent generations can be evaluated from a
knowledge of the dose equivalents in skin and gonads, Hs and HG’
respectively. The incidence of radiation induced non-fatal cancers maybe
most important in the skin and thyroid. This incidence may be celculated
from the dose equivalents in these organs, and Hpy,, respectively. The
evaluation of the incidence of the total health effects in an exposed
population therefore requires the estimation of both the collective
effective dose equivalent and the collective dose equivalents in gonads,
gkin and thyroid.

The collective effective dose equivalent, SE’ is given by

s = [ 5 N,
0'/ tessensess(2.2)

where HE is the effective dose equivalent and N(HE) is the number
of individuals receiving an effective dose equivalent in

the range HE to HE + dHE
The collective dose equivalent in an organ is obtained by

substituting the dose equivalent in that organ for the effective dose
equivalent.

Collective effective dose equivalent commitment, Sg, is obtained by
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 former
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 comitment,sg, is given by:

s =/“éE(t)dt
0 seveenssee(2.3)

where SE is the collective effective dose equivalent rate.

In evaluating the collective dose equivalent commitment (and other
gimilar quantities) 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 retemtion



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 Sg for internal
irradiation:-

sg = 'ﬁE/ I°c(t)at
0 vereseseea(2.ly)

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

ﬁﬁ ig the population averaged effective dose equivalent received
from unit intaks of the nuclide by inhalation or ingestion,

taking into account the age distribution and life expectancy
of the population.

_ L fL
B, = H.E(L) N(L)aL N(L)dL
of 0

ceeeenassa(2.5)

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

ﬁﬁ is given by

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

L
Thus HE(L) - ﬁE(L) aL
J

ceereseesa(2.6)

While the estimation of Hp for a population of defined age distribution is
relatively straightforward using current dosimetric models such calculations
have not yet been reported. For the purposes of this study the
approximation is made that the quantity Hp can be equated to the committed
effective dose equivalent, H 0,E which is defined as the time integral of
the effective dose equivalent rate, Ag(t), over a 50 year period following
intake.

50,
HSO,E = HE(t) at
0 cereeneeae(2.T)

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 g wide range of radionuclides for intake by inhalation and
ingestion 12.27. 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



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 of 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.l) 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 may 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

s =of éEext(t)dt + H50on_/ T°c(t)at

cesseessas(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
comnitments are also evaluated and the times of truncation chosen are 50,
100 and 500 years following the release of the radiomuclide 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
uniformly over, say, 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 cases. 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



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) algo 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 metaebolism). This
assumption may, at first sight, seem unreasonable; it has been shown /2.L/
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 continuous 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
assesament 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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CHAPTER 3
ASSESSMENT OF RADIONUCLIDES RELEASED TO THE ATMOSFPHERE
3.1 Introduction

Radiocactive 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 radiocactive decay processes and inhalation of activity
in the plume. Radiocactive 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 gssessment 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.

Bach 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 gelected 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
gpecific 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 Buropean Community.



-12-

The nuclides which have been included are shown in Table 3.1. They
were pelected 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
congidered 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 dependson many factors such as radicactive 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 cases the majority of the released
activity is removed from the plume within this distance, either by radio-
active decay or by deposition on to the underlying surface. For a limited
number of nuclides, either because of their inert behaviour and long redio-
active half-life, or rapid exchange between the atmosphere and other sectors
of the environment, a significant fraction of activity may be transported
beyond this distence. The subsequent global circulation of such nuclides
hes therefore to be considered as this comprises a further source of
exposure of the Buropean Community population. The nuclides which fall
into this category have been identified and appropriate modele developed.

3.2 Dispersion of radionuclides in the atmosphere

3.2.1 Atmospheric dispersion models

Material released to the atmosphere is transported downwind and
dispersed according to the normal atmospheric mixing processes. The
estimation of dispersion in the atmosphere is commonly approached by
golving the diffusion-transport equation. Several models have been
developed for this purpose using a variety of boundary conditions and
gimplifying assumptions. For example, for releases of very shoxt duration,
models (puff models) have been developed which take into account diffusion
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.

Most estimates of the dispersion of material released to the atmosphere
are based on the Gaussian plume diffusion model initially proposed by
Sutton in 1932 /3.1/. Other models /3.2 - 3.L/ have been developed which
are thought to be more appropriate representations of the physical processes
of turbulent diffusion in the atmosphere, but have had only limited
application in estimating the dispersion of radiocactive material. Further-
more, they have yet to be developed toc 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 Slade /3.5/ have reviewed the experimental data on
diffusion of effluents in the atmosphere and shown that the Gaussian plume
model can be used to describe many practical situations. Pasquill ﬁ.§7
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and Elliot /3.77 have also shown that results predicted using Gaussian
plume models very little from predictions of other models and experimental
meagurements. Most experimental measurements however are limited to down-
wind distances of up to several tens of kilometres and predictions of
disperasion at greater distances with the Gaussian plume model cennot easily
be verified by comparison with experiments; the reliability of the
predictions therefore decreases with increasing distance., Other sghort-
comings in the Gaussian plume model as commonly applied at large distances
are the assumptions that the meteorological conditions and direction of 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, 3.9/ which follow the trajectories of masses of air which
pass over the release point and take acocount of 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 of
collective dose equivalent in the exposed population. As much of the
collective dose equivalent is in general delivered within a few hundred
kilometres of the discharge point, the inoreasing uncertainty with distances
in the predictions of the Geugsian plume model is unlikely to be very
significant.

3.2.2 Gaussian plume diffusion model

The airborne concentration of a nuclide of long radioactive half-life,
X(x,¥,2) is given by the Gaussian plume model as:-

X(x,y,2) = % exp - | % f_z_ + (2 = h)z
21wyazu ”y %,
vessesessa(3.1)
vhere X (x,y,2) ;; :}13 airborne concentration at the point (x,y,z) in

x is the downwind distance (m)

¥ is the cross wind distance from'the centre line of
the plume (m)

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

o and o, are the stendard deviations of the plume,
¥ " horizontally and vertically (m)

Q, is the release rate (Bq 5_1)
u is the mean windspeed (m 5_1) and
h is the effective height of release (m)
This equation is derived for a gas and the released aerosol is assumed to

behave in a similar manner. The origin of the co-ordinate system is at ground
level beneath the discharge point. In the derivation of equation (3.1)



-15-

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 windroge assumed to be uniform,equation (3.1) can
be rewritten as /3.107,

i(x,y,z): 9% exp - z = h)°

- 2
2nx [2nozu 202
cereeensse(3.2)

whereXis thg mean airborne concentration at the point (x,y,z) in
Bgq m—7,

The dependence in the cross wind direction (y) is removed owing to the
assumption of g 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,¥, z)will be a function of both these parameters, is
described in section 3.2.5. Equation (3.2), suitably redefined to take
account of radiocactive 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 5.11 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 /3.117; the
modifications together with other main features of the code, ESCLOUD, are
briefly summarised in the following.

3.2.2.1 BReflection from the ground and from the top of the mixing
layer

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) = Q’o exp-fz-hzz + exp - z+h2
- 2 2
2nx 21wzu 20‘z 202
ceseeneesa(3.3)

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
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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) 282z +h
max—
where 2 ax ig the depth of the mixing layer and 8 =1, 2, 3 .....

In addition the primary dispersion due to a source at height, h, must be
included; this, together with the reflected term from g 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

-]
— 2
X (x,2z) = % z : exp - (28 “nax = )
2nx "2noz 8=0 2az2
veeeareane(3.h)

8 =0, 1, 2, 3y eeeseeeess {positive z only when s = 0)

In general this series converges rapidly and cen 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.lL) 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,, in equation (3.4) to allow for depletion.

(a) BRadioactive decay

Radiocactive 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 °Pp

R = exp|- M _x
P P T
u

veveeeesss(3.5)

-1
where >‘p is the radioactive decay constant of the radionuclide (s7).



- 18 -

Daughter products will grow into the plume with the decay of the parent
radionuclide and the concentration of daughter products can be obtained by
substituting Q R, for Q in equation (3.4) where

a A=A

R, = )‘d exp -~ )\dg-exp)\
P d u

L)
AN L]

.'.".....(3.6)
where X is the radioactive decay constant of the dsughter (5-1 ).

In ESCLOUD no provigion is made for the build up of second or subsequent
daughters; where these need to be considered the decay scheme of each
nuclide is simplified to a two member chain /3.117.

(b) Wet deposition

Material may be removed from the plume by the action of rain falling
through it. Precipitation is intermittent and the true interaction between
the plume and rain is very 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 determined by
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 by substituting a modified
source strength, Q W, for @ in equation (3.4) whexe

W = exp-|Ax

u

oooouooo‘c(3'7)
and Aie the washout coefficient (s™')
If there is significant radicactive decay the air concentration of the

parent nuclide can be obtained by substituting a modified source strength,
QoWps for Q, in equation (3.L) where

wp - exp - 7\ +)\)x

cesseseses(3.8)
and AP is the washout coefficient of the parent nuclide (a'1 ).

The air concentration of its daughter product can be derived by substituting
Q W, for Q_ in equation (3.4) where
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d e
()\p+AP)— ()\d+A? 3

Wd= A Xp - f)\d+Ad2x - exp - ,§XE+A22x
u

vevneeeess(3.9)

and the subscripts p and 4 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~!) is given by

ceereeesea(3.10)

and the deposition rate of the daughter nuclide by
AdQ'owd

“ wa —
27xu

cerneeees.(3.11)
(e¢) Dry 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 material
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 Q,D, for Qo in
equation (3.4) where

x
D(x) = exp -{ng dx exp)- n?
L o, 2

0

20
Z

ceveeeasea(3.12)

For a radioactive material the air concentrations of the parent and daughter
can be obtained by msking 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 ig the same. Otherwise a numerical solution is
adopted /3.117.

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

wy = Vg )-((x, o) (Bq o2 8_1)

cevereeees(3.13)
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where i(x, o) is the ground level air concentration of the parent
or daughter as appropriate.

(a) Simultaneous depletion of the plume ious mechanisms

When the plume is being depleted simulitaneously by a combination of
radioactive decay, wet and dry deposition, the scurce strength Q, in
equation (3.4) is replaced by the appropriate combination of factors
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@ in equation (3.)4).

(¢]
Q‘o exp - V‘p +A2)x exp - ,Z zg gdx exp)- h2
Y LY Iy 24 2

g
%

vevecensea(341h)
The concentration of the daughter nuclide is obtained by replacing Q'o by:

A Q [ A, A A A
d o (Ca + dakx ("p + " p)x
exp - = - exp - [
u u

O, +Ap5 = (hg + Ag)

=
v
-
1‘uo % 2

2 %

ceseaerase(3.15)
Equation (3.15) holds only where the dry deposition velooity of the parent
and daughter are the same; otherwise a numerical solution to account for
dry deposition is adopted.

3.2.2.3 Extermal radiation from the plume

The estimation of external 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 External irradiation by photons
(a) Absorbed dose in air

Two models are commonly 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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expressed as:

n
D = k X I1.E,
v 1 2; JJ

cerereeeea(3.16)

where Dy is the absorbed dose rate in air (Gy y_1)
X ip the atmospheric concentration of the nuclide (Bq m_3)

E, is the initial energy of the photon (MeV)

I. is the fraction of photons of initial energy E. emitted per
disintegration J

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

k, = 2.0 10'6 (cy y-1 per MeV e s"1)
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 Z_ 117 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 phofon flux to absorbed dose in air.
In general a number of photons of differing energy and intensity are
asgociated 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‘V, 'J'r) e_ur
b oz

ceeeenness(3.17)
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where F is the effective flux (y m—2s-1)
q is the source strength (v 5—1)
r is the distance from the source (m)
p is the linear attemmation coefficient (m-1)
B is the energy deposition build up factor and
Ey is the initial photon energy (MeV)

The effective flux from a volume element, 6V, of a plume with a
concentration Xper unit volume is obtained by replacing q in equation (3.17)
by X6V, The total effective photon flux, Fc' from the finite cloud is
obtained by integrating this modified expression over all space, ie,

F=/'XBE z) ¢ ¥ av

c
2
v Lz

cessecrsee(3.18)

This integral is evaluated numerically in ESCLOUD using sphericel polar
co-ordinates with the origin at the point for which the dose is to be
calculated. The energy deposition build-up factors calculated by Berger
and described in reference /3.12/ are adopted.

The absorbed dose rate in air is obtained as the product of the
effective photon flux end the absorbed dose in air per photon per unit
area /3.13/, assuming the photon to have sn energy equal to the decay energy.
The absorbed 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
orgens

Dose equivalent rates ‘in various organs can be derived from the
absorbed dose rate in air from relationships between these quantities
derived from the work of Poston and Snyder B.ﬂ;ﬂ. 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 range.of initial photon energies
congidered by Poston and Snyder; the gonad dose is derived as the mean of
the doses in the testes and 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 i1s sufficiently accurate
in the present work concerned 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 equivelent rates according to the procedure given in ICRP
Publication 26 /3.15/. The weighting fagtors are summarised in Table 3.3
and the effective dose equivalent rate, ﬁE’ obtained as

3 - EwTéT
He = o ceeeennesa(3.19)
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where Wi and Hp 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 orgens with specified weighting factors, with the highest dose
equivalents.,

The procedure adopted to estimate dose equivalents for particular
nuclides is described fully in ESCLOUD Z3.117 together with the nuclear data
adopted which were taken from references /3.16 - 3.19/. 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) Abgorbed 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

. m
D, = kz)((x,o) z

I1.E
B 321

Jd

ceesseeea.(3.20)

where DB is the absorbed dose rate in air (Gy y-1)
X(x,0) is the ground level concentration (Bq m-3)

f% %s tge mean energy of the particle or conversion electron
MeV

I, is the fraction of electrons of mean energy E, emitted per
disintegration J

m is the number of 8 particles and conversion electrons of
particular energies per disintegration

k, = L 1076 (cy y_1 per MeV m-35-1)

In B decay the particles are emitted with a spectrum of energies which is
characterised partially by the maximum energy E . The mean energy of the
B particle, E., is to a good approximation, equal to one third of the
maximum energy:
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cevesseena(3.21)

The nuclear date adopted in the estimation of absorbed dose rates in
air were taken from references /3.18/ and /3.19/. The absorbed dose rate
in air per unit air concentration of each nuclide oconsidered is given in
Table 3.h.

(b) Conversion of sbeorbed dose in air to dose equivalent in body
organs

The range of electrons in tissue varies with energy but for electron
energies typiocal of radioactive decay the range rarely exceeds a few
millimetres. Consideration can therefore be limited to irradiation of the
skin, The radiosensitive cells nearest the skin surface are located at
the basal layer of the epidermis at a depth of about 70 um. The dose
equivalent rate in skin is evaluated from the absorbed dose rate in air,
alloving for exponential absorption of the electron flux in the 70 pm layer,
and is given as

. _ul .
HB = 0.5 ¢ D‘3 QF

vevesnseee{3.22)
vhere Hy is the dose equivalent Tate in skin (sv y_1)
QF is the quality factor for B radiation and taken as unity

u is the absorption coefficient in tissue and taken as
inversely proportional to the range in tissue cor%‘esponding
to the mean energy of the electron considered (m™')

1 is the thickness of the epidermal layer and taken as 7 10"5 m

the coefficient 0.5 is a conversion factor from the infinite
geometry since the electrons are unable to penetrate the
thickness of the body.

The dose equivalent rate in skin per unit air concentration for each of the
nuclides considered is given in Table 3..4.

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

3.2.3 Selection of data used in the model

The Gaussian plume model and the procedures for calculating external
doses from the cloud are implemented in ESCLOUD which is used to establish
the matrix of results. For a release rate of 1 Bq s~1 of each nuclide the
air concentration, deposition rate and external dose equivalents from photons
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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 radiocactivity
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 13.207. 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
/3.217and Doury /3.22/. Calculations have been made for each of these
schemes and the one selected to calculate the consequences of & release at
a specific site is determined by the form of the meteorological data
available.

(a) Pasquill/Smith/Hosker scheme

Pasquill /3.217 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
gource. Smith, /3 227 in his scheme, took account of further experimental
date but instead of discrete categories of atmospheric stability he defined
gtability in terms of a continuous variable, P, Valuesfor P of 0.5, 1.5,
2.5, 3.6, L1.5 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 o3 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 Z3 2h7 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

1+¢ xd

ceeeeeeesa(3.23)

Values for the coefficients a, b, c, 4 are given in Table 3.5. This
representation for ¢, is used in this study and assumed to apply over all
digtances considered.
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(b) Doury scheme

From a review of experimental data Doury /3.22/ derived a relationship
between the vertical standard deviation of the plume, ¢, and the time of
travel t, (x/u). The relationship has the form

o = (a)
veesessesa(3.2h)

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

A further parsmeter which may have a considerable influence on the
degree of dispersion is the depth of the mixing layer; vertical turbulent
mixing virtuslly ceases at the top of this layer. The depth of the mixing
layer varies with the prevailing meteorological conditions; there is
variation from one atmospheric stability category to another as well as
within individual categories. Representative values of the depth of the
mixing layer have been adopted in this study and they are summarised 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 Pasquill's categories C and D and
under Doury's normal diffusion conditions. In these conditions yhen it is
raining the value of 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-1l} and tritium are assumed to be returned to the atmosphere
after washout in a timescale short compared with their half-lives; in
estimating the downwind airborne concentrations of these nuclides no
allowance is therefore made for washout. The washout coefficient varies
congiderably with,for example,the form and intensity of the precipitation,
and the chemical and physical properties of the radioactive particulate
[3.25/. The value adopted is appropriate to small particulate material and
a rainfall rate of a few millimetres per hour, which ig typical of rainfall
rates in Western Burope.

The estimation of dispersion under Pasquill categories C and D and
under Doury normal conditions must therefore be evaluated with and without
rainfall. The implication is that five of 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 of magnitude,
(eg, see Slinn /3.257), and depends on the size of the particle or the
reactivity of the gas, the nature of the underlying surface and th 1
meteorological conditions. A single representative value of 5 10™°m & is
used for all radionuclides considered in this study except for the noble
gases, which are assumed not to deposit, and for the organic forms of
iodine. The value is typical of particles of aerodynemic diameter of
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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
/3.26] and a relatively simple approach is adopted in this study. The
Jdeposition velocity of iodine varies considerably with ite chemical form
which may also change as the material is dispersed. For inorgenic forms of
iodine a deposition velocity of 5 10=3m &~1 is reasonably representative;
the dgposition velocity of organic forms is however much lower, a value of
5 10™°m g1 being typical. As both inorganic and orgenic forms of iodine
are commonly encountered in effluents from nuclear installations the
deposition of iodine in the respectiwe 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-1l and tritium in estimating the downwind air
concentrations.

3.2.3.4 Releage heights

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 poseible 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 Bg g~1 of each nuclide, assuming & 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
congidered, 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 category decreases with increasing height of release and
it also occurs further downwind. The air concentration is seen to vary
significantly with meteorological conditions and the variation, at greater
distances where the height of release no longer has an influence, is
tyrically more than an order of magnitude.

The air concentration as a function of distance, for unit release of
several noble gases of various radiocactive half-lives, are shown in Figure
3.2. The concentrations correspond to releases from an effective stack
height of 100 m in Pasquill category A conditions. The influence of
radioactive decay 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 daughter nuclide is also shown,
the less rapid rate of decrease in its concentration with distance, at
intermediate distances, is a consequence of its accumulation in the plume
owing to decay 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 heights is shown in Figure 3.3. Although
there are very large differences in ground level air concentrations at short
distances for releases at different heights (several orders of magnitude)s
the difference in the effective dose equivalent rates from external
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 much 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.L4. The relative importance of dry deposition
processes for releases in various dispersion conditions is indicated for
plutonium-239 as an example, for which radiocactive decay is negligible. The
mich greater fraction of organic forms of iodine-129 remaining in the plume
is also shown, a consequence of the much 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
range of meteorological conditions can be used to evaluate annual average
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;
thege parameters include the height of release, the windrose, the spectrum
of meteorological conditions and the nuclides released. In effect the
procedure comprises the evaluation of weighted mean air concentrations
(and other appropriate parsmeters,eg, cloud y dose, ground deposition rate
etc) in particular sectors and as a function of distance with reaspect to
the discharge location; the weighting is applied according to the frequenoy
with which the wind blows into that sector and the associated spectrum of
meteorological conditions appropriate to the discharge location. This
procedure is approximate in a number of respects, in paxrticular in the
asgumptions that the direction and meteorological conditions experienced by
the plume remain constant throughout its transit. In addition, implieit
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 6 is
evaluated as

o(1,4,6) = W (1) 2X_ (1,8,0) £(d,0) (Bq n™%)

ceeneesesa(3.25)

where Q_ (1) is the release rate of nuclide, i, (Bq 5-1)

)( (i,c,d) is the air concentration per unit release rate of nuclide,
i, in a dispersion condition, ¢, 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 6 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

I, (44,8 = ¢(1,d,0) R (Bay )

veeeseeese(3.26)
where R is the mean adult annual breathing rate and is equal to
8030m3 per y /3.277

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

H, 5o(i,d,o) = Iinh(i,d,o) : S (1) (sv from intakes in a
’ yeaxr

cenneennss(3.27)

vhere Hinh(i) ig 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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For the release of a spectrum of nuclides the committed effective
dose equivalent from the annual intske of all nuclides is obtained as

Iinh(i,d,o) Hinh(i) (8v from intakes in a
i year)

HE,SO(d’ 0) =

cecvseerssd(3.28)

(c¢) Annual deposition rate and external doses

In the game manner, the ave deposition rate (w), cloud v effective
(and organ) dose equivalent ra,tera?]el and cloud B dose equivalent rates
in skin (fz) can be derived at (d,6)" for the release of nuclide, i. They
can be expressed as

w(1,8,6) = NQ (i) 26 (1,0,8) £(6,0) (B u2 &™)
c
cevessenes(3.29)
%ﬁﬂ@:=n%nzmmmﬂﬂmo (svy ")
veeseenses(3.30)
By (1,4,0) = N Q1) = 8B(1,0,) £(0,0) (v
ceeessenes(3.31)

where G(i, c,d), HG(i,c,d) and HB(i,0,d) are the deposition rate
(Bq m~ er Bq s~1), cloud v effective dose equivalent
rate (Sv y-1 1)) and cloud B dose equivalent rate in skin
(sv y-1), respectively, for unit release of nuclide, i,
in dispersion ocondition, ¢, assuming a uniform windrose.

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

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 subsequently 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 3.12 for releases
in selected dispersion conditions. TFor nuclides whose deposition velocity
is assumed to be 5 10-3 m s~1 the fractions remaining in the plume beyond
the boundaries of the European Commmity are small and will not have
any significant global impact. For a deposition velocity of 5 10~>m 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 as 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 only krypton-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 radicactive half-lives. Tritium and carbon-1l 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 radiocactive half-life
(1.57 107 y) and relative mobility, which however is somewhat less than
that fer 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 radicactive half-life.

The models adopted to evaluate 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 S.
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3.3 Transfer of radionuclides through the terrestrial environment
3.3.1 Introduction

Radioactive material deposited from the atmosphere onto land
surfaces will be transferred through the terrestrial environment and
ney lead to irradiation of man by three main routes: inhalation of
resuspended aetivity, external irradiation and ingestion of contaminated
foodstuffs. Models have 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.

Bach model is described in the following sections and they are
applied to evaluate the time integrals of resuspended air concemtration,
of external dose and of activity transferred to selected food products
as a function of time after the continuous deposition on unit area of
land of each radionuclide for e 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 used 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 resuspension 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 radiocactive particles from surfaces
can continue long after their initial deposition and so the mechanism
is usually of most significance for long-lived 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 requires habit surveys in which occupational
factors must be identified. While localised resuspension could be an
important exposure pathway for particular individuals, in terms of
-collective dose in populations the wind-driven mechanism is likely to
be more important. This study is concermed particularly with the
assessment of detriment to the exposed population; localised resuspension
is not cotnsidered further.

The process of wind-driven resuspension 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 layer. At long times, however,
ploughing may enhance the resuspended air concentration by returning
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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 Z§.2§7.
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 particles to become attached to larger less mobile
s80il particles 15.2 . 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 months_(or years) of the initial deposition (reduction
factors of 103 to 105). After a few years when deposits on undisturbed
surfaces have 'aged' the mesuspended 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

. ) . . 3
where K(m 1) Resuspended air concentration {Bq m -)

= ceee(3.32)
Surface deposit (Bq m

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 15.257. Most of the measurements

relate to the resuspension of plutonium from undisturbed surfaces in
semi-arid environments. Thegse measurements indicate that K declines

frop values in the range 1074 to 10=6 o1 shortly after deposition to

10-8 - 109 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 Buropean conditions, where soils tend to be more moist and where there
is greater vegetative cover, is uncertain. There is, however, some support
for their validity from measurements over deposits of uranium in soils
Z§.3Q7 in the UK which suggest that 10=9 o1 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 10~9 mw~! 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 concentrations,
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.

3.3.2.,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 uncertain and a value intermediate in the reported range is adopted
(K = 10=> n~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). TUnder 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 { 10~9 m1) 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 Hllow-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 ares 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 elements. For those elements which migrate through
soll somewhat faster then 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 end 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 = 107 exp (—( Ny Ay o+ A )E) 1070 exp (<(h, 4 A )E)
veeessas(3.33)

where K is the resuspension factor,( m_1)
t is the time after the initial deposition, (s)

A, is the decay constant for the initial decline in the
resuspension factox( g~ )

A, is the decay constant for the longer term decline in the
resuspension factor (g~

Ais ’ the radiocactive decay constant of the nuclide of interest
O
10 -1

The values of \q and Ao are 1.46 x 1077 57! and 2.2 x 107% &77 ana
correspond to half-lives of 0.15 years and 100 years respectively.

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

7
3.15 x 10 t2 - t1

I = Z / K(t)at

ceeeneeee(3.3h)

wvhere t is in seconds.

For to = o, the integral can be written explicitly as

I, - 3.15 x 107 / K(t)dt
0 veveneese(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 on the respective
surfaces may be very different. The magnitude of resuspension from
the respective surfaces is contrasted in Appendix 3,13 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 m2 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
radiocactive 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 35% 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 3.5
is derived for a deposition velocity of 5.10-3 m s~1. For this value of
deposition velocity the time integrals of resuspended air concentration
are always smaller than the integrated alr 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
10~2m s-1, Thus, while the umcertainties 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
resuspension., 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 shown for two nuclides plutonium-239 and
ruthenium-103, with significantly different radioactive half-lives in Figure
3.6; their half-lives are 2.4;,10% y and 0.108 y respectively. Within 1 year
of deposition ceasing, the resuspended air concentration of ruthenium-103
has declined by five orders of megnitude 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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3.3.3 The transfer of nuclides through the terrestrial
environment into food chains

3.3.3.1 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 the movement of
activity through the terrestrial environment a modular approach 13.317
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 13.317 can be combined in
various ways to describe the movement of activity through 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 atmosphere 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 13.327. 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 [5.317 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 airborme
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 meny 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



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 enviromment to foodchains of
radionuclides listed in Table 3.1, with the exception of tritium and carbon-
1L is modelled using the general methodology described in the following
sections. The exchange processes between atmosphere, vegetation and soil
for tritium and carbon-1l, differ from those of the other nuclides in
several respects. For tritium and carbon-1l a simplified procedure,
compriging the use of a specific activity approach ﬁ.3§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 Europeen 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
tranafer of radiomuclides 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.

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

3.3.3.2 Migration of radionuclides in goil

Migration into soil, together with radioactive decay, are the principal
mechenisms which determine the time dependence of the uptake of radionuclides
into plants and animal products following the depomition of activity onto
land., For some elements, however, changes in chemical form affect their
availability for uptake by roots. Many parameters influence the rate of
migration, particularly the nature of 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
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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 soily 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.

(v) Model for undisturbed land

Diagram 3, Schematic diagram of the model for undisturbed land
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The model, shown 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
Ko - K. 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, resuspension of the contaminant onto plant surfces is assumed
to be derived solely from the top 1 cm of soil, that is, the surface
compartment. Soil which is consumed inadvertently by animals is also
assumed to be derived from the top 1 cm layexr. The root zone of pasture

grass is considered to extend to 15 cm in depth and the contaminant
present in 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 long-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 .3k, 3.357 and leakage of radioactive material at a
nuclear facility 5.3 « The rate of movement into the soil for caesium,
strontium and plutonium is slow, although there is significant variation
between the results of the various observations due to differences in soil
composition and anmmual 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 5. 317 the approach is conservative. The transfer coefficients
have been derived from experimental measurements of the migration of single
deposits of plutonium in various soils [3_.3)4-3.3§7 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 Jjudgement has been made that a half-
life of 100 years 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 wmdisturbed model), The
speculative nature of this estimate must however be recognised. The
transfer coefficients Kyq1 and 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; radiocactive 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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) Application of the models

The two modules developed to describe the migration of radionuclides
in so0il form integral parts of the models used to evaluate the transfer to
plants, the transfer to animals 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 radiocactive decay) in
80il 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 nuclides, plutonium-239 and caesium-137 with half-lives of
2.4, 10% and 3.01 101 years respectively; the influence of radioactive
half-1life 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 Schematic representation of model for transfer
of radionuclides to plants
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The compartment marked "soil" represents the model for migration in soil
appropriate to the plant species 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-mixed soil is most appropriate in these circumstances. Grass,
however, is assumed to be produced only on undisturbed pasture in which
cage 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. Kach 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; [3'.38 - 3.)497 . 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 end is a
compromise value taking into account both wet and dry deposition from
the atmosphere; the remaining fraction of the depoeit, 0.8, is transferred
directly to the moil surface., The removal of the contaminant from plant
surfaces due to the actions of rain, wind and plant growth is assumed te
oceur with a half-life of0.038 y (14 days) for pasture grass 53_87 and
0.082 y (30 days) for all other plants é 39/.

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 layers 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
date on this subject and it is assumed that 90% of the externmal contaminant
is removed from all plants during preparation or processing before
consumption by man. Some Jjustification for this value for transfer of
plutonium from the outside surfaces of grain to flour has been provided
by the measurements of Aarkrog [3- 41/,

(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 extermal
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.
Pew 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 govermed 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 Z§.1£7.

The transfer of contaminant to external 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 3.3.3.L(a).

The quantities of soil contaminating various plant surfaces are uncertain
and the relevant data are summarised below.

Measurements in the United Kingdom [E.ug7 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 uncertainty 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 by soil. A value of 0.71% of
the dry plant weight has been suggested Zg.h2 as an average amount of
s0il 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 s0il 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 insofer as the variation in the concentration of the nuclide
in the root zone is small during the growing period. For long-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 asdetermined by the concentration factor.
Where the concentration 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 E.317; 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.

(a) Translocation from external surfaces

Translocation of contamination from the surfaces of leaves and
stems to the intermal 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 preparation, for consumption. It is, therefore,
ignored for the majority of elements, except for technetium, tellurium,
iodine and caesium where the fraction translocated is significent /3.L43/;
for these elements the fraction translocated is taken as 10% of the
surface deposit /3.43/. For root vegetables, translocation is the
only mechanism which transfers surface contamination on 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 10%. Translocation of the transuranium elements, molybdenum and
chromium is small and 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 of 0,27L 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 summarised 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 and the depth of the root
zone, The values adopted for the element dependent parameters, in
particular concentration factors between soil and the respective plants
and 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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3.3.3.4 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) Inteke of radionuclides by grazing animals

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

Diagram 3.6 Schematic representatio 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 3.3.3.2; 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 sbout L% and 20% of dry matter intake for cattle

and sheep respectively /3.51, 3.52/; the potential significance of this
pathway is evident. Resuspension of activity onto the surface of undisturbed
pasture in the period shortly after deposition is govermed by the time
dependent resuspension formula described in Section 3.3.2; the approach

is simplified various approximations to facilitate its inclusion

in the model /3.31/.

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
vhile 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 /3.31/. 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) may 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 resuspended activity may
consequently be underestimated.

The valuesadopted for the various parameters concerned with the
transfer of radionuclides 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 grazing 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 ﬁ.31 « 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 inhsled end 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 men. 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 considerati on to the transfer of radionuclides to
muscle, liver and milk 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 are used in this study depending on the
nature of the nuclide and availability of suitable 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 3.7 Schematic representation of the simpler metabolic
model
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The derivation of transfer coefficients is described by Simmonds
et al 5317 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 animals or even derived by analogy with the metabolism
of other elements., For a comprehensive compilation of the available
data reference should be made to E .43, 3.53, 3.5!.}7 . The data adopted
in this study are summarised in Table 3.18; the fraction of the deily
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 /3 .557 assuming
the fractional transfer from body fluids to liver is the same in cattle as
in man. PFor 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 similarity between elements.

Few data are available onthe fractional transfer of inhaled activity
to the body organs of grazing animals. The values used in this study
have been derived from metabolic data recommended 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), =  f£(inh), F(ing),

T(ing),

veeeeseead(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 reaching body
fluids in man

F(ing) is the fraction of the daily inteke appearing in
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 1um AMAD aerosol. It is further
agsumed that the transfer of activity across the lung occurs
instantaneously; in reality, depending on the compound inhaled, the
time constant for transfer may be days, weeks or years., This
assumption will overestimate the transfer across the lung of cattle
particularly for radionuclides with radioactive half-lives short
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.



-49 -

More complex metabolic model

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

Diagram3.8 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. 3Bone 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 13.3i7. 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 1um AMAD
aerosol when inhaled.

The distribution of plutonium among the various organs in cows
has recently been measured by Stanley et al 13.557. 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 13.4§7.
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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ané 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 m2 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.

(2) 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 primerily 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-131
(t3 = 0 .022y) there is, as expected, no further contribution after the
fi¥st 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; lodine-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 3. 8 and 3. 9 respectively.

The important mechanisms comprise surface contamination from
direct deposition, initial resuspension before the surface layer 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 layer. 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 Pigures 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 food crops. Technetium-99 has an extremely long radioactive
half-life (2.1 10° 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) Trensfer 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 Bqg m~2 =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
transferred to the various food products within about 50 y of the

initial deposition with little furxther transfer later. For short-lived
nuclides the transfer is essentially complete within a short time of the
deposition process terminating (eg, see lodine-131). The temporal
variation of the time integral of activity differs between nuclides; this
is a consequence of the varying zelative importance of the different
processes (each with its own characteristic time constant) which contribute
to the transfer of activity to the animal.

The time dependence and relative importence of the various transfer
processes are illustrated in Figures 3.10 and 3.11 for the trensfer 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 uptake, 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 uptake 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 reflected
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 insignificent 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 tramnsfer 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 mechanisms involve the tramnsfer 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 15 cm of soil and it
therefore continues to contribute for a longer period. The time constant
of transfer by root uptake is determined by a combination of the migration
from the top 15 em 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 10~3 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-1l in the
terrestrial environment

The transfer of tritium and carbon-1l between the atmosphere
and the terrestrial environment is somewhat more complex than that
described and modelled for other nuclides in previous sections. 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-1l 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~1il 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-1l 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 m3. 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 determined by the degree of atmospheric dispersion and the
concentration of water vapour in the atmosphere taken as 8 g m™ (a.n.nual
average value)., The intake of carbon-1l and tritium in man by inhalation
and ingestion can be determined 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 undisturbed
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 externmal irradiation due to
contamination in the upper layer (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 layer of soil has been calculated by means of the
following formule which tekes account of the build-up in soil but neglects-
the mechanism in air,

D (r,1,E) = P C, 25z dr EBge '“x(_u_a_)
hnyz P Jair
cosesenses(3.37)

in which 4D(r,1,E) is the component of dose in Gray 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.
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P is a constant

CA is the number of photons of initial energy B, in MeV, emitted per
second per m? of surface and per cm depth of soil in the layer
congidered.

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

u, in m_1 is the linear attenuation coefficient for the photons of
energy E in soil,

Ka is the mass energy .absorption coefficient in air, in m2 kg71,
P Joir for photons of energy E..

BE is the build-up factor in soil.

It has been expressed in the form:

2
B, = Z Ae _an“x
n
n=1

ceeensess(3.38)

in which A2 =1 - A and Aq, o and %, 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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. 2
p(1,E) = P(L) c, E nz:; A [—E1 (-p2(1 + ocn))]
air

pa.
ceveeeseea(3.39)

where E1 is the first order integral function,
-]

E,(b) = -/ et at
-t t

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
organg of interest and the effective dose equivalent are then calculated
by 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 by summation over the various y and X-ray
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 O and 2 m
above the soil, has been caloculated at increasing heights in steps
of 10 oms

- the attenuation of the electrons in air has been taken into account;
- the build-up factor in soil is not used.

For a glven 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
cm.

The dose in the basal layer of skin is calculated taking acoount of
the absorption of electrons in the 70 um 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 (B
particles and vonversion electrons) and their intensities.

Doses in organs and tissues other than the skin have been neglected
since they are negligibly small owing to the attenvation 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,f) at a
distance d and an angle 6 from the release point takes into account the
frequency that the wind blows in the direction 6 and the distribution of
atmospheric dispersion conditions. w (i,d,8) corresponds to a release of
Q, (i), Ba g~1, of radionuclide i and is expressed in Bq m~2 s-1, The
value w(i,d,8) serves as the basis of the calculation of doses received
by man at (d,8) from external irradiation and inhalation of resuspended
activity following ite 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 (4, 8).

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

3.3.5.1 External irradiation from deposited activity

Bxternal 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 extermal
irradiation by the v and X-radiation from the activity contained in the
soil due to the deposit (i,d,0) can be expressed in the form

HD v(i,d,o,m,t) = w (i,d,6) [Fy(i,m,t)] (sv)

N & I 1Te))

in which F (i,m,t) is the dose equivalent in the organ or tissue m,
v integrated up to time ¢, 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 g1 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.

(i1) External irradiation due to electrons

In the same manner as for photons one obtaing:
HD B(i,d,ﬂ,t) = w(i9d90) [FB(i’t)] (SV)

veseseenea(341)

where HD B(i,d,o,t) is the dose equivalent (Sv) in skin integrated
from the beginning of the deposition to time ¢
resulting from external B and e~ irradiation from
activity conteined in the soil due to the deposit
w(i,d,8).
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F,(1,t) is the dose equivalent (Sv) in skin, integrated to time

6 t, received by people continuously exposed to the
external B and e irradiation from the continuous
deBosi? of radionuclide i for one year at a rate of 1 Bg
m~¢ 8! on undisturbed land. The evaluation of the
matrix FB(i,t) is given in Section 3.3.L4.2.

3.3.5.2 Inhalation of resuspended activity

Equation (3.34) gives the expression for the air concentration,
integrated to time t, Ip(i,t), Bq s m~3 resulzing from resuspension of
radionuclide i depositeg at a rate of 1 Bq o™ 5'1 continuously for one
year. This leads to the quantity inheled, IRS (i,d,6,t) integrated to
time, t, at a point d and d.

1RS(1,4,0,8) = __1 ___ »(i,d,8) Iy(i,t) B (Ba)
3.15 x 107
cevesoeses(3.42)
]

where B = 8030 m3 y ' is the volume of air breathed by an adult in a
yeer. The evaluation of the matrix I (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 by:

ERS(i,d4,0,m,t) = Hinh(i,m) IRs(i,d,6,t) (sv)

ceseeseeaa(3.43)

where Hinh(i’m) ig 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 inhelation of airborne activity, cannot in
general be readily correlasted with the level of environmental contamination
local to the individuel. 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 individuel obtains
hig 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,0) from ingestion must be
determined from the integral over the land area of the product of the
quantity and level of contamination of each foodstuff he obtains from a
particular location., The spatial distribution of the dietary intekes 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 by 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 (4,8) to time, t,
can be related to the dep081tion rate w(i,d,60) by

cop(i,d,f,k,t) = o (i,d4,0) CP(i,k,t) TD(i,k) (Bq ¥y kg71)
ceeeeeenea(3.4h)

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 Bg n-2 g1 for 1 year

™(i,k) is a factor which takes account of radiocactive 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
anmually can be determined as

HCP(i,d, 8,k,t,m) = CCP(i,d,0,k,t) Hing(i,m) (sv kg71)
veseeenees(3.45)

vhere H, (1,m) ig 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 BEstimation of collective dose equivalent commitments

When combined with the spatial distributions of the population and
of agricultural production the dose equivalents at (d,o)(or quantity of
activity appearing in diet from unit mass of food derived from (d 0?)
be used to evaluate the collective dose equivalent commitments in the
regpective tissues. The procedure adopted is discussed in detail in
Chapter 7.

3.4 Representation of the distribution of population and agricultural
production within the Buropean Community*

Representations of the distribution of the population and of the
agricultural production within the European Community are required for the

* Thig gection has been prepared in conjunction with Mme A Garnier and
Mile 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 /3.58/.
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evaluation of collectiye dose in thg Community. The zone gonsidereg.
extends between the 36°N and the 62°N parallels and the 10°W and 20°E

of Greenwich meridians. The area ipvolved 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 Buropean statistics. These data have
been transformed for the purposes of this study to provide a consistent
representation.

3.4.1 The characteristics of the grid

The grid is based, on 3 network in which each "aquare" is represented
by an equal area of 10% km? which is subdivided into & finer grid. The zone
is divided into bands on either side of the Greenwich meridian (positive
values to 3he east and negative values to the west). The spaocing of the o
bends, 1.5 , corresponds approximately to & distgnce of 100 km on the L9
parallel and 18 eagy to locate on a map with 0.5 subdivisions. On either
gide of the L9 parallel the distance between parallels has been calculated
in such a way as to obtain equal areas which deform progressively from a
true square: the distances between parallels vary from92.2 to 127.3 km
towards the north (positive co-ordinates) and from 90.6 to 74.2 km towards
the south (negative co-ordinates). The extreme latitudes are 62°27' and
35°49'. Table 3.2 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. BEach of the indices is composed of a number of two digits
preceded by a sign (positive signs being omitted). The first index
represents the position of the "square" on the abecissa (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
"gquare" (-01, -01) is found just to the south of the L9th parallel and
to the west of Greenwich.

A grid one hundred times finer is obtained by linear interpolation.
This is made easier by an intermediate transformation of the co-ordinates
into the centisimal system (grads). Bach side 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 O and 9, represents the subdivisions of this
square., Figure 3.1l 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 Republic of Germany; 1971 for Italy, Luxembourg,
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the Netherlands and the United Kingdom; 1975 for France). The sources of
data used are given in reference 3.5§7. 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 270 in Denmark to 36,000 in France.
For certain countries, the data are given in the form of the population
within the squares of g 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 (91L squares). For Italy the dataare in 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
caTtographic projection (La.mbert 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 /3.58/7.

3.4.2.3 Derivation of the population grid

This congists 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 /3.59/. These 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 of2a given circle. In particular they can be
divided amongst the 100 km" -areas on the European Grid defined above. The
subroutine EDIGRI ﬁ 527 allows the addition of results on the Buropean
Grid. Table 3.26 shows, by way of an example, the results obtained for
square (7, 10) situated in Demnmark. Figure 3.13 illustrates the average
density of population in the European Community,

3.4.3 Agricultursl €rid

For the purpose of this stﬂdy, the agricultural data have been presented
on & grid of squares of area 10 xm?, 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 basis agricultural date have been supplied by the Institute for Economic
Research, State Universitv, Groningen on the relstive yields of some products
for each administrative division (coun‘ty(department) or its equivalent
for each country in the Community). This work wes carried out under

* This date was prepared with the help of the French Geographical Institute.



- 62 -

contract with the CEC. Other information from Member States has been
used in this study. From the available informetion the following have been
usged o

- data for the years 1971, 1972 and 1973 for France, 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 Germany.

From this information a mean value for the following quentities has
been celoulated:

surface area for vegetable production (heota.res)

numbers of cattle

numbers of milk cows

numbers of sheep

numbers of pigs

wheat production (tonnes)

barley production (tonnes)

potato production (tomnes)

\

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 EUROSTAT reports published by the statistics
office of the European Community /3.61 - 3.63/. 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 /3.69, 3.6L-3.697.

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

(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 goasts have been
grouped together)

(3) +the production of
- green vegetables (edible cabbage and other leafy vegetables)

- legu.u)linous vegetables (vegetables grown 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 by the process of data collection
and transformgtion 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 way:

(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 g 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 35% 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:

UBT milk consumption’as a % of the
Country total consumption
Belgium 1%
France 10%
West Germany 27%
Ttaly L3%

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 Tssults

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
contanination 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 sexies of sectors of a circle centred on
the point of discharge, while the population and agricultural production
data are contained in sguares whose position is totally independent of the
point of discharge. It is, therefore necessary to transform these data so
that the distribution of populetion 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 ﬁ.7(_)7.

The values for radii of circles are given in Table 3.28. There are
21 altogether to give an acceptable precision for the evaluation og
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 radiom c%ides considered for release to the
atmosphere

Nuclide Half-life Nuclide Half-life
E-3 1.2310" 3 2r-95 5.68 10° &
c-14 5,70 10° y Nb-95 3.02 10° &
Ar-lit 6.59 10° s Mo-99 2.38 10° s
Cr-51 2.39 10° & Te-99 2.1 10° 3
M-Sl 2.70 107 & Pe~99m 2.17 10% &
Fe-55 2,70 vy | Ru-103 3.1 10% &
Fe-59 3.90 106 8 Ru/Rh-106 1.01 ¥
Co-58 6.13 10° s Rh-103m 3.1 10° s
Co-60 5.28 y Sb-12l 5.21 10° &
Zn-65 2.12 107 & Sb-125 2.7y
Kr-83m 6.59 10° s Te~125m 5.02 10° &
Kr-85m 1.61 10" & Te~127m 9.42 10° s
Kr-85 1.07 10" 3 Te-127 3.36 10% s
Kr-87 14.57 10° s Te-129m 2.90 10° &
Kr-88 1.01 10 & Te~129 Lol 10° s
Kr-89 1.89 10% s Te-131m 1.08 10° s
Hb-86 1.62 10° & Te-132 2.81 10° &
Rb-88 1.06 10° s 1-129 1.57 10T y
Rb-89 9.36 10° s 1-131 6.95 10° s
Sr-89 4.35 10° & I-132 8.21 10° s
Sr-90 2.82 10' y I1-133 7.52 10" &
¥-90 2.31 10° & I-13) 3.19 10° s
1-91 5.05 10° & I-1354D 2.2 10% &

continued




Table 3.1 (continued)

The radionuclides considered for release to

-7 -

the atmosphere

Nuclide Half-life Nuclide Half-1life
Xe-131m 1.0L 106 s Ce-144 2.45 107 s
Xe-133m 1,93 10° s Pr-1L), 1.04 10° &
Xe-133 1456 10° s Pu—1L7 2.62
Xe-135m 9.18 10% & Eu-15), 8.50 y
Xe-135 3.30 1oh 8 Eu~155 4.96 v
Xe-137 2,30 10° s Np-239 1.99 10° &
Xe-138 8.52 10° s Pu-238 8.60 10" y
Cs-13L 2,08 y Pu-239 2.L4h ‘IO’4 y
Cs-135 3.01 10° y Pu-240 6.58 10° y
Cs-136 1.12 106 8 Pu-~241 1.50 101 Yy
0s-137+D 3.01 10" y Pu-21;,2 3.79 10° y
Cs-138 1.93 103 8 Am-2041 L.58 102 y
Ba-140 1.11 1O6 8 Cm-242 1.41 107 8
La~140 1.4 10° s Cm-2L), 1.76 10" y
Ce-141 2.81 106 8

Notes The transfer of the following nuclides through
the terrestrial environment after their
(1) deposition from the atmosphere is modelled.

B-3, C~1l4, Cr-51, Mn-54, Fe-S55, 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-12l;, Sb-125, Te-12Tm, Te-129m, Te-131m, Te-132, I-129,
1-131, I-132, I-133, I-13L, I-135+D, Cs-~13kL, Ce-136, Cs-137+D,
Ba~140,Lla~140, Ce-141, Ce-1LkL, Pm-147, Bu-15L, Bu-155, Np-239,
Pu-238, Pu-239, Pu-2,,0, Pu-2l1, Pu-2.2, Am-2l1, Cm~2}2, Cm-2LkL.
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Table 3.3 The weighting factors used in calculating the
effective dose equivalent from external y 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 Q) 0.30

Notes
(1) A weighting factor 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 by Hosker 13‘2!'-‘7 to derive the
vertical standard deviation
various stability categories

the plume for the
1,29

Stability Category ’:gzi‘dw;n/: a b e a
A 1 0.112 | 1.06 | 5.38 10”4 0.815
B 2 0.130 | 0.950| 6.52 107 | 0.750
c 5 0.112 | 0.920| 9.05 107* | 0.718
D 5 0.098 | 0.889| 1.35 1073 | o0.688
E 3 0.0609| 0.895| 1.96 107> | o.684
F 1 0.0638] 0.783] 1.36 1073 | 0.672

Notes

(1) Coefficients appropriate to a roughness length of 10cm.

(2) Vertical standard deviation, o,

=axb

t+ecx

d
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Table 3.6 Coefficients given by Doury 13'227 to derive the
vertical standard dev%ation of the plume for various
diffusion conditions 1).

Time of travel, (2)t

Diffusion Condition (seconds)

Normal 0- 2.4 102 0.42 {0.814
2.4 10° = 3.28 103 | 1.0 |o.685
> 3.28 10° 20 lo.s

Poor All 0.2 |0.5

Notes
(1) The vertical standard derivation of the
o, = (At)k
(2) Time of travel is obtained as x/fl, that is the
distance travelled divided by the mean wind speed.
Wind speeds of 1, 2 and 5m s~ are considered for
normal diffusion and 1, 2 and 3m s~ for poor

diffusion conditions.
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Table 3.7 Depth of mixing layer assumed for the various
dispersion conditions

(a) Pasquill typing scheme

Stability i vi
Category Depth of Mixing Layer (m)

A 2000

B 2000

¢ 1000

D 1000

E 200

7 200

(b) Doury typing scheme
Mean Wind Depth of mixing
Dispersion Condition Speed m 3-1 layer, m

Poor 1, 2,3 200
Normal 1, 2 2000
Normal 5 1000
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Table 3.8 Air concentration for a release at height 30m (Bq n per
Bq s~1)
Pasquill category D
Nuclide Parent Distance (m)
103 10t 10° 10°

H=-3 4483E=07 | 1,26E-08 | 4.38E~10 | 3.19E~-11
C-14 4,83E=07 | 1,26E-08 | 4 ,38E-10 | 3.19E~-11
MN-5 4 G4,78E~Q7 | 1,17E=08 | 3,43E~10 | 9.65E~-12
Co-60 4,7T8E=07 | 1.17E-08 | 3.43E-10 | 9.69E~-12
KR=E EM 4,78E~-07 | 1.,15E~08 | 1 ,86E-10 | 0,0
KR=-8¢& 4,83E~07 | 1,26E-C8 | 4,38E~10 | 3.19E-11
SR-86 4,T8E=~07 | 1,17E-08 | 3.42E~10 | 9¢39E~12
SR-89 RB8-89 2,88E-12 | 3,96E~13 | 1,50E~14 | 4,12E-16
SR=-9¢ Q4478E~07 | 1,17E~08 | 3.43E~10 | 9,69E~-12
¥Y=-90 4,77E~07 [ 1416E-08 | 3,23E-10 | Se32E~12
Y¥Y=90 SR-90 2¢87E~-10 | 7.01E-11 | 2.00E~-11 | 4,38E~-12
¥=-91 4,78E=Q7 | 1417E=-08 | 3.43E~10 | 9.,43E-12
RU/RH106 4, 7T8E=-07 1417E=08 | 3.43E=10 | 9.,65E~12
I-12$S 4 ,78E-07 1,17E~08 | 3,44E-10 | 9.,70E~-12
aI1-129 4 ,83E=Q7 | 1.25E-08 | 4,37E-10 | 3,15E~-11
I-131 Q4o7TTE=Q7 | 1o17E=08 | 3,37E-10 | 7.94E-12
XE-133 44B2E-07 | 1,25E-08 | 4,25E-10 | 2,36E~-11
XE=-1 38 4481lE~Q7 | 1,20E=Q8 | 2,88E~10 | 4,79E~-13
CS-134 4,78E=-Q7 1,17E=08 | 3,43E~10 | 9.68E~-12
BA-140 QB477E=C7 | 1,17E~08 | 3,39E~10 | 8.,55E~-12
LA-140 4,77E-07 [ 1.16E-08 | 3,12E~10 | 3,71E~-12
CE-144 4oT8E=07 | 1417E-08 | 3.43E~10 | 9.,64E-12
NP=-23% 4,77E-07 | 1416E-C8 | 3.20E-10 | 4,83E-12
PU-2239% 4,78E=07 |1.17E-08 | 3,44E~-10 | 9.70E-12
PU~-241 44,78E~07 |1417E-08 | 3.43E~10 | 9.69E~12
AM=241 44 TBE-~Q7 1,17E-08 | 3.,44E-10 | 9,70E-12
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Table 3,10 Effective cloud g?mma dose rates for a release at height 30m
(sv y~! per Bq s~')
Pasquill category D

Nuclide Parent Digtance (m)

103 10t 10° 10°
H-J 000 0.0 0.0 0.0
C=-14 0.0 0.0 0,0 0.0
MN=5 4 3.056E-13 | 1.,23E~-14 |4,06E=~16 | 1,17E~17
Co-60 Qe 06E=~13 | 3,76E~14 |1 ,28E=15 | 3,71E~17
KR=8¢EM Te28E=14 | 2,56E~15 [4.37E-17 | 0,0
KR-8¢ BeOBE=16 | 3,56E=17 (1,36E-18 | 1,01E-19
SR~-8¢§ 4,95E-17 | 2,00E~18 [6,64E~20 | 1.,86E~-21
SR~-8S§ RE=-89 2.98E-22 | 6,78E=23 |2,91E-24 | B,16E~-26
SR-9C 0.0 0,0 0.0 040
¥Y=-s0 9,6GE~-17 | 4.10E~18 |1.36E-19 ] 2,31E-21
¥Y=90 SR=-90 5,82E=-20 | 2,47E~-20 [B.41E-21 | 1,91E-21
Y=-91 9464E=16 | 3.,99E~17 1 ,35E~18 | 3,82E~20
RU/RH106 Te7SE~14 | 3,04E~1S5 |9,91E-17 | 2,84E-18
I=-12¢ 1.03E~-15 | 2. 70E~17 |8.,00E-19 | 2,26E-20
0I1-129 1.04E=15 | 2,90E=17 |1.02E-18 | 7.,35E-20
I-121 1,54E~13 | S.85E~15 |1 .,84E~16 | 4,39E~-18
XE-~-1323 1e43E=14 | 4,94E-16 [1,74E-17 | 9,69E~-19
XE-13¢€ 1.17E~-13 | 4,41E-15 |1,13E=-16| 1,90E-19
CS~134 SeB8S5E=13 | 2.32E=14 |7,62E-16| 2,19E-17
BA-140 6.96E-14 | 2,66E-15 [B,44E~-17 | 2,16E~-18
LA=-140 B8,38E=13 | 3,44E-14 [1,08E~15| 1,32E~17
CE-~144 Te62E-15 | 2,64E-16 | 8,14E~18 | 2,30E-19
NP-239% 6e27E=14 | 2,23E=15 | 6,52E~17 | 9,92E-19
PU=235 376E=17 | 1.26E=18 | 3.89E-20| 1.,11E=-21
PU=-241 2651E-18 | 8,67E~20 |[2.67E-21 7.58E~23
AM=-241 8¢56E=15] 2.,69E~16 | 8,11E~18 | 2,30E~-19
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Table 3.11 Externmal beta dos? rates in skin for a release at height 30m
(sv y~1 per Bq s7")
Pasquill category D
Nuclide Parent Distance m
10 104 10° 106
H=3 ! 0,0 0.0 0.0 0.0
C-14 0,10E-13 0,27E=15 | 0.95E~-17 | 0.69E-18
MN-54 0,19E-15 |0.47E=-17 |0.14E=-18 | 0,39E-20
C0-60 0,E5E~13 0.16E=14 | 0,47E-16 | 0,132E-17
KR=-85M 0,21E-12 0.,51E~14 | 0.,82E~-16 | 0,0
KR-85 0,19E~12 | 0.,49E-14 [ 0,17E~15 | 0,12E-16
SR-89 0,45E=12 | 0,11E-13 | 0.,32E~15 | 0,88E~17
SR-89 RB-89 0,27E=-17 0,37E-18 | 0,14E-19 | 0,38E-21
.- SR-90 0.14€-12 [ 0,35E=~14 { 0,10E~15 0,29E-17
Y-90 0.,71E-12 0.17E=13 ] 0,48E=-15 | 0,79E~17
Y=-90 SR=G0 0,43E=15 | 0.,10E=15 | 0,30E~16 | 0,65€E~17
¥-91 0,47E-12 ] 0.12E=-12 | 0,234E~-15 0.93E~-17
RL/RH106 0,10E-11 0.26E=12 ] 0,75C~-15 | 0,21E-16
I-129 0,92E-14 | 0.22E-15 ] 0,66E-17 | 0.19E~18
0I-129 0.,93E~14 0,24E-15 ] 0,845-17 | 0,60E~-18
[-131 0.16E-12 | 0,40E-14 | 0,12E~-15 | 0,27E=17
XE=133 0,7BE=13 ] 0,20E-14 ] 0,69E-16 0 438E=17
XE=-13S 0,29E=12 | 0,72C-14 | 0,176 ~15 | 0.,29E~-18
cs-134 0o 14E=12 | 0,34E-14 | 0.GBE=~16 | 0,28E-17
BA-140 0,24E=12 0.59F=14 | 0,17E-15 ] 0.43E~-17
LA-140 0,44E-12 De11E~132 | 0,29F-15 | 0.,35E~17
CE-144 0,57E~13 | 0,14E-14} 0,41E-16 | 0,11E~-17
NF=-239 0,18E=-12 | 0,45F-14 | 0,12E~-15 0,19E~17
PU~-239 0,42E-14 | 0.10E-15] 0.30E~17 0.84E-18
PL~-241 0.18E~-18 | 0,43E-2C | 0.,13F-21 0.,36E-23
AM=241 0.15E=15 | 0,37E-17] 0.11E-18 | 0,31E-20
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Table 3,12
Fraction of a long lived nuclide remaining in

the plume at various distances downwind(1)

Fraction reminaing in the plume

Deposie Distance (m)
Stability aom ,
Category Velocity | 107 o 10° 106 |3 10°
ol
A 0.96 | 0.89 | 0.71 0.08 |6 107
D 0.99 | 0.93 | 0.79 0.30 | 0,042
5 1073
D + rain 0.97 | 0.76 | 0.11 0 0
F 1.0 | 0.53 | 1.61072) 0 o
D _ 1.0 | 0.99 | 0.99 0.99 | 0,97
5 10
F 1,0 | 0.99 | 0.96 0.76 | 0.146
(1) for a release at a height of 30m.
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Table 3.13 Values of transfer coefficients used in the models
for migration in soil

Transfer Coefficient value in y_1
Well mixed 8011(1)

L3P 6.93 107
Tndisturbed 1a.nd(2)

P 2.43 107

Ky 6.29 1072

K, 3.92 1072

Kh3 1.47 1073

5, 1.39 1072

(1) eee diagrem 3.3, section 3.3.3.2
(2) see diagram 3.4, section 3.3.3.2
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Table 3.17

Non-element dependent parameters for animals

Value
Paraneter Milk Cows Sheep
Amount eaten per year /3..07 5.1 103 5.5 102
(kg dry wt y=1) -
Half time in{3°4Y/ s 1ot | su 1ot
G.I. Tract \®
Mean life (y) 6 1
Soil consumption as % of dry L Z§'517 20 13'527
matter intake
Weight of msole, kgl3+497 230 18%
Weight of liver, kg 6 0.8
Milk production rate (l.y-1) 3.65 105 -
Number of animals/unit area 250 200
Total body weightz§°h92kg 530 65
Inhalation rate Z§'1397'(1113.{1) 1.5 1073 1 1o'LL

*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 of plant (Bq y ke~?) to time .

Plant Nuclide
1y 50 y 100 y 500 y | Infinity

Sr-90 9.2E+0L4 |1.2E+06| 1.5B+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 3.3BE+0L4|3.3B+04 | 3.3BE+0L | 3.3E+0L | 3.3E+0L
Vegetables | Cs-137 | 1.6E+05}1.9E+05| 2.0E+05 | 2.0B+05 | 2.0E+05
Pu~239 | 8.0E+04}8.0E+04| 8.0E+0L | 8.1E+0L | 8.1B+0L
Am-211 | 8.0B+0L{8.2E+0L| 8.4E+OL | 8.8E+0L | 8.8E+0L

8r-90 2.0B+05|2.3E+05]| 2.48+05 | 2.4E+05 | 2.4E+05
1-129 | .0E+05 4 .6E+05| 5.0B+05 | 5 .9E+05 | 6 .0E4+05
Grain I-131 8.18+0L |8.1E+0L | 8.1E+0L | 8.1E+04 | 8.1E+0L
Ce=137 | 4.OE+05|4.1E+05] L.1E+05 | L. 18+05 | L. 1E+08
Pu-239 | 2.0E+05|2.0E+05| 2.0B+05 | 2.0E+05 | 2.0E+08
Am=2111 | 2.0B+05|2.0B+05]| 2.0E+05 | 2.0E+05 | 2.0E+05

Sr-90 1,0E+05 }1.0E+05| 1.2B+05 | 1.3E+05 | 1.3E+05
I-129 3.5E+02|5.5B+0L4 | 9.TE+0L4 | 1.9B+05 | 1.9E+05
Root I-131 3.7B+01|3.9E+01} 3.9E+01 ] 3.9E+01 | 3.9E+01
Crops Cs-137 | 8.8E+01|8.6E+03| 1.1E+0L4 | 1.1E+0L | 1.1E+OL
Pu-239 | 1.7B+01|2.8E+03} L.9E+03 | 9.5B+03 | 9.8E+03
Am-2)1 | 1.7B+01|2.7E+03] L.6E+03 | 7.9E+03 | 8. 1E+03

Notes

(1) The time integrals per unit mass of plant have been evaluated
for continuous deposition of each radionuclide for 1 year
at a rate of 1 Bq m=2 s~1.

-1

(2) The yields of each plant in kg o2 y  are given in Table 3.15
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Table 3.20 The time integrals of activity in various food
products _derived from cows grazing contaminated
pa.stu:re1

Time integral of activity in apnimal
Animal products (Bq y kg |
Product Nuclide
1y 50y 100 y 500 y | Infinity
Sr-90 6.8E+0l] 8.0E+05| 8.5E+05| 8.5E+05 | 8.5E+05
I-129 3.TE+05[ 1, 2E+06] 1.3E+06| 1.3E+06 | 1.3E+06
Meat I-131 L. LE+oLl L  6E+0L | L. 6B+OL | L.6B+OY | L. 6E+0L
Cs-137 | 3.5E+05}1.5E+06] 1.5E+06| 1.5B+06 | 1.5E+06
Pu-239 | 7.5E+00{3.0E+02} 3.0E+02| 3.0E+02 | 3.0E+02
Am-2)1 | 3.3E+02|5.5E+03| 5.5E+03 | 5.5E+03 | 5.5E+03
Sr-90 6.6E+04]8,0E.05| 8.5E+05 | 8.6E+05 | 8.6E+05
I-129 3.7E+05]1.2B+06| 1.3E+06| 1.3E+06 | 1.3E+06
Liver I-131 L.4E+oL V)Y 6B+0L | L.6E+0L | L.6E+OL | L. 6E+OL
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+0 | 3.7E+0L | 3.7E+0L
Am-2,1 | 4.0E+0L4|6.8E+05| 6.8E+05 | 6.8E+05 | 6.8E+05
Sr-90 3.9E+0L 1L, 1E+05 | L.3E+05 [ L. 3E+05 | L. 3E+05
I-129 2.0E+05(6.2E+05] 6.5E+05{ 6.6E+05 | 6.6E+05
I-131 7.5E+0L|7.6E+0L | 7.6E+0L | 7.6E+0L | 7.6E+0L
Milk Cs-137 | 1.4E+05}3.8E+05] 3.9E+05 | 3.9E+05 | 3.9E+05
Pu-239 | 1.L4E~01]5.58+00| 5.5E+00 | 5.5E+00 | 5.5E+00
Am-21;1 | 6,1E+00{1.0E+02] 1.0E+02 | 1.0E+02 | 1.0E+02
Notes

(1) Te 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 Bg o2 s~ for
one year.
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Table 3.21 The time integrals of activity in various food prgducts
derived from sheep grazing contaminated pasture 1

Time integral of activity
in snimal products (Bq y ke~ 1)
Animal

Nuclide
Product 1y 50y | 100y | 500y | mfinity
Sr-90 | 2.3E+05]1.2B+06| 1.2E+06] 1.2E+06] 1.2E+06
I-129 1.9B+06) 4. 5B+06] L4.6E+06] L.6EB+06) L.6E+06
Meat 1-131 | 2.1m+05]2.28+05) 2.2E+05] 2.2E+05]| 2.2E+05

Cs=-137 | 1.68+06|L4.7E+06| L.8E+06| L4.8E+06] L.BE+06
Pu-239 | 3.0B+01]1.TE+02] 1.TE+02]| 1.7TE+02| 1.TE+02
Am-241 | 1.58+03]7.2B+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
1-129 | 1.1E+06|2.6B+06] 2.7E+06 | 2.TE+06 | 2.TE+06
I-131 1.2B+05(1.3E+05| 1.3B+05| 1.3E+05| 1.3E+05
Liver Cs-137 | 9.5E+05[2.8B+06| 2.8E+06 | 2.8E+06 | 2.8E+06
Pu-239 | 2.1B+03|1.2B+0L| 1.2E+0L | 1.2E+0L | 1.2E+0
An-21}1 | 1.0B+05|5.1B+05| 5.1E+05 | 5.1E+05 | 5.1B+05

Notes

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 )
at a concentration of 1 Bq m-3 in the atmosphere.

Time integral of activity ;
in animal products(B
Animal Product Nuclide P ( 1y k)
Cows Sheep
Sr-90 4.5E-01 3.5E~01
I-129 1.6E+00 1.3E+00
Meat I-131 L. 6E-01 3.8E-01
Cs-137 2.LE+00 1.38+00
Pu-239 1.7TE+00 1.1E8-01
Am=-2);1 L. 1E+00 L.2E-01
Sr-90 4.5E-01 2.1E-01
I-129 1.6E+00 7.5E-01
Liver I-131 L.6E-01 2.2E-01
Cs=-137 2.4E+00 7.7E-01
Pu-239 2,1B+02 7.7E+00
Am-241 5.1B+02 3.0E+01
Sr-90 2.2E-01
I-129 8.1E-01
Milk I-131 7.6E-01 -
Cs=-137 5.TE-01
Pu-239 3.1E-02
Am-20;1 7.5B=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

from 1 years deposition at a rate of 1 Bq n

2

-1

Time integral of the effective

dose equivalent rate (Sv)

Radionuclide

1y 50 y 500 y Infinity
Zirconium-95 0.11 0.15 0.15 0.15
Todine-131 9.6 1073 | 9.91073 | 9.91073 | 9.9 1073
Caesiun-137 + D | 0.23 1, 16 16
Plutonium-239 7.710°% | 55102 | 7.8102 | 7.8 1072
Plutonium~2}41 6.5 1076 2.4 107k 2.4 107t 2.4 107k
Americium-2l1%* 17100 | 151073 | 2.0103 | 2.0 107

*This component is due to the in-growth of americium=-241 as the
daughter of plutonium-241
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Table 3.2l Definition of the large squares (10)4 km2) on the
Buropean Grid

Distance from Distance Ares,

Previous Between ]

Degrees Parallel 2 Meridians ()

35.15 136.3

35.81 73.6 135.2 10000.7
36.48 Th.2 134.1 10002.5
37.16 74.9 132.9 10004. 3
37.83 75.5 131.7 10006.1
' 38.52 76.3 130.4 9994.9
39 21 77.0 129.2 9997.1
39.92 77.8 127.9 9999.4
Lo.62 78.5 126.5 10001.8
L1.34 79.4 125,2 10004.2
L2.06 80.3 123.8 9904. 3
L2.79 81.2 122.3 9997.2
L3.53 82.1 120.9 10000.2
LL.28 83.2 119.4 10003.3
5.0k 84.3 117.8 999L.7
L5.81 85.5 116.2 9998.5
L46.59 86.6 114.6 10002.3
L7.38 87.9 112.9 9994.9
L,8.18 89.3 111.2 9999.6
L9.00 90.6 109.4 10004. 3
L9.83 92,2 107.5 10002.9
50.68 93.9 105.6 9997.5
51.53 95.6 103.7 10002.1
52.141 97.4 101.7 9995.6
53.30 99.4 99.6 9998.8
54,22 101.5 97.5 10000.9
55.15 103.8 95.3 10001.9
56,11 106.3 93.0 10001.8
57.05 109.0 90.6 10000.3
58.10 112,0 88.1 9997.4
59.13 115.2 85.5 10001.6
60.20 118.8 82.8 10003.0
61.31 122.8 80.0 10001.7
62.45 127.3 771 9997.1
63.6L 132.4 4.0 10003.7
64.89 138.2 70.7 9997.0
66.19 144.9 67.3 9997.7
67.57 152.9 63.6 10001.7
69.03 162.3 59.7 9998.1
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Table 3.27

An example of the quantitative data of agricultural production obtained for
one square (10,000 km2) of the grid

Data given by the program.
Number of squares: 86(1) Abscissa: 8 ordinate =5

Geographical composition of the square (2)

% surface N%ec;c;de Department 1;09 ;ioodf ! Region ] ggug::‘; Country
20 14 Brescia 36 Lombardia 3 Italy
L5 1L Mantova 36 " 3 "
81 146 Trento 37 Trentindatoadige 3 "
97 147 Verona 38 Veneto 3 "
100 148 Vicenta 38 " 3 "
6 149 Belluno 38 " 3 "
2 150 Tasui.so 38 " 3 "
52 152 | Padona 38 " 3 "

Agricultural Production
- milk products (in tonnes of milk or equivalent to tommnes of milk)
- milk for consumption: 29400 Sour milks 3600 fresh cheese: 14700
ocream: 10800 butter: 148500 other cheese: 305200 powdered milks
1300 evaporated milk: 1200

- meat products

Cattle killed (100's of head): 2657 (Cattle meat (tomne): 55500

Veal " " 806 Veal " " 7600
Pigs n " h829 Pork " " 39600
Sheep & Goats " 146 Sheep & Goats " 100

Cattle liver (kg): 1434700

Veal ", n 181500
Pigs " " 652000
Sheep & Goats " 5100

continmied
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Table 3.27 (continued)
- vegetable products (tonnes fresh weight)

wheat: LLT7300 barley: 10500 potatoes: 175900
green vegetables (leafy): 31300 leguminous vegetables: 59000
root vegetables: 8900

Notes

(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 BRadii used in the transformation of resuits

Number

Digtance on the ground

Length of the projection
(km)

(1m)
1 1 1. 000
2 2 2. 000
3 3 3.000
4 5 5,000
5 7 7,000
6 10 10, 000
7 15 15. 000
8 20 20,000
9 a5 35,000
10 50 50.000
11 70 70. 001
12 100 100,002
13 200 200,016
14 30 300,055
15 450 450.187
16 700 700.705
17 1100 1102.741
18 1600 1608.464
19 2000 2016.592
20 2400 2428.800
23 3000 3056.707
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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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Time integral of 239py, in cow muscle ; Bq y kg-1
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A —— S S

Direct inhalation, see Section 3.335

Total, excluding direct inhalation
inhalation of resuspended material

Direct deposition on to pasture

Resuspension on to pasture

Soil consumption

1
] Root uptake
10 L
102
1 10 102 10° 104 10° 10
Time,y

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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Pigure 3.11 The relative importance and time dependence of the

important mechanisms for the transfer ,of strontium-90
to cow muscle
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Figure 3.15 Production density of fresh milk in the Buropean Community
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Figure 3.16

Production density of potatoes in the European Community
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A i '1
Wind-driven resuspengion from urban surfaces

While the pollution of air in urban enviromments due to a variety of
aerosols, eg, lead from vehicle exhausts, 80o from the combustion of fossil
fuels, has received considerable attention, the relationsghip between
contamination on the gsurfaces of city streets and pavements and the air has
not been estadblished. 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-off 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
t0 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 resulta in the complete
removal of the resuspensible surface deposit. J.ng thia assumption
together with an initial resuspension factor of 10~ the integrated
resuspended air concentration arising from deposition at unit rate for one
year is compared with the result obtained using the 'rural' model.

(2) Resuspension from urban gurfaces

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

R =K D
A vessssessa(A3.1)
where R, is the resuspended air concentration (Bq m=3)
£ is the resuspensgion factor (m
D is the surface deposit (Bq m~2)
For a continuous deposition rate of P Bq m 2 8 -1 , the cumulative
surface deposit (Dc) after time t, assuming no losses from the surface is

t
D = Pat (Bq o 2)
¢ (43.2)
o . L)
The integrated resuspended air concentration I, is given after time
t by
v -3
I = [ KD dt (Bq s m°)
u ¢
0 veessssree(A3.3)

Substituting for D, from equation (43.2)

K P dt at
cvesseocns.(A3.h)
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If it is assumed that the surfage contamination is completely
removed by rainfall when t = 1.21 10° s (1L days) and that P = 1 Bq m—2

s~1 and K = 10> m™~' the integrated resuspended air concentration after 14

days is

I, = 7.3 10° Bq & ™3

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, = 19 108 Bg s o

(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 0.693% -9 -1
X = 10 -
(¢) exp (<pg—q08) * 107 B (83.5)
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 Ip,
above a surface on which a nuclide has been deposited at a rate P,
continuously for a year is

- 7
R = of K(t) P 3.15 10 i (83.6)

Substituting for K(t) in equation (43.6) from (A3.5) and assuming
P=13Bq m? g”

I, = 2.2 10 Bg sm

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 form of ¢ ntal model

P Compartment i A,
5 i
—_—— inventory Yi —_———

k, .
ij k
//4 kil 1i

Pj’ Compartment j ki > Compartment 1 ‘Pl
)‘j‘ inventory Y 3 - — inventory Yl " ,‘
1j

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:

ay LY
1= kji Yj -[j}=1 kij} L AERYE A A
veeesseess{A3.7)

where 2$i,j<na.ndki =0

i

and ki' and k 4 are transfer coefficients between two compartments
having’]inventaries Yi and Y;j’

)\i is an effective transfer coefficient from compartment i which
takes account of lose of material from the compartment without transfer to
another, for example, radioactive decay.

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

, ]
14 =f Y,dt
o .‘........(AB.B)

The time variation and time integrals of the respective inventories are
c(>bte.it)19d by solution of the sets of simultaneous equations (43.7) and
A3.8).
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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

k External [y

12
/ Plant (1) L
1 2
Soil \
0-30 cm k5

External }.\

Plant (2) 33
3

Internal §~\
Plant

Note

External plant (1) is for direct deposition and initial resuspension
External plant (2) is for soil contamination

Internal plant is for root uptake

k22, k33 and khh represent periodic cropping of the plant.
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Element Independent Transfer Coefficients

Value &~
Transfer Coefficient Green vegetables Grain
k12 7.0 107 7.0 1072
01 2.7 107 2.7 107
%3 bl 1078 8.9 1077
%31 1.0 1.0
5 1.0 1.0
kg 2,2 10710 2.2 10710
22, ¥33, " 3.2 1078 3.2 107
Element Dependent Trangfer Coefficients
Value of k, g
Element
Green vegetables Grain
Chromium 6.7 107 2.7 1071
Manganese 6.7 10_7 2.7 10_7
Iron L 107 3.6 10_¢
Cobalt 2.2 10 ) 8.9 10_)
Zinc 8.9 10_,4 3.6 10_5
Rubidium 2.2 10_5 8.9 10z
Strontium 1.6 10_¢ 1.8 1072
Yttrium 6.7 10_y 2.7 10_y
Zirconium L4 10_5 1.8 10:6
Niobium 2,2 107 8.9 10_¢
Molybdenum 2.2 10_, 8.9 1073
Technetium 1.1 107 L.k 10:5
Ruthenium 8.9 10_) 5.3 10
Silver L.l 107g 1.8 10_¢
Antimony 2,2 1o_3 8.9 1°:h
Tellurium 2.2 10_ 8.9 10 g
Todine L.l 102 1.8 102
Caesium by 10_ 5.3 107¢
Barium 1.1 102 L.L 10_¢
Lanthanum 6.7 10_g 2.7 10_¢
Cerium 1.6 103 2.7 10_44
Neptunium 2.2 10_; 8.9 10,
Plutonium 2.2 10_¢ 8.9 10_
Americium 2.2 10_¢ 8.9 1072
Curium 2.2 10 8.9 1077
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IT Root Crops

1;;2,.:7
Soil Above
- Surface
0-30 om 3 Plant
1 3
k k1h k
12 | &1
km
Deep Root
Soil Crop
2

Notes
k13 represents initial resuspension
k31 removal due to weathering processes
k k
14 and 11 represent root uptake
k3h represents translocation

k33 and khh represent periodic cropping of the plant

33
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Element Independent Transfer Coefficients
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Value, g

k”4

7771 26 3716686166188 776666

11112531 15525155122115555

Element

Ruthenium
Antimony
Tellurium
Todine
Caesium
Barium
Lanthanum
Cerium
Neptunium
Plutonium
Americium
Curium

Silver

Molybdenum
Technetium

Rubidium
Strontium
Yttrium
Zirconium
Niobium

Chromium
Manganese

Iron

Cobalt
Zinc
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External

\ Plant (1)
\____6_
\k K

External

Plant (2)
7

Internal
Plant (1)
8

Internal
Plant (2)

Internal
Plant (3)
10

1"

7 11

kg 11

9 11

K10 11

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

k. 6 represents resuspension onto the plant surface, kgq represents

k1 12 represents inhalation by the animal of resuspended material.

0-1
ki 12 on kg
< i Soil
1
* k12 1
Soil
1-5 cm kg .
2 18
*’ k23
Soil 9 k29
5-15 cm
3
k k
3y Ak
Soil k3 10
15-30 cm
= k10 3
Y ks
Deep
Soil
5
Notes
1.
3.3.3.2.
2.
losses due to weathering processes.
External plant (1) is also used for direct deposition.
3. External plant (2) represents surface contamination by soil and
represents all soil consumed by the animal.
L. The internal plant compartments represent . root upteke from the
different layers of soil,
5.
6.

k? l1’ kZ 11, kg 11° k9 11 k1o 11 represent losses due to consumption
of the pasture by

animals.
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Element Independent Parameters

Value, il
Transfer coefficient
Cows Sheep
Kyp 7.7 107 7.7 107
kys 2.0 107 2.0 107
kg, 1.2 107 1.2 1077
k5 b7 107 4.7 1071
-10 -10
L L. 10 L. 10
kg 1.0 1077 1.0 1077
ke, 5.7 1077 5.7 1077
kﬁ7 5.3 10'“ 8.0 10’“
z71 1.0 1.0
- 1.0 1.0
k92 1.0 1.0
%03 1.0 1.0
k k k k X 2.0 1077 5.8 10”
6117 57 11° 8 11* 9 11° “10 11
L 3,75 10713(%) | 5.0 10714(*)

* For the a,ctinides,k 12 is multiplied by 0.63 as that is the
fraction of a 1.0 pm AMAD alrosol 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

=

Value, s

k3 10

Sheep

Cow

ko

Sheep

Cow
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Sheep
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C OO0 [eNeoNeoNoNeNoNoNoNolofolo o]

111101111111111111
000010000000000000
66828266“—.22\ 00.’422!4|ﬂ.1.612222

Cow
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0
0
0
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0
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0
0
0
0
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Elenment

wW

Lanthanum
Cerium
Neptunium
Plutonium
Americium
Curium

Rubidium
Strontium
Yttrium
Zirconium
Niobium
Molybdenum
Technetium
Ruthenium
Silver
Antimo
Telluri
Todine
Caesium
Barium

Zinc
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IV Animal model for the transuranium elements

k k

€| c.1. tract -2 Lmg |,
11 L 12(%12 12
11 11 +‘11 13 12 13
X
13 1
BLOOD o 13113 13
k
' 13 15 k39
kg L 13 K15 13 16 13 13 17
Meat Liver Bone Milk
1 X 15 ‘16 17
k)1l kg 15 k16 16 \17 17
Notes

ki 4 and k13 4 Tepresent return to soil via exoreta

k k k and k t losses due to
11 112 2 132 ’ 16 16 represen

the perio c1 gla 1 te% o?&nlgal;gnasare equal to 5.3 10~9 g1 for cows
and 3.2 107" s~! for sheep.

k17 17 represents losses due to regular milking
This model is used 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, 8-1
k 1.3 1072
11 1 -7
k,13 1 1.2 10
-5
k'3 1 2.3 10-6
k)13 5.5 10_5
11?3 135 2.3 10-6
15 13 1.7 ‘IO_5
1«:13 16 2.3 10_7
1;16 13 2.8 10_7
k13 17 1.2 10_5
17 13 3.5 10
Element Dependent Parameters
Value, s
Element
K11 13 %12 11 K12 13
Neptunium 1.3 1071 1.2 1075 2.1 107
Plutonium 1.3 10_9 9.3 10_6 T.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 for elements other than the tranguranium elements

Notes

k11 and k12 1 are returns to soil to represent excretion processes via
b. ool.

ky 13 and k1 L1k repregent logses from the organs due to biological
processes.

In addition there is a loss from each compartment to represent the periodic

sl?,ughter of cows, the value of this transfer coefficient is 5.3 109
8™ ',

Element Independent Transfer Coefficients

Transfer coefficient Value, o

-5
LI 1.3 10

-5
ko 1.2 10
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VI Sheep model for elements other than the tranguranium elements

111 | G.I. tract g |52 1 >
-« " 11 12
k X
K11 13y 11 14 12 13 Vk.]z "
Meat Liver
13 1
k1343 kb 1y
Notes
K

11 1 and k12 1 represent return of soil from excretion process via blood.

k13 13 and k1 L 14 represent loss from the organs due to biological processes.

In addition there is a loss from each compartment to represent the

periodic gla.u?hter of sheep, the value of this transfer coefficient is
3.2 10=° s~',

Element Independent Transfer Coefficients

Transfer ooefficient Value, e

LI 1.3 10'5

-5
ko, 1.2 10
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endix 3.

Transformation into gectors of the data contained in the population end
agriculiural grids

It is necessary to divide into sectors, around the site being
studied the date on the population and agEicultura.l production contained
in the grid of equal areas (100 to 104 km®).

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 § and their longitude A in a coordinate
system whose origin is the centre of the earth. The axes Ox and Oy are
in the plane of the equator and the axis Oz intercepts the surface of the
earth at the north pole (Figure 43.4.1). For a given site S, (6., A,)

a double rotation (Figure A3.L4.1) of axes allows it to be placed in a

geometry which is more favourable for calculation. The first rotation,

of A, about 6z transforms Oxyz to Ox'y'z'; this rotation does not

change the latitude of S, but gives it & longitude of zero. The second

rotation of g - 6 about Oy' transforms Ox'y'z' into Ox"y"z", the latitude
: 2

of S, becomes equal to g and its longitude is undetermined.
2

A point M on the surface of the earth with coordinates (9, A)in

the representation Oxyz goes to, in the representation Ox"y"z",
coordinates 6" and A" such that:

S8in ® = giné sin 6, + cos § cos (A~ )‘o) cos 8

'O..O.'..C(A3.9)
Sin A"

cos § sin (>\-).\°)
cog 6"

cesescesss(A3.10)

In the representation Ox"y"z", circles centred on S _ will be the locus of
points such that " is constant whilst the radii of° these circles will be
such that A" 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 Polar Stereographic projection is used (Figure A3.L4.2) which transforms
the point M(R, 6", A ") 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 Sy The
axes S,X" and S,Y" as parallel to Ox" respectively. This projection is
congruent that is to say it conserves directions.

® T am(ﬁ-%'_) cos cevesenses (43.11)
oo am(ﬁ-%) e crecseeess (43.12)

It only remaing 1 dezemine how the squares of equal area of 100 l:m2 for
population and 10 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.
Figure A3.L4.2 shows an example where the entire "square" of 10 km is'not
contained in one of the distance bands and sectors given. In this case the
"gquare" is divided into 100 parts each of approximately 100 km? and it is
determined 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 bandg and sectors a supplementary division into 100
elements of area 1 km? 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.
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Figure A3.4.1 Schematic diagram of the representation used in the
calculation
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\(H

Figure A3.L4.2 Locating a square on the grid in the representation So X,
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CHAPTER L

ASSESSMENT OF RADIONUCLIDES RELEASED TO THE AQUATIC ENVIRONMENT

L. 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

= 1local 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 pathwaye to man considered in this study are shown schematically
in Diagram 4.1.

Diagram L.1 Aquatic pathways to man

Diquid
Release
Y A
Dispersion —» Sedimentation
Water Sediment
Concentration Concentration
Water
Irrigation Bio-accumulation Utilisation
Treatment
Drinking Terrestrial Aquatic
Water Foodstuff Foodstuff
Concentration Concentration Concentration
3 y
X
External
Ingestion
Irradiation
Y - Y ol
Agricultural Population
and Aquatic Distribution
Food Production and Habits
Data
|
\
Collective
Dose
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The pathways 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 L.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
wvater 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 decay. 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,
radiocactive 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 simplications of
complex phenomena., The models developed represent time dependent
behaviour but rely heavily on equilibrium concentration factor data
(Table L4.2) 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 hydrodynamic models in marine systems may be found
in Porte and Bohet /f.10/ and Nihoul and Ronday ;L.55/
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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,
etcy 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,

L.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

3. semi-empirical models

The first category of model has been developed from water flow
studies and the US NRC .17 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.zg:g7 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 Zﬂ:}7 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
.g7 vwhich 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 L.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 maximum individual
doses.

L4.2.2 Description of the model

The model of Schaeffer /L.)/ 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.

L.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 [E.g . Bince instantaneous dilution of activity has
been assumed in the flow rate of the river, the concentration Cy; in
the river at a distance x from the point of release is given by
equation (4.1) per unit discharge rate,

1 k= =3 -1
c, = 7 °© (Bq m” per Bq &8 ')
ceess(liat)
where x = distance (m) -
k = factor dependent on river and radionuclide, (m” ')
q = river flow rate (m3 s=')

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

k = A\ + k! (m-1)
W
sese (,-J-. 2)
where N\ = radiocactive decay constant, (8-1)
w = river velocity (m s-1)
k' = depletion factor for sedimentation, (m~1)

The concentration Cy; includes the activity dissolved in water,
Cr, and the activity adsorbed on suspended sediments Cp per unit
release rate.

" e + C, M (Bq o3 per Bq 8_1)

ceses(Le3)
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where C. = activity in water, (Bq n per Ba s_1)
C, = activity on suspended sediments, (Bq ;1 per Bq 5-1)
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,

Cm = Kd Cf
vhere K, = distribution Eor concentration; factor of nuclide
. -1 -
on sediments (Bq t~7 per Bq m—3)

Substituting in equation (L.3) enables the activity in water and
that on suspended elements to be evaluated:-

c, = Cy =1 kX (Bq n per Bg 5-1)
£ T+ KN qa T+EM )
c, = Eg kx (Bg al per Bq s_1)
q 1+ KﬁM
vere(le5)

L.2.2.2. Sediment activity

Unconsolidaced 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 equation is defined for v, the average
velocity of river bed sediments /.56

v = ocﬁJ (m s_1)

veeo(Lia6)
2 -1
where « = constant (m® s~ )
h = water depth, (m)
J = slope of the river bed

and the full mathematical expressions for the model are given in
Appendix Al.1. The basic equations were originally derived by
Schaeffer Zﬂ:§7 and some simple cases are considered below.

The activity Qg 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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eene(leT)

where cw(x) is the activity in water, (Bq)
Qs(x) is the activity in sediments, (Ba ! per Bq 9-1)
and other symbols having been defined in Section 4.2.2.1.

The variation of activity on sediments can be derived using
equation(h.7) and a maximum activity is predicted at distance x; from
the discharge point

eooe(L.8)

The values of Qg and Xy change with the duration, t, of the
discharge, until the loss of activity due to radioactive decay gives
an equilibrium: from this moment the position of the maximum stays
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-2}41, give rise to radioactive
daughter products and the expressions needed to_include this phenomenon
are given in AppendixAl.1 and in reference /L.5/.

L.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 L1
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 L.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:

- -1

Caesium-137 : 10 5 m
-6 =1

Cobalt-60 and ruthenium-106 3 5.10 " m
-6 =1

Strontium-90 : 2,10 " m

The above values are defined for a river velocity of 2 m 5_1.

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 L.2)
and then k! values, typical of those measured in the Rhone, were
agsigned to the categories.

Category & : strong interaction with sediments. These

elements have concentration factors (K3) values greater

than 104 (Bq t~1 per Bq m3) : chromium, manganese, cobalt,
zirconium, ruthenium, caesium,europium, neptunium, cerium, plutonium,
americium and curium., For w = 2 m s—1, k' is equal to 105 m-1.

Category B : moderate interaction with sediments. For
elements with concentration factor (Kq) values between 1

and 104 (Bq t-1 per Bq m-3) : carbon, zinc, strontigm
and yttrium. Forw = 2 m s‘1, k' is equal to 2.107 ml,
Category C : weak interaction with sediments, For elements

with concentration factor (K3g) values less than 103 Bq t=1 Bq 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.

L.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 L,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-5l, cobalt-60, 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



- 150 -

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
may 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 [E §7 or have been estimated on
the assumption that the populations of the small administrative areas
bordering the river take their drinking water from it at an individual
rate of 1.5 108 w3 s-1 (1.2 1 a-1) ﬁ.ﬂ. Table L.l 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 L.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 L.1).

(b) Ingestion of fish

Various species of river flora and fauna can enter the human diet
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 1is calculated by multiplying the concentration
of activity in filtered river water with the appropriate concentration
factor given in Table L.2.

The quantities of fish caught in each section of the Rhone
and the Loire are shown in Table L.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 4.49/. It has been assumed that all the fish caught ave
consumed within the EC., The edible fraction of fish is assumed to
be 50% 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
L.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~
continuously for one year from an installation on the Rhone (see
Figure L.1).
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(c) Ingestion of agriculiural producte contaminated by
irrigation practices

In this study consideration is limited to the spray irrigation
of cultivated crops; this is considered to be the most important
route by which radicactivity cen reach man from irrigated crops bearing
in mind irrigation practices and the transfer mechanisms for radio-
nuclides,

Account is taken of the transfer of activity to the extermal
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
Zﬂ.S, h.27 indicates that the fraction deposited on vegetation during
spray irrigation is about 0.05 in contrast to the fraction of 0.2 adopted
for the deposition of activity from the atmosphere.

The models in Section 3.3.3 ha ¥e 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 m2 s=! for the harvest period.
The rate of deposition of each nuclide is obtained by multiplying the

nmgntratlon in non-filtered water, in Bq m‘3 by the irrigation rate
per n?.

The quantity of agricultural products derived from irrigated
lend 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 of irrigated crops
produced along the length of the Rhone river ZF.SO and 4.53/; 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.

L.2.3.3. Sediment activity

The model calculates the activity on bed sediments end river
banks as a function of time and distance. The relevant equations are
given in Appendix Ali.1. Figure L.l shows the variztion, as a function
of distance, of caesium-137 and strontium-90 concentrations in sedimsnis
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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 during 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 extermal 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 inSection 3.3.L and assuming a population density for
ell rivers of 20 kar!, this population spending on average 200 h hours
per year on the river bank at the sections being considered [E.17

Table L.8 shows, for each section of the Rhone, the average
concentrations of menganese-5l, cobalt-60 and caesium-137 in river bank
sediments and the resulting truncated collective effective dose
equivalent commitments from external irradiation (truncation at 50
years). The particular redionuclides chosen for this example give
rise to relatively high external y radiation.

L.3 Estuarine models

The mathematical modelling of river estuaries is complex and must
reflect the individiduality of each river estuary. The physical mixing
of fresh water which can have a variasble composition (the pH of river
water is typically in the range 6.5 to 8.5, dissolved salts 0.1 kg m=3)
end sea water which has a relatively constant composition (pE 7.5 to 8.0,
dissolved salts 30 kg m"3) can lead to significant chemical changes to
dissolved radionuclides,

The estuarine region is gemerally 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 difficult 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 sediments and water occur as a result of the mixing of
fresh and marine waters. A schematic representation of the model is
shown in Figure L.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 (cf Table 4.2).
For this purpose the radionuclides have been divided into eix classes.
Each of the 3 classes used for the river model is further divided into
two sub-classes which reflect the adsorption of radionuclides in marine
sediments., The resulting classification is given in Tadle L4.9. The
values adopted for the fraction of activity desorbed from river sediments
in the estuarine region are as follows:
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Class A1 C%
Class A2 30%
Class B1 %
Class B2 30%
Class C1 0%
Class C2 0%

Consequently the only radionuclides (of those considered in this study)
assumed to desorb in estuarine regions are carbon-14, strontium-90,
caesium-13), 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 Ry, at which sediments reach the estuary is given by

Rs = v ES L Ps
eeee(ba9)
where v = sediment velocity (m 5-1)
E, = sediment thickness (m)
LI = width of river (m)
P, = density of sediments (t m"3)

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

L.L 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 radionuclides 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 molluses.,

Other pathways could be important in the context of maximum
individual doses, notably extermal doses from contaminated sediments,
the resuspension of contaminated sediments and the use of reclaimed
coastal land for agricultural purposes [5.127. These have been ignored
because their contributions to collective dose are liable to be small,
and moreover will be very dependent on local environmental conditions and
habits and 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 of a range of nuclides
at particular locations. The models take into consideration the dispersion
of the water masses, the iutercation of 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 of 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 of the fresh-water system will influence
the fraction of activity which eventually reaches the sea; this fraction
can be evaluated using the models described in the previous Sections L.2
and L.3. For direct discharges the local environmental conditions
determine the fraction of 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 concerned with two aspects: first,
the estimation of water and sediment concentrations in the vicinity
of the discharge which can be used to estimate the exposure of the
critical group, and second, the prediction of the fraction of 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 mamner indicated in Diagram 4.2 to
evaluate the collective dose for a discharge at a particular location.

Diagram 4.2 Schematic diagram showing interface between local
and regional marine models

. exchange '
discharge local marine exc;nge regional merine |jr———Jwe—
compartment compartment ———
sedimentation, sedimentation,
radioactive decay radioactive decay

In this way the results of the regional model (which are independent

of the location of discharge over relatively large areas) can be

readily combined with a number of local models each representing different
local environmental conditions. In g similar mammer the discharge from
the river/estuary model is interfaced with the regional model.

L.4.1 Logcal model

Dispersion on the local scale occurs by different mechanisms
depending on whether the discharge is made from the coast of 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 Zﬁ.11 and h.1g7, and
the results of measurements of the currents in the local zone of the
Gulf of Taranto /L.12 and L4.13/ 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 [ﬁ:3 .

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

da
T = Q-MA-A A=A

veee(ls.10)
in which A is the activity in the local compartment at time t (Bg)
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)

and A is the rate of renewal of water in the compartment (5_1)

This model assumes a one way exchange between the local compartment and
the adjacent regional compartment governed by the loss term ApA. 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 (L.19)), the rate of loss by
sedimentation Ag, is given by:

X _ Kd s

R (e
h 1+des

eeeo(ba1)

in which X, is tgg gsediment-water concentration factor (Bg 77 per
m-)

d Bq (See Table L.2).
h is the water depth in the compartment (m),

s is the rate of sedimentation (tm_2 5_1), and

3)

ss ie the suspended sediment load (tm
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The solution of equation (4.10) is:

A= & (1= e (A)

e

ceee(lian2)

where Ae = )‘+)\r+)«a

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

c(t) = A(t)
v
vese(la13)

This concentration can be used to assess the exposure of the critical
group residing in the vicinity of the discharge, subject to the
specification of dietary and other habjits together with concentration
factors between ses water and other environmental media. In general,
this exposure contributes insignificantly to the collective dose and
has been ignored in this context. The main role of the local model
in this study is to act as an interface between a discharge and the
regional marine compartments.

The rate of activity leaving the local compartment is a function
of time given by

() = AR =2 R (1 - e (-2 )

eoea(liaty)

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

The equilibrium rate of activity leaving the local compartment for a
continuous discharge is therefore

Q’.I.r(“) =2 8
Ae

eers(lia15)

To 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
Ar/Ae which is both site and nuclide dependent. The values of site
dependent parameters are given in Table L.10 and some results for
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different nuclides at two different sites, on the Gulf di Taranto and

on the eastern Irish Sea, respectively, are given in Tables L.11 and L.12.
These tables show that for most nuclides the equilibrium 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 Qjn(1 y) and
er(a) 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 Q) ,(1y) and Q (%)
can be considered equal.

L.4.2 Regional model

Figures ;.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 Gibralitar. This separation simplifies
the mathematical treatment considerably.

L4.Lh.2.1 Description of the model used

The model can conveniently be described under five headings:
water movements, sediments, marine foodstuffs, radionuclide decay chains
end 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 L4.11 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 compariments
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:

a, =¥
d.t:l. =ji1 K,ji Aj - Kij Ai - Ki Ai + Q:L
for gll i = 1,N

vee (l16)
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where A, is the activity present at time t in compartment i (Bq),

K. . is the rate of transfer from compartment i to

1 compartment j (s-1), with K, =0

Ki is the rate of loss from compartment i by
radioactive decay, sedimentation ete (s=1),

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

and N is the number of compartments in the system.

A quantity often used is the volume exchange, R lsm3 s ,
from compartment i to compartment j,

Rij = Kij Vi

ceved(la17)
V, being the volume of compartment i (k:m3)

(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 ligquid phase and
the solid phase (suspended sediments) and the removal of activity from
the water colum to bottom 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,
Kd, is defined as the ratio of amount of radionuclide per unit weight

d.r* sediment to the amount per unit volume of water (Bq g‘ per Bq cm™ -3
Bq -

per Bg m“3) Table 4.2 gives values of the sediment concentration

tor, K3, which have been adopted for the nuclides being studied

.39 and L. For a given element, it is common to obtain variations
in Kg 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
sedimert material., The fraction of the activity in the water column
which is in solution (the filtrate fraction), F,, is given by:

or
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voee(ls18)

where gg is the suspended sediment load (¢ o ).

Figure L.13 shows the possible variation in Fy as a function of
suspended sediment load &8 for ruthenium-1 06, caesium-137 and plutonium-239,
Enhanced values for the Ky factors (ie, not those given in Table L4.2)
are assumed for the purposes of an example. For radionuclides with
erall values of Kg, such as caesium-137, the fraction of activity adsorbed
on the suspended sediments is only a few percent, even in areas with high
suspended sediment loads (10-5/10~4+t m=3). However, for radionuclides
such as plutonium-239 which have high values of Kj, the value Fy; is reduced
ty a factor of 1.4 for a sediment load of 2 10"6t m'3, as has been
observed [5.-;3}7 and a factor of 5 for a sediment load of 3 10-5 t m-3.

In order to take account of higher adsorption of the finer grain
suspended sediments it may be necessary to assume enhancedvalues for the
K3's given in Table 4.2 for all radionycligdes Lﬂ.127 so that agreement
with measured values can be attained .33’. 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 values for Kg shown in Table 4.2
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
seCiments, The particle scavenging model assumes that the radicactivity
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, Ag (s~1) is given by:

Fdes - Kd s

h h z‘l +KdSS$

eeeo(la19)

where & is the sedimentation rate(t w? s-1) and

h is the mean water depth (m).

Values 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 [II 127.
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It is assumed that the adsorption of activity by bottom sediments
is irreversible and therefore no return of activity to the water phase
occurs. This is a mechanism into which further research is being carried
out /I.19/, especially the effect of remobilisation of bottom sediments
and the desorption of activity due to chemical changes occuring on
the sea bed.

(¢) Marine 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 activity.

The concentration factors are taken from two references [E.39 and
)4.)497 and the adopted values in some cases reflect a compromise between
different data. There are many acknowledged difficulties in both the
measurement of K3's and their use in time dependent models and therefore
Table 4.2 should not be used uncritically. Therecould be local and regional
variations and certain species of fish may have different Ky values from
those given in Table L.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 terms
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 catches of such
species represent a significant fraction of the total catch. The
catch data need to be corrected to allow for the edible fraction, and
this is taken to be 50% of all marine foodstuffs. This is a conser-~
vative assumption for crustacea and particularly molluscs whose
Eal;;tic edible fractions are closer to 35% and 15% respectively

.19/,

(d) Radionuclide daughter products

A radiological assessment requires the consideration of the
daughter products of radionuclides where these are significant.
For many of the fission products which have radioactive daughter
nuclides and which are of concern in discharges to the aguatic
environment, the daughter nuclides are very short-lived relative
to their parents, for example caesium-137 (t3 = 30.1y) and its
daughter product barium-13Tm, (%3 = 2.55 minJ. If the
radioactive half-life of the daughter nuclide is of the order of
a day 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 cases the two nuclides can 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:

B .
plutonium~241 == americium-2i;1

(t% 15 ¥) (t% L58 y)

and

zirconium~95 —B-> niobium-95
(t% 1.8 1071 y) (t% 9.6 102 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-2,1. 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
eqrivalent per unit intake and greater concentration factors for
americium-2L1 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 zircomium/niobium~95,
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 Figuresl.?11 and L4.12. For each set of compartments
the physical oceanographic parameters are the same but the nuclide
dependent terms such as radiocactive 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 radiocactive
decay constant. Thus daughter products are modelled in a "mirror"
system of the parent nuclide, with interaction between each system
being the radiocactive decay terms.

(e) (Collective intake by the population of the EC

The solution of the system of differential equations (L.16)
allows the calculation of activity present in each compartment, as
a function of time, for a discharge into any one_of the compartments.
The concentration 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

2 marine foodstuff, f, contaminated by the discharge of a radionuclide
is given by:

N
o0 - B W o

cevs(ba20)
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where IC(t) is the time integral of the collective intake to
time t (Bg)

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

oty

is the nuclide dependent wncentration factor for
seafood f (Bq t~1 Bq m3)

Pg is the annual catch of seafood f in region (t y-1)
Fz is the edible fraction of the seafood f

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. 1In 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 radicactive 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 sectas 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.

L.4.2.2. Results obtained with 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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vear 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 collective intake. The values of the collective intakes
by the three foodstuffs and the total collective intake have also been
integrated over various time periods following the discharge to give
integrated collective intakes,

The presentation and discussion of these results, as well as
the values of the parameters adopted are given separately for the
discharges from local compartments to the North Buropean waters and
the Mediterranean Sea respectively.

(i) Northern Buropean waters

(a) Water movements

A computer code NOCEAN has been written to solve the series
of differential equations (L.16) which represent the rates of movement
of water between the various compartments ZE.157, the source input and
loss terms due to radiocactive decay and sedimentation effects. This
code utilises some general numerical methods developed at AERE, Harwell

/L.6/.

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 schematically in Figure L4.11, which gives values for the water
volumes /.17 to h.2}7yof each of the compartments (V km3) and for the
volume flow rates between compartments (R km3 y‘1). As far as possible
these flow rates have been obtained from a review of the literature
JL17 to 4.20, L.2L to L.30/, but where data were not available estimates
have been made based on water currents, likely residence times 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 subject of considerable study 15.19,

L.31, h.3g7. However, for some sea areas the rates of exchange could
only be estimated and are therefore to be regarded as speculative. Theé
reliability of these transfer coefficients is discussed further in
reference /5.5, .

(b) Sediments

The values adopted for the suspended sediment load of_each
marine compartment are given in Table 4.13 zﬁz.25, L.34, h.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 1 107
to 6 1076 ¢ w3,

The values of sedimentation ratess /L.15, L.18, L.25, L.33,
4.36 to 4.38/ and depths h /L.18, L.19, L.21, L.22, 4.339/ for each
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marine compartment are given in Table L.13.
(¢) Marine foodstuffs

Table 4.1, 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 given by the Intermational Council for the Exploration of
the Sea h}] and the 1976 data by the Food and Agriculture Organisation
. . 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, using values of the percentage of UK fish catches in each of
these areas /L.1 27 . This will not introduce a large error as approximately
50% 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 L.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
sites having unique local characteristics but discharginginto the same
regional sea areas,

When comparison of collective intakes from different discharges
is required, the results contained in Tables L.15 and 4.16 need to be
combined with the results of the appropriate local box model for the
different sites. Hence Tables L4.15 and L;.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 model used for discharges
into North Eurcpean 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 radiocactive 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 (t3 2.2 10"2y) are a factor of at least 10
lower than those for ioding-129 (t4 1.57 10y) due to the very
short half-life of the former nuclide. However the difference is only
a factor of about 2 for cobalt-58 (}c:%a.:: .94 10~1y) compared with
cobalt-60 (t1 5.28 y), and is less a factor of 2 for caesium-13)

(t% 2.08 y) compared with caesium-137 (t3 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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tritiup and carbon-1l, for which the concentration factors are 1.0 and

5 10° Bg £=1 per Bg o3 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
vhich 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. TFor 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 4.1 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 exceptionsg
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 adjacenit 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 L.1l and L.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 nuclide and the sea area. It is interesting to note that for
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those nuclides that behave in a non~conservative mammer 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 .16 for
wmit discharge rate from a local box to the southern North Sea of
caesium-137 and plutonium=239. From Figures 4.1l and 4,16 and
Table 4.1 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 southern,
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 tor 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 emall annual
collective intakes. This is shown for technetium-99 in Figure L4.17.

(i1) Mediterranean Sea

(a) Water movements

Mediterranean type seas [E.hg 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 narrow 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) /.17 and 4.45/. 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 depth of about 300 m, the
Bosphorous 4O m and the Dardanelles 80 m /L.17/.

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 40O m. The thermocline in the west
basin is only temporary whereas it can be considered to be permanent
:iﬂn t;; eastern basin. Its mean depth has been estimated as 100 m

A7/

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 (km3 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 [E.‘I 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 Zﬂ.h17 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 Appendix 4.2,

(b) Sediments

The values adopted for the rate or sedimentation, the sispended
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.

(¢) Merine 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 /L.48/. TFor the east-Mediterranean
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 L.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 10° t 371 of fish

9.9 101‘L k7 y-1 of crustacea

L.o 100 ¢ y‘1 of molluscs
(@) Collective intakes

Table 4.19 shows total collective intakes integrated to various
times for unit discharge rate of 1 Bq s~ 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 Atlentic 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 L.13 and
L.17). This latter effect will lead to evhanced 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 ratio of total
collective intakes integrated to 50 y for plutonium-239 and caesium-137.
In the case of releases to the 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 vwestern Mediterranean, There are marked differences
between the collective intakes for discharges into the eastern and
vwestern 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 L.17 and L.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 L.18 and 4.19 show the relative contributions of
different marine foodstuffs to the 50 year integrated total collective
intake for discharges via @ local box to the upper layer of the eastern
Mediterranean and to the western Mediterranean for cobalt-60,
caesium=-137 and plutonium~-239. These two figures are very similar,
with molluscs forming the largest contribution for cobalt-60 and
plutonium~-239, whilst fish dominate in the case of caesium-137.

Figures .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 of time and the contribution of different sea
areas in the case of techmetium-99. The long half-life of this
nuclide means that intakes from seas outside the Mediterranean become
significant at long times. The contributlion from other seas is less
important for integration to 500 years (11% of the total collective
intake) but becomes dominant when integrating to infinity (76¥% 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 4.1

Radionuclides considered in the evaluation

of the radiological consequences of aguatic releases

Nuclide | Half-life (y) Nuclide Half-life (y)
E-3 1.23 10" Pe~12Tm 2,98 10”
c-14 5.70 10° Te-129m 9.21 1072
Cr-51 7.58 102 Te-132 8.90 107
M-Sl 8.5 10~ I-129 1,57 107
Fe-55 2.70 I-131 2,20 1073
Fe-59 1.23 1077 Cs-134 2.08
Co-58 1.9 1077 Cs-136 3.56 1072
Co=60 5.28 Cs-137 3.01 10
Zn-65 6.70 107" Ce=14l 7.77 107"
Sr-89 1.38 107" Bu-15} 8.50
Sr-90 2.82 10 Fu~155 4.96
¥-90 7.31 107 Np-239 6.30 1073
Y-91 1,60 107" Pu-238 8.60 10"
Zr-95 1.80 107 Pu~239 2.5 10t
Nb-95 9.58 1072 Pu-21,0 6.58 10°
Te-99 2.1 10° Pu-24;1 1.50 10"
Ru-106 1.01 Pu-21;2 3.79 10°
Ag-110m 6.87 107" Am-2141 4.58 10°
Sb-125 2.7 Cm-24;2 L.46 107"
Co-2l 1.76 10"
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Table 4.2

(1)

Concentration factors for specified radionuclides

Radio-

Marine concentration factors (2)

Freshvater concen-
tration factors (3)

nuclides

Fish Crustacea Molluscs Sediments Seaweed

Sediments Fish

H-3
c-14
Cr-51
Mn-5L
Fe-55
Fe-59
Co-58
Co-60
Zn—-65
Sr-89
Sr-90
Y-90
Y-91
2r-95
Nb-95
Te-99
Ru-106
Ag-110m
Sb=-125
Te-12Tm
Te-129m
Te-132
1-129
I-131
Cs-134
Ce-136
Cs-137
Ce-14l
Bu-15h
Bu-155
Np-239
Pu-238
Pu~-239
Pu-24,0
Pu-2441
Pu-242
Anm-2441
Cm-242
Cm=2L1,

1
5000
100
500
1000
1000
100
100
2000
]

1

10

1 1 0 1
5000 5000 100 Looo
1000 1000 10000 30000

10000 10000 10000 10000
1000 1000 10000 10000
1000 1000 10000 10000
1000 1000 10000 1000
1000 1000 10000 1000
5000 100000 10000 1000

10 10 500 10
10 10 500 10
100 500 10000 1000
100 500 10000 1000
100 1000 10000 500
100 1000 10000 500
1000 1000 10000 10000
500 2000 10000 2000
5000 50000 10000 1000
300 100 10000 100
1000 1000 10000 10000
1000 1000 10000 10000
1000 1000 10000 10000
100 100 100 1000
100 100 100 1000
30 30 500 30
30 30 500 30
30 30 500 30
1000 1000 10000 1000
1000 1000 10000 1000
1000 1000 10000 1000
100 1000 50000 1000
100 1000 50000 1000
100 1000 50000 1000
100 1000 50000 1000
100 1000 50000 1000
100 1000 50000 1000
200 2000 50000 2000
200 2000 50000 2000
200 2000 50000 2000

0 1
2000 5000
20000 100
10000 300
10000 100
10000 100
30000 300
30000 300
1000 1000
2000 30
2000 30
4,000 30
1000 30
60000 30
100 30000
200 30
14,0000 10
200 3
300 1000
30 1000

30 1000

30 1000
200 30
200 30
30000 1000
30000 1000
30000 1000
30000 30
30000 30
30000 30
30000 10
30000 10
30000 10
30000 10
30000 10
30000 10
30000 30
30000 30
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
quantity per unit weight of the material considered (fish,
crustacea, etc...) and the quantity of activity per unit
volume of filtered water, Bq torme~1 per Bq m=>, 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 concentration factors are based
on information in references /5.39/ and /L.LO/.

The freshwater concentration factors for fish are from
reference [Eu§7 . Those for sediments are from reference
.h§7 , 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 l-3
Physical characteristics of the Rhone and Loire

Water Sediment . Suspended
::;:i:n Sl;zpe velocity velocity width sediment load
° @sTy | @ety | ® (t w3)
1 0.94 1.1 9.3 1075 200 2.5 105
R -l -5
2 0.70 1.0 1.2 10 180 2.4 10
EH1 4 0.32 | 0.98 8.2 102 | 200 2.7 1072
ol 4 0.55 | 0.92 1.1 10 | 220 3.1 1075
x| 5 0.64 | 0.88 1.5 107 | 200 3.5 10~
6 0.72 0.83 1.7 10'h 200 3.7 1o‘5
Bl 0.65 | 9.79 1.6 1074 | 210 4.0 107
8 0.38 | 0.75 1.3 10% | 200 1.5 1075
9 0.18 0.70 9.2 10‘5 230 5.0 10'5
L 0.50 | 1.3 1.1 104 | 200 2.0 105
0
I 2 0.40 1.1 9.5 10> | 250 3.0 105
R 3 0.30 0.8 6.3 1o'5 280 L.0 1075
E 1y 0.10 | 0.7 3.2 102 | 310 5.0 102
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Table g—g

Quantities of water extracted from each section

of the Rhone and Loire for drinking purposes (EB )

Section number Rhone Loire
1 8.3 10 4.7 10t
2 4.8 10° 8.2 10t
3 4.8 10t 9.1 104
I 2.7 10t 1.9 10°
5 7.4 10
6 3.6 10t
7 1.1 10° (5.7 1oh)*
8 1.l 10
9 3.1 10t

*point of discharge in the middle of the section.

Table Q—E
Collective ingestion of gtrontium-90 and caesium-137

activity in drinking water and fish for each section of the Rhone
 (Bq,_for a discharge of 1 Bgq s—! for 1y)

Collective ingestion (Bq)

Section Drinking water Fish

Sr-90 Ce-137 Sr-90 Cs-137

3 11 0.4 5.0
57 9.5 0.4 2.3
9.8 0.7 2.8 6.3

AVo RN o -JNE N B« A YRR VAU~ VE I \C T
1
]
i
]
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Table L-6

Quantities of fish caught in each section

of the Rhone and Loire (%t y-h

Section Rhone Loire

! 340 68

2 57 70

3 9k 92

b 75 140

5 ol -

6 75 -

7 100 (50)* -

8 66 -

9 590 -

*discharge point in the middle of the section.
Table L4-7
Quantities of food produced by surface irrigation from the Rhone
i:;.gi:‘n Lea;ge;g:;ﬂles Roozzkz‘eg_e'%:?bles Cereals(kg y-1)
(kg y-1)

1 2.0 106 1.8 106 0
2 2.6 107 5.9 10° 0
3 5.6 107 5.8 10° 0
N 1.4 108 1., 107 0
5 2.7 108 1.4 107 0
6 3.4 107 1.1 107 0
7 2.2 108 1.0 10° 0
8 1.3 10° 6.7 105 8.0 10°
9 5.0 107 3.8 10/ 3.2 107
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Table 48

Time integral of activity concentration in

sediments and truncated collective effective

dose equivalent commitments (trucation at 50 y)

Time integral of a,ctivity( 1)

Section| concentration in1 sediment dosecgci-&fw?:]%:r?t effﬁ;::;:n t(‘l)
of (Ba y kg ') (man-Sv)

Rhone | g, Com60 cs-137 | m-s Co-60 Cs-137
1 - - - - - -
2 - - - - - -
3 - - - - - -
L - - - - - -
5 - - - - - -
[ - - - - - -
7 w1102 110 w0t | 11078 | 1.2 1078 | 3.2 1078
8 13.2103] 2.1 1072 | 4.1 102 6.9 1078 | 1.5 1076 | 6.0 1077
9 11.01073 | 1.1 102 [ 4.1 1072 | 3.1 1078 | 1.1 1076 | 8.8 1077

(1

Truncated at 50 y
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Table g—g

Classification of radionmuclides according to_their partition
between dissolved and particulate forms in seawater

Degree of Clags in
adsorption on estuarine and
marine sediments marine areas

Adsorption class

Radionuclide in rivers

Cr-51

Mn-5L

Fe-55, Fe-59
Co-58, Co-60
Zr-95 A High A1
Ru~-106 (strong
Ce-1L4 adsorption)
Eu-1 5)4 ? Bu-1 55

Np-239
Pu~238, Pu-239, Pu-2,2
Am-241

Cm-242, Cm-2lk

Cs-134,Ce-136,C8-137 Weak A2

Zn-65
Y-90 High B 1
Y-91 . B

c-14 (medium

Sr-89, Sr-90 adsorption) Weak B2

Nb-95
Tc-99
Ag-110m High c1
Sb-125
Te-127

C
(adsorption

weak or
B3 zero)

I-129

Weak or zero c2
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Table 4-10

Site dependent parameters used in the

local marine model

h v T s2 ss
(m) (1) Cald (t m™¢ y-1) (t m3)
Site 1 - -7
Gulf of 15 1.5 L 10 5.10
Tarante
Site 2 -l -6
English 15 2.25 50 10 5.10
Channel
Site 3 o -5
Eastern 20 10 10 10 1.25 10
Irish Sea
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Table g.n

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) Q‘].r(1y) Q’J.'::'( “)
(Ban>) | (2a) (Bq)
H-3 5.10 107> | 3.08 107 | 3.11 107
c-1 | 5.17 1073 | 3.09 107 | 3.15 107
Co-58 | 2.75 1073 | 1.65 107 | 1.65 107
co-60 | 4.95 1073 | 2.96 107 | 3.00 107
sr-90 | 5.13 1073 | 3.07 107 | 3.13 107
Pe-99 | 5.10 102 | 3.05 107 | 3.11 107
Ru-106 | L.38 10> | 2.63 10/ | 2.65 107
1-129 | 5.17 107> | 3.09 107 | 3.15 107
I-131 5.92 T 3.56 1o6 3.56 1o6
ce=134 | 4.79 103 | 2.87 107 | 2.91 107
cs-137 | 5.13 1073 | 3.07 107 | 3.13 107
Pu-239 | L.79 10> | 2.88 107 | 2.91 107

*For explanation of symbols see Section L.lL.1
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Table 4.12

1

Resultd’ obtained for a discharge of 1 Bg 8 for

1 year into a local marine compartment in

the eastern Irish Sea

Nuclides C(1Y) Qﬂ.r(1y> Q‘lr(m)

(Ban”) | (za) (B0)
H-3 3.0 1070 | 3.1 107 3.1 107
c-1l 3.1 107 | 3.1 107 3.1 107
co-58 | 1.8 104 | 1.8 107 1.8 10
Co-60 | 2.2 107 | 2.2 107 2.2 107
sr=90 | 3.1 1074 | 3.1 107 3.1 107
Pe=99 | 2.2 1074 | 2.2 107 2.2 107
Ru-106 | 2.1 107 | 2.1 107 2.1 10
=129 | 3.1 108 | 3.1 107 3.1 107
I-131 7.6 107> 7.6 108 7.6 108
cs=134 | 3.0 107 | 3.0 107 3.0 10/
ce-137 | 3.1 107% | 3.1 107 3.1 107
Pu-239 | 1.2 1074 | 1.2 107 1.2 107

*For explanation of symbols see Section L.L.1
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Table J_.l—13

Assumed values of parameters used to model loss by

sedimentation in Noxrth Buropean Waters

Rate of Mean Suspended
Compaxrtment gedimentation s depth, h sediment load ss

(t w2 y1) (=) (t m3)

Northern Sea North 1 107k 240 6 1076
Central North Sea 1 107k 50 6 1o'6
Southern North Sea 1 107k 20 6 10°°
Engligh Channel Easgt 1 107 Lo 1 1076
English Channel West 1 1074 60 1 1o‘6
Bristol Channel 1 107k 50 1 1078
Irish Waters 1 107k 150 1 1076
Bay of Biscay 1 107k 1700 1 1078
Irish Sea South 1 1074 60 1 1078
Irish Sea West 2 1073 Ve 3 107°
Irish Sea East 5 1073 35 3 1076
Scottish Waters 1 10t 110 1 1076
Baltic Sea 5 1073 55 1 1078
Avotic Ocean 1 107 1200 1 1077
North Bast Atlantic 1 107 3500 1 1077
Atlantic Ocean 1 10° 3500 1 1077
Othexr Oceans 5 1076 4000 1 07T
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Table g—1g

Quantities of fish caught in various regions (4 v'l)

Compartment Fish Crustacea Mollugcs
Northern North Sea 773000 3800 25000
Central North Sea 1062000 30000 24,000
Southern North Sea 133000 9000 137000
English Channel East 56000 3200 35000
English Channel West 77000 13000 37000
Bristol Chanmel 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 Looo 7000
Scottish Waters 288000 6700 6700
Baltic Sea 1,57000 3600 L1700
Arctic Ocean 290000 0 0
North East Atlantic 302000 6L0 1700
Atlantic Ocean 281000 12000 91000
Other Oceans 0 0 0
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Table g-15

s~ for 1 year from a local box into the southern North Sea™

Total integrated collected intake (Bg)
foeldde 7 ¥ 10y 50 y 100y | 500 y | Infinity
B-3* | 8.5 107" | 2.5 2.6 (2.6) | (2.6) | (2.6)
e | bk 103 | 1y dt | o1as 1ok | (1.5 10 (1.5 1) f(1.7 10%)
co-58 | 2.010% | 2.3 10 | 2.3 10%| 2.3 10° | 2.3 10 | 2.3 10°
Co-60 | 3.310% | 6.010° | 6.0 10%| 6.0 10° | 6.0 10° | 6.0 10
Sr-90 3.6 6.9 7.3 T.3 7.3 7.3
me-99 | 3.0 10° | 5.0 10° | 5.0 10%| 5.0 10? | 5.0 10% | 7.3 10°
Ru-106 | 1.8 10° | 6.6 10> | 6.6 10°| 6.6 10° | 6.6 10> | 6.6 10°
-129¢ | 3.710" | 7.3 10" | 7.6 10" | (7.6 10M)|(7.9 10") |(3.2 10°)
I-131 4.9 5.0 5.0 5.0 5.0 5.0
cs-134 | 3.5 100 | 8.210" | 8.210' | 8.2 10" | 8.2 10" | 8.2 10’
cs=137 | 3.710" | 1.2102 | 1.210%| 1.2 102 | 1.2 10 | 1.2 16°
Pu-239 | 2.910° | 3.5 10° | 3.5 10%| 3.5 10° | 3.5 10 | 3.5 10°

*For these nuclides the regional model is used only to calculate the total
Beyond this time, the global model

collective intake integrated to 50 y.

is used.

“+These data should not be interpreted as resulting from a direct discharge
That is, they must be used in conjunction with a
local box model of the type described in Section L.h.1.

from a coastal site.
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+These data should not be interpreted as resulting from a direct discharge from a coastal site.
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ion

in conjunct

must be used



- 188 -

Table g-11

Asgumed values of parameters used to model loss by
gedimentation in the Mediterranean

Rate of Suspended
Compartment sedimentation Heaxt n:i)epth sediment load
(t m< 1) (t m=3)
West Mediterranean 1 1074 1400 1 1077
Bast Mediterranean g 107> 1400 1 1077
Black Sea 1 1074 1200 1 1077
Atlantic Ocean 11070 3500 1 1077
Other Oceans 5 1078 4000 1 1077
Table L4=~18

Quantities of fish caught in regions of the Mediterranean
and other waters

Fish Crustacea Molluscs
Ootpertnent (+ 71 (t 31) (t 31
West Mediterranean 1.13 10° 2.} 10° 2.7 10t
East Mediterranean 5 3 N
(sarface watexs) 1.12 10 6.3 10 4.3 10
Eagt Mediterranean 1y 3 N
(acep vaters) 5.6 10 3.2 10 2.1 10
Black Sea 0 0 0
Atlantic Ocean 3.7 106 9.9 10)4 L.0 105
Other Oceans 0 0 0
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Table Q-12

1 3975-1 for 1 year from a local box into the eastern Mediterraneant

Total integrated collective intake
Radio- (Bq for a discharge of 1 Bq &~ ' for 1 year)
nuclides
1y 10y 5y 100y | 500y | Infinite

-3 6.9 103 | 5.7 1072 | 7.6 1072 | 7.7 1072 | 7.7 107°¢| 7.7 1072
-1, | 3.510" | 35102 6.710°[7.81F [1.1 103 | 3.3 103
Co-58 | 1.1 1.5 1.5 1.5 1.5 1.5
Co-60 | 2.5 1,710 | 1.810 1.8 10 |1.8 10" | 1.8 10
sr-90 | 2.6 1072 | 2.3 1071 | 3.5 107" |3.7 107" |3.7 107" 3.7 107"
Te-99 | 2.2 2.1 10 3.710 4.3 10 |s5.5 10" | .2 12
Ru-106 | 3.1 9.1 9.1 9.1 9.1 9.1
1-129 | 2.6 1071 | 2.5 L.7 5.l 7.3 5.6 10°
=131 | 1.7 1072 | 1.7 1072 | 1.7 1072 (1.7 1072 { 1.7 1078| 1.7 1072
ce-134 | 2.8 1071 { 1.3 1.3 1.3 1.3 1.3
cs-137 | 3.1 1071 | 2.8 L.5 4.7 4.8 1.8
Pu-239 | 1.9 1.8 10 3.2 10 |[3.6 10 |[L4.4 10" | 8.9 10

f See footnotes to Table 4-15
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Table L-20

Total integrated collective intake for a release of
1 Bg 3-1 for 1 year from a local box into the western Mediterranean t

Total integrated collective intake

Radio- (Bq for a discharge of 1 Bq s~ for 1 ¥)
ouclides | 4 o 10y 5 y 100y | 500y | Infinity
B-3 9.8 107 | 1.8 102 | 3.3 1072 3.3 1072} 3.3 1072| 3.3 1072
c-1l 5.0 1.2 10° | 3.8 10% | 4.8 10% | 8.2 10 | 3.0 10
co-58 | 1.2107 | 161077 | 1.6 107" 1.6 1071| 1.6 107| 1.6 10"
Co-60 | 2.8 107" | 4.1 5.5 5.5 5.5 5.5
sr=90 | 2.9 103 { 6.6 1072 1.6107"|1.7 10| 1.8 107" 1.8 10~
Pe-99 | 2.2 107! | 5.9 1.9 10" | 2.4 10" | 3.7 10" | 4.0 102
Ru-106 | 3.2 1077 | 1.4 1.4 1.4 1.4 1.4
1-129 | 3.01072 [ 7.5107 | 2.5 3.1 5.0 5.6 10°
-131 | 1.7103 | 1.71073 | 1.7 103 1.7 1073 1.7 1073] 1.7 1073
ce=134 | 4.1 1072 [ 3.0 1077 | 3.1 1071] 3.1 1071 3.1 1077 3.1 10!
cs-137 | 4.5 1072 | 9.4 107" | 2.3 2.5 2.5 2.5
Pu-239 | 2.0 10”7 | 5.1 1.6 10" 2.0 107 [ 2.8 107 | 7.1 10"

{ see footnotes to Table L-15
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Figure 4-1 Sections of Rhone and point of discharge
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Estuary

Water activity

Sediment activity

l

Local marine
zone

Water activity

Sediment activity

Figure 4 - 6. Diagram of transfers

between river and
estuary
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1
B For a release of
1 Bq & for 1y
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Appendix U.1

Mathematical expression for sediment concentrations in rivers

This appendix describes the model used to calculate the transport of
gsediment contamination.

In order to simplify the mathematical expressions it has been assumed
that the river flow has a congtant 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 Ali.1.1 shows a situation schematically.

The following terms may be defined

aAt = activity corresponding to a single release of short duration (Bg)
t = time elapsed since the release (s)
T = time of observation (s)

T, = the time taken for the sediments to travel the distance X

between the point of release O and the point of observation C (s)

The water velocity is considerably higher than the bed sediment velocity, it
can be assumed however that the activity in water produces contamination on
sediments ingtantaneous 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 radiocactive decay, to the
contamination at t = O at a point B situated at a distance vT upstream of

C, which is @ distance X = x - vI from the point of emission. Thus

=AT
As (C) =48 (B) e ceees (Al1)

ceees  (AL.2)

The calculation of sediment activity at B and t = o is carried out in the
following way.

s (x, T) = 8 (X, o) e M

For a given radionuclide the activity of water, Q, in the river water at
point B is
Q (%, o):aAte_kX (44.3)

whereas the activity lost from the water between X and X +A X is

kX

AQ (X, o) = -k aAt ¢ "AX = k Q(X, o)AX

ceees (ALLL)

this decrease in activity is due to decay and sediment deposition. The
decrease due to sediment deposition is

AQ' (X, o) = k' @ (X, o)aX veeee (8L.5)

this quantity being equal to the quantity deposited onAX, thus

As' (X, o) = k' Q (X, o) AX (A4.6)

Thus for unit length,

as (X, 0) =As' = k' Q (X, 0) = k' aAt e~
aX

eeves (ALT)
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where
-kX =AT
As (x, T) = k' alt e e
’ veees (AL.8)
A series is now considered of n emissions of short duration at times ty ..
ti..... t, spread out between times t = 0 and t = T. Each emission will
contribute to the sediment activity at point C at time T, giving,

_ign =N (T - ;)
s (x, 7) = i§1A° (X, ;) @ veens (44.9)

with

X(¢)=x-v(T-4) veees (AL.10)

For a continuous emission of duration t greater than T

8 (x, ) =fT as (%, t) o MT - %)
° ceees (A1)

therefore after equation A1.7.
. (x, ) =f Lt o K (B) ~A(T-0) 4
o

with X(#)=x-v (T -t) ceses (Ah,12)

This means that: T ( )
A= kv)t
6 (x, 1) =k a ek (x - vt) e-m-/o‘ e at

and therefore eeese (AL4,13)
8 (x, T) = _k'a S (x - v1) oM - e()\- kV‘)'f7.
kv -\
giving finally ceees (Al1Y)

e (x, M) =k qx) FE-MNT_47
kv - A s0cer (Aho15)

So far situations have been considered where time T is less than Ty,
that is the time of observation is less then the time taken for the
sediments to travel the distance x. In the case where T is greater than 'I'1
the sediment concentration at point C cannot be calculated in the above
manner at T, = 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 'I‘-T1 and

s(x, T) = fT k' a e—kx(t) e AT - %) at
% eeee (AL.16)

which gives

e n ) -ra@ Ny
v coeee (A417)
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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 X0 given by the expression.

x. = 1ln (kv/A
n k -A/v eeee. (AL.18)

The model can be adapted to consider the more complex case where the
river ig divided into several sections and the velocity of water and
sediment is constant.

’V1 l V2 I v
' ] 1 i
¢ k1,k 1,w1 |I k2,k 2,w2 ,I k3,k 3,w3 i
'. 1 ; |
10 :1 t2 '
i T T T |

1 | 2 ! 3

In the case where there are 3 sections the formulation is as follows:

Water: C =1 /a oK1 Xy (X% - %) 3 (x - X2)7
water 7 !

ceeee (AL.19)

where V ig the water flow at point x.

In the case of daughter product ingrowth we have

A (e—k1 X1 k2 (X - x) e—k3 (x - %)
T

Cwater = %

veess (AL.20)

_e7Ep1 Xy gkpe (X - Xp) g (x - Xp)y
eesss (A4.20)

where AN = decay constant of parent nuclide
Ap = decay constant of daughter nuclide
ky = Schaeffer parameter for the daugher product
The sediment concentration at T < T3 is given by
kK'a Q (x) (kyv, -A)T
S(X.T)=3 e 3 3 - 1]
k3 v3 = 2 veeen (A4.271)
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for
T3<T<T2+T3

k', Q (X,) - AT (k, v, - 2) (T-T
s (x, T)=-—2——2—e 3[e 272 3)—1]

kzvz-).

k', Q (x) (k, v, = A) T

+—3 T 373 3.1

ko, Vo = A

373 ceees (814.22)
for ',I,‘2 +T3<T<T1+T2+T3

k' QX)) _A(T,+T) (k,v,-2) (T-T, ~T,)
e (x, T) m 1N, 27703 T 2”73 _

klvl—).

+ [e ~- 1]

kzvz-k

k', Q (x)
+_3_[e

k3v3-A

(k, v, = A) T
3 '3 3_‘:|

vesss (A4.23)

ke &) RN k) vy =D T

klvl—l

s (x, T) = 3) [e ! - 1]

k', Q (X,) _ AT (k, v, - 2) T
o2 2 -3, 22 2_

kzvz-A

k', Q (x) (k, v, = A T
+__3_____ [e 373 3 _ 1
k - A
373 cevee (Ah.2L)
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In the parallel case for daughter products for T > T1 + T2 + T3

s (x, T)

(k, v, -2A)T
») k. X. -A(T,+T,) 1 V1
a Dir o ! Ve 27737 )

-k ) © & N )
ki~
—kl X, -k2 (x2 xl) -AT3 e(kZ V2 N T2 i
+ k'2 e e ( )
k2 o A
- - k., v, - Ar)T
kpy X Tkpy (xpmx) ATy D272 DT 2,
- k', e e e (
2 v, = A
kpa V2 = My
.ok x, ok, (x,-x) k, (x-x) _ K3 V3T M T3
LB | 272 1 3 2 1
+k 3 e e e ( )
k3 v3 -2

( v, =) T
T Ry Oty TRy Xy 23 V37 ) T3

1

-k'. e (
3
k3 V3 - 4

veoes (A4.25)

These expressions can be .easily adapted for the general case where the
river is divided into n sections and V;, w; and k; are constants.

1

)]
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Figure Ah.1.1 Diagram of the river bed
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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 -L.2.17

The water volumes must be congerved: 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 compertments of the Mediterranean (Figure AL.2.1)

kpVy + kg Vg + kg Vo +pg + £, = (kyp + kg + SEUM T f.? (AL.26)
eeeen (8ha27)

k13v1 = k31v3 = O sseee (A}-|>028)

where kij is the fraction of the volume of compartment i passing to
compartment j per unit time.

kyoVy + 1k oV) + Py + £, - (k21 + kzh) V,-e, =0

Vi ig the volume of compartment i

§q» €, are the annual losses by evaporation in compartments 1 and 2
Py» P, are the annual precipitation into compartments 1 and 2

f1 , f2 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 s k13 and k31 .

The two supplementary equations can be found in uging the results of
measurements of Strontium-90 in the Mediterranean basin ZK—&.Z.Q/. Although
atmospheric fallout from nuclear explosions has only existed for about 30
years it is assumed that equilibrium has been established in the
Mediterranean: ie, that the concentration is comstant in time in each
compartment,

It is necessary to formulate this hypothesis because there is
only one value for the concentration in each cawpartment, that measured in

1973.

The following 3 equations describe the balance of exchanges between
the compartments, the inputs and losses of activity:

k2102V2+k3103V3+k5105V5+P1+F1 - (K1+)\+k1 3+k1 5)c1v1 =0 s (41.29)
k,,C 1v1+kh20hvh+82+P2+F2 - (K2+)\+k21 +k2h)02V2 =0 (44.30)

k, 301v1 - (K3+>\+k31) 03v3 =0

eeees (81,31)



- 220 -

where Ci is the concentration in compartment i Bq m -3
M\ is the radioactive decay constant at Strontium-90 (y )
Ki is the rate of loss by sedimentation in compartment i (y‘1)
S4, So are the annual inputs of Strontium-90 by dry deposition into
compartments 1 and 2 respectively (Bq y'1)
Pq, P> are the annual inputs of Strontiu-90 by rainfall into compartments
1 and 2 respectively (Bq y~
P41, P2 are the annual inputs of Strontium—90 by rivers into compartments
1 and 2 respectively (Bq y~!)

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 kqo, ko1,

k93 and k3q, 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 Strontium-90 into
tﬁe Mediterranean., These data are shown in Table AL.2.1 and Figure
Ah,2.1,

The dry deposition of Strontium-90 is evaluated from the measurements
of air concentration at ISPRA in 1973 and 1974 [_K—h.2.27 : a mean of
10-3 pCi m3 being a dry deposition of 0.15 m Ci h~1. “The value used for
Strontium-90 concentrations in rainfall is the meanof measurementsteken at ISPRA
and gt CASACCIA during 1973-7L, being L08 pCi w3, The value used for
the concentration in river water is that measured in 1972 in drinking
water from the Paris region from a treatment works which takes water
from the Seine /A-4.2.3/: 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
wiform 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 AL.2,2 and Figure AL.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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Teble AL.2.1

Data Used

Input by precipitation
Input by rivers
Logs by evaporation

Concentration in:
- rainfall

- river water

3.16 104 m3 g~
7.30 10° w3 &
1.5 10° o3 &~

408 pCi m> (mean ISPRA.CASACCIA
1972-1973 /B-L.2.27)

220 pCi m™> (Seine 1972 [E-L.2.37)

- air 1073 pei ™3 (zsPRA - 1973, 197L
[A-4.2.17).

Rate of sedimentation of Strontium-90:

- western Mediterranean L 10-5 y_1

- eastern Mediterranean 2 107 y-1
Surface:

of western Mediterranean 8.5 105 km'

of eastern Mediterranean 1.7 106 km
Concentration of Strontium-90:

Black Sea 530 pCi m 3

Upper layer of eastern Mediterranean 140 pCi m-3

Lower layer of eastern Mediterranean 1l pCi o>

Western Mediterranean 81 pCi m 3

Atlantic 68 pCi m 3
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Tgble AlL.2.2 Values used in the regional model for the Mediterranean

v, 1.2 10'%n3
v, 1.7 1043
v 2.2 10'%p3
. m
2 1 3
\T,4 5.0 10 "m
v 17_3
p 3.2 10 m
v 1.0 10183
6 . m
k,, 3.5 1o'2y'1
-2 -1
K, 1.0 10~%
N 10731
Ky 2.4 10'1y‘1
-3 -1
ky, 1.1 10_3y-_1
k 5.7 1075y
31 _)4 -1
k 7.9 1074y
L|.2 _)4 -1
k 1.8 1074y
51 e

_3_
kge 1.0 1070y
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CHAPTER

GLOBAL CIRCULATION OF RADIONUCLIDES

5.1 Introduction

Some radionuclides, owing to the magnitude of their radiocactive 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-1l.

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-1L are essentially those given by Kelly et
al /5.1/. 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 /5.17
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-85

The compartment model for krypton-85 is shown in Figure 5.1 and is a
simplified version of that used by Kelly et al /5.1/. 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 10 km and a mass of 1.9 1021g, 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 /5.1/ 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
troposphere 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 /5.17. 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 1022g. 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 aguatic environment) is assumed to be mixed
instantaneously through the circulating waters of the northern hemisphere
and subsequently to follow the general patierns of water movement. The
intake of iodine~129 by man is determined assuming the specific activity of
iodine teken 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 pg per g water 5_1_7

5.2.4 Carbon-il

The model used for carbon-14 is shown in Figure 5.3 and is slightly
modified compared to that adopted by Kelly et al 5.17. The modification,
as for krypton-85, comprises a less 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-1l
discharged to the atmospheric or aquatic environment is assumed to be
uniformly 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-1l4 by men 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 10'Tg from the work of Ekdahl and Keeling / 5.2_/.

- 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 g~1 for 1 year.
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Congideration 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™' 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-1l,
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-1lL by the population by ingestion
is obtained as

TIC(t) My PEC (Ba)
verieeeesa(5.1)

where TIC(t) is the time integral to t, of the concentration of
carbon-1l; per unit mass of carbon (Bq y kg™ ')

in is the average annual individual intake of carbon by
€ ingestion, (¥g y~1)

PEC is the population of the Community taken as 2.55 108

and similarly the collective intake of carbon-1l, by the EC population by
inhalation isg

TIC(t) M, , PEC (Bq)
veresene.a(5.2)
where M, is the average annual individual intake of carbon by
inh | .
inhalgtion

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
teken 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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7IC(%) DK PEC (man Sv)
cversenses(5.3)

where TIC(t) ie the time integral to t, of the concentration of
krypton-85 per unit mass of air (Bq y ke~1)

IK is the effective dose equivalent commitment per
unit time integral of the concentrati?n of krypton-85
per unit mass of air (Sv per Bq y k&™)

The effective dose equivalent commitment per unit time integral of the
concentration of krypton-85 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-1l when discharged to the aquatic environment,
should be regarded with caution. In reality there will be a significant
time delay 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 integral of concentration (and thus dose commitment) is in general
determined by the concentrations over much greater time periods.

5.4 Interface between the regional marine and global models

In addition to the global models descitibed above, the regional marine
models teke some account of the global circulation of activity in seawater,
80 it is necessary to consider the interface between the two.

The global models for iodine-129, carbon-1l 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 Europesn
Communities, as calculated by each model., It was assumed that the iodine-129
wasg discharged into the Southern North Sea, though that does not affect the
general conclusions Yo be drawn. PFigure 5.6 shows that the regional marine
model significantly und.erestimatﬁs the time-integral of activity ingested
by the population after about 10" years, and would thus underestimate the
collective dose commitment. Similar considerations can be shown to apply
to carbon-1l, 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 interface the regional marine and
global models for iodine-129, carbon-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-1l 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(®) | 4.3 102(®)
Carbon 9.3 10" 1.2(8)
Todine 7 10'5 0.3-13 1o'6

Notes

(a)

(v)

Calculated from average levels of carbon in air and an average
adult imhalation rate of 22m3 per day /5.3/

A total water intake rate by all routes of 3000 g per for man
and 2100 g per day for women is given in Reference Man .}7.

The respective intakes by inhalation and ingestion have been
evaluated assuming an annual average of 8.1g H.0 per m” air and a
mean adult inhalation rate of 22 m3 per day. fThe intake by
inhglation 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 (B,y)
per unit time integral of air concentration of krypton-85

or Dose equivalent commitment per unit time integral
gan of air concentration of krypton-85 (Sv per Bq y keg~1)
Effective 4.03 1077
Gonads 3.19 1077
Thyroid 3.53 1077
skin{!) 5.2 107/
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
B radiation.
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Pigure 5.6 The predicted transfer of iodine-129 to the EC
population using the regional marine and global models
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CEAPTER 6

DCSIMETRIC MODELS

The models used to evaluate the external irradiation of man from
the discharge of radionuclides to the atmespleric and to the aguatic
environment have been described in Chapters 3 and L respectively. In
those Chapters the estimation of exposure by internal irradiation was tzken
only as far as the quantity of activity inhaled or ingested. The irradiation
of the body end its various organs from incorporated radionuclides can be
evaluated as the product of these intakes and the doses per unit intalke
for each intake route., The models adopted to determine the dose equivalents
per unit intake by inhalation or ingestion of the nuciides of concern are
briefly described below, The procedures and data adopted are those described
by Adams et al [3;17 which may be consulted for further detail,

6.1 Estimation of dose eguivalent in the bodv from unit intskes of
radionuclides by ingestion or inhalation

6.1.1 Introduction

As radiocactive material progresses through 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 organs are referred to as target organs and those in which trans-
formations occur are referred to as source organs.

There are four main steps necessary to estimate the dose equivalents
delivered in any organ from a given nuclide in a given period of time,

(i) 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 radiocactive daughters formed following
intake of the parent nuclide.

(ii) The preparation of matrices (one for =ach 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; gquality factors
of 1 and 20 are used for low (B,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 any daughter radionuclides.

Approximately 30 organs are considered as source and/or target
organs, In addition to the estimation of dose equivalents in orgens the
effective dose equivalent is also calculated zccording to the procedure
described in ICRP 26 /6.2/ 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 ICHP Task Group on Lung Dynamics E.}7
and the GI tract by the model of Eve 537 « 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 ¥
vhich have clearance times of the order of days, weeks and years,
respectively. For ingested material the fraction of each element
reaching body fluids ie 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 evaluated
from the distribution of each nuclide among the various organs and
their retention. Non-penetrating radiations (a,B) emitted in the trans-
formations are assumed to be absorbed in the source organ, apart from
those tmmnsformations in bone. For bone two radiosensitivé tissues,
red bone marrow and endosteal cells, are considered, 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 throughout
the bone volume or preferentially deposited on endosteal surfaces,

For penetrating radiation (v) only a fraction of the energy
enitted by transformation in the source organ is deposited in that
organ and further fractions are deposited in other organs. Reference
should be made to Adams et al EJ for the procedures adopted to
determine the energy deposited in source and target organs for
tranaformations in the various source organs 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 equivalents 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 gf each muclide 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, "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. BUR 6157 (1979) (Pergamon, 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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doses are those given by Adams et al 13.17 and the dose equivalents in
individual organs ZE. are those evaluated by the same authors in the
derivation of the effective dose equivaleat, Commnitted dose equivalents
are given in Table 6.3 for ingestion and in Table 6.l for inhalation of
the nuclides in various chemical forms or irhalation class respectively.
For intake by ingestion gut transfer fractions are assumed for the
chenical forms in which the isotopes have been assumed in the environment
and are indicated in Table 6.3. The comnitted dose equivalents from unit
intake by inhalation are given for various inhalation classes; the chemical
forms of the nuclides associated with the respective inhalation classes
are sumnarised in Table 6.5.
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Table 6.2

Tabl

Retention parameters

Element A, T, () A, Ty (v)
. Bone 1.0 2.7
Chromium  p ot 0.62 |1.6 1072 ] 0.38 | 2.2 107!
Bone 1.0 1.1 1o'; ]
Manganese Liver 0.4 1.1 10'2 0.6 1.1 10:1
Rest 0.5 |1.110°% |o.5 | 1.1 10
Iron 1.0 5- 5
Gobalt 0.6 }1.6 1072 |o.2 | 1.6 10"
Bone 1.0 1.1
Zinc Rest 0.3 |5.510°2 0.7 [ 1.1
Rubidium 1.0 ]1.1 1077
Trab.bone |0.43 | 1.4 102 | 0.06 | 4.7 107!
Strontium Cort.bone [0.36 | 1.4 10=2 {o0.04 | L.k 10~
Rest 0.80 | 4.9 10°3 | 0.15 | 8.2 10-2
Yttrium 1.0 ot
. . Bone 1,0 {2.2 101
Zirconium Lo ¢ 1.0 1.9 10-
Niobium 0.5 |1.6 1072 | 0.5 | 5.5 10~1
Molybednum 0.1 |2.7 103 J0.9 | 1.4 101
Technetium 0.76 |L.4 10°3 | 0.20 | 1.0 102
Ruthenium o.41 | 2.2 1072 }0.35 | 9.6 10-2
Silver 0.1 [9.6 103 0.9 | 1.4 10-1
Antimony 1.0 | 5.5 1072
Bone 1.0 |1.4 101
Tellurium  pogt 1.0 |s.5 10-2
Thyroid 0.25 3.3 10"} | 0.75 | 4.9 107!
Todine Rest 10.17 3.3 102 | 0.17 | 4.7 10~?
Caesium 0.1 5.5 10-3 ] 0.9 | 3.0 101
Trab,bone |0.83 | 5.5 10°> | 0.1 | 9.6 10°3
Barium Cort.bone |0.83 |5.5 10-5 | 0.1 | 9.6 10-3
Rest 0.73 | 2.2 1073 } 0.13 | 4.9 10~2
Lanthanum
Cerium 1.0 9.6
Neptunium
Plutonium Bone 1.0 1 102
Americium Liver 1.0 |4 10!
Curium Gonads 1.0 ®

Notes The fraction of an element retained in an organ to.time, t,

is given by § Ay

exp-/0.693t/147
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Table 6.2 cont.

Element T3 (y)
. Bone
Chromium Rest
Bone
Manganese Liver
Rest
Iron
Cobalt 2.2
Zinc Bone
Rest
Rubidium
Trab.bone 2.5
Strontium Cort.bone 3.0
Rest 5.5 10-1
Yttrium
Zirconium Bone
Rest
Niobium
Molybdenum
Technetium 6.0 10-2
Ruthenium 2.7
Silver
Antimony
. Bone
Tellurium Rest
. Thyroid
Todine Rest
Caesium
Trab.bone | O 1.1
Barium Cort.bone 0 2.7
Rest 0 3.6 1071
Lanthanum
Cerium
Neptunium
Plutonium Bone
Americium Liver
Curium Gonads
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Table 6.3

Committed Dose Equivalents per unit
intake by ingestion (Sv per Bq)

Committed Dose Equivalent Sv per Bg

Nuclide Form f1(°) Effective | Gonad | Thyreid | Skin
H-3 ng 1.0B+00 | 1.7E-11 1.78-11 | 1.78-11 | 1.7B~-11
c-14 Foodld) | 1.0E+00 | 1.1E-09 | 1.1E-09 | 1.1E-09 | 1.1E.09

Cr-51 Trivalent | 1,0E-02 | L.OE-11 | 2.4E-11 | 4.0B-13 | 1.6B-12

Cr-51 Hexavalent | 1,0B-C1 | L4.0E-11 | 2.5B-11 | 3.5E-12 | 3.9E-12

Mn-5) A1l 1,08-01 | 7.2E-10 | 5.5B-10 | 1.1E-10 | 1.6E-10

Fe-55 A1 1,0E-01 1,6E-10 | 9.9B-11 | 9.9B-11 | 9.9E-11

Fe-59 A11 1,08-01 | 1.88-09 | 1.2B-09 | 5.9E~10 | 5.1E-10

Co-58 2 5,08-02 | 7.78-10 | 5.8E-10 | 6.LB-11 | 8.5B-11

Co-58 b 3.08-01 | 9.48-10 | 7.5E-10 | 3.7B-1C | 2.8E-10

Co-60 2 5,08-02 | 2.7E-09 | 2.1B-09 { 7.7E-10 | 6.9B-10

Co-60 b 3,08-01 | 7.1E-09 | 6.38-09 | 4.6E-09 | 3.5B-09

Zn-65 All 5.0E-01 | 3.9B-09 | 3.3B-09 | 3.1E-09 | 2.3E-09

Rb-86 A11 1,0E+00 | 2.5B-09 | 2.1E-09 | 2.1E-09 | 2.0E-09

Sr-89 Titanate 1,08-02 | 2.2EB-09 | 8.2E-12 | 8.1E-12 | 8.2E-12

Sr-89 A11 others | 3.0B-01 | 2.1E-09 { 2.4E~-10 | 2.4E-10 | 2.4E-10

Sr-90 Titanate 1.0B-02 | 3.0E-09 | L.4E-11 | L. LE-11 | L.LE-11

Sr-90 411 others | 3.0B-01 | 3.3E-08 | 1.38-09 | 1.3E-09 | 1.3E-09

Y-90 A1l 1.0B-04 | 2.7E-09 | 1.3E-1k4 | 1.3E-14 | 1.3B-1L

Y-91 A1l 1,0E-04 | 2.5B-09 | 1.6E-12 | 1.3B-13 | 2.L4BE-13

Zr-95 A11 2.0E-03 | 9.6B-10 | L.8E-10 | 7.9B-12 | L.2E-11

Nb-95 A1l 1.0B-02 | 5.9B-10 | L.2B-10 | 1.0B-11 | L.LE-11

Mo-99 Sulphide S.0B-02 | 1,28-09 | 1.3B-10 | 1,0B-11 | 1.8E-11

Mo=-99 411 others | 8.0E-01 8.58-10 | 2.1E-10 | 1.7B-10 | 1.7E-10

Te-99 A1l 8,0B-01 | 2.5B-10 | 6.6B-11 | L.6E-09 | 6.6E-11

Ru-103 A11 5.0B-02 | 7.3E-10 | 3.5E-10 | 6.2B-11 | 6.9E-11

Ru-106 A11 5.0B-02 | 5.8B-09 | 1.68-09 | 1.LE-09 | 1.LB-09

Ag-110M A1l S.0B-02 | 2.9E-09 | 1.7B-09 | 1.9E-10 | 3.8E-10

Sb-125 A1 2,0E-01 | 8.18-10 | 4.1E-10 | 1.7E-10 | 1.6B~10

Pe-127M A1l 2.0E-01 | 2.48-09 | 1.0B-10 | 9.9B-11 | 9.8BE-11

Te-129M A11 2,0B-01 | 2.68-09 | 1.9E-10 | 1.6E-10 | 1.5E-10

Te-131M A11 2,0E-01 | 3.58-09 | 3.0BE-10 | 7.2E-08 | 7.1E-11

Te-132 A1l 2,0E-01 1,0E-09 | 2.58-10 | 2,0E-08 | 1.7B-10
1-129 A1l 1,0E+00 | 9.9E-08 | 1.3E-10 { 3.3E-06 | 2.LE-10
I-131 A1l 1.0E+00 1.4E-08 3.4E-11 | 4.5BE-07 | 7.6B=-11
1-132 A1l 1,08+00 | 1.LE-10 | 2.38-11 | 3.4E-09 | 1.8E-11
1-133 A1 1,084+00 | 2.58-09 | 3.6E-11 | 8.38E-08 | 3.7E-11
1-134 A1l 1,0E4+00 | 5.1B-11 | 1.0B-11 | 5.88-10 | 8.1E-12
1-135 A1 1,08+00 | s5.58-10 | 3.6B-11 | 1.88-08 | 3.0E-11

Cs-13} 11 1.0B+00 | 2.0E-08 | 1,98-08 | 1.88-08 | 1.3E-08

Cs-136 A11 1.0B+00 | 3.1E-09 | 2.8E-09 | 2.9E-09 | 2.0E-09

Cs-137 A11 1.08+00 | 1..E-08 | 1.48-08 | 1.3E-08 | 1.0E-08

Ce-1L1 A1 3,004 | 7.0E-10 | 9.1E-12 | 1.5E-13 | 3.1BE-12

Ce-1Ll A1 3,08-04 | 5.38-09 | L.1E-11 | 5.1B~12 | 7.3E-12

CONT.
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Table 6.3 cont,

Nuclide Form f1(°) Effective Gonad Thyroid Skin

Pm-147 All 1.0E-04 2,6E-10 L.4B-16 | L.LE-16 | L.LE-16
Bu-154 All 1.0E-0L 1.9E-09 6.58-10 | 9.7E-12 | 7.0B-11"
Eu-155 All 1.0E-0L4 3.0E-10 5.0E-11 1.38-13 | 2.4E-12
Pu-238 0, OH 1.0E-05 1.5E-08 2,3B-09 | 7.9B-14 | 7.9B-14
Pu-238 All others | 1.0B-0L 1.0E-07 2,38-08 | 7.9B-13 | 7.9E-13
Pu-239 0, OE 1.0E-05 1.6E-08 2.6E-09 | 7.5B-14 | 7.58B-14
Pu-239 All others | 1.0E-OL 1.2E-07 2,6E-08 | 7.5B-13 | 7.5E-13
Pu-2,0 0, OH 1.0E-05 1.6E-08 2,6E-09 | 7.5B-14 | 7.5B-14
Pu-21,0 All others | 1.0E-OL 1.2E-07 2,6E-08 | 7.5BE-13 | 7.5E-13
Pu-2/}1 0, CH 1.0BE-05 2.6E-10 5.TE-11 5.88-18 | 5.8E-18
Pu-2041 All others { 1.0E-OL 2.4B-09 5.7E-10 | 5.8B-17 | 5.8E-17
Pu-2,,2 0, OH 1.0E-05 1.5E-08 2,5B-09 | 7.1E-14 | 7.1B-14
Pu-242 All others | 1.0E-OL 1.1E-07 2,58~-08 | 7.18-13 | 7.1B-13
Np-239 All 1,0E-02 *.0E-09 8.0B-11 5.6E-13 | 5.2B-12
Am=-20,1 All 5.0E-04 6.0E-07 1.4B-07 | L.OE-12 | L.OE-12
Cm~-242 All S.0E-0L 1.8E-08 2,6B-09 | L.LBE-12 | L.LB-12
Cm-24), A1l 5.0E-0L 2.9E-07 6.6E-08 | L.2B-12 | L4.2B-12

(a) Applies to oxides, hydroxides and all other inorganic
chromium compounds ingested in tracer quantities.

(v) Applies to organic complexes and all other inorganic
compounds of chromium, except oxides and hydroxides,
in the presence of carrier material.

(¢) £1 is the gut transfer fraction for the nmuclide in the
chemical form specified.

(d) The form of ingested carbon is assumed typical of that in
diet,
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Table 6.l

Committed Dose Bquivalents per unit intake by inhalation (Sv per Bq)

Committed Dose Equivalent Sv per Bq

Fuclide Inhalatign f 1 (v) BEffective Gonad Thyroid Skin
Class\2
H-3 - g - 9.88-16 | 6,0E-17 | 6,0E-17 | 6.0B-17
H-3 - - 1,7E-11 1. 7B-11 | 1.7E-11 | 1.7B-11
c-14 - g - 1.18-12 | 1,1B-12 [1.1B-12 | 1,1B-12
c-14 - - 8.98-15 | 2,4B-15 {2.4E-15 {2.4B-15
c-14 -\& - 9.68-12 |1.88-12 |8.6B-12 | 1.2B-12
Cr-51 Y 1,0B-01 7.2E-11 1,38-11 | 9.8E-12 | 7.68-12
Cr-51 D 1,0E-01 3.0E-11 2.28-11 | 1.7E-11 | 1.3E-11
Mn-S) W 1.0E-01 1.78-09 | 4.78-10 | 7.38-10 | L.9E-10
Mn-5} D 1,0E-01 1.48-09 |7.58-10 |5.6B-10 | 6.2B-10
Fe-55 W 1,0E-01 3.26-10 | 1.7E-10 | 1.7E-10 | 1.7E-10
Fe-55 D 1,0B-01 6.78-10 | 4.8B-10 | 4.8E-10 | 4.8E-10
Fe-59 W 1,0E-01 2.8E-09 1.28-09 | 1.1E-09 | 8,5E-10
Fe-59 D 1,0E-01 ho1E-09 | 3.38-09 | 2.9E-09 | 2,2E-09
Co-58 Y 5.6E-02 1.98-09 | 3.0E-10 | 9.1B-10 | L.9E-10
Co-58 v 5.0E-02 1.28-09 | 4.2E-10 | 5.7B-10 | 3.3B-10
Co-60 Y 5.0B-02 | L.9E-08 | 3.3E-09 | 1.6E-08 | 1,0E-08
Co-60 W 5.0E-02 | 8,0E~-09 | 3.3E~09 | 3.7E~09 | 2.6E-09
Zn-65 Y 5,0E-01 L.8B-09 1,98-09 | 3.1E-09 | 1.9E-09
Zn-65 W 5.0E-01 3.,E-09 | 2.3E-09 | 2.6E-09 | 1,8E-09
7n-65 D 5,0E-01 L4.2B-09 | 3.5B-09 | 3.5B~-09 | 2.5E-09
Rb-86 D 1.0E+00 1.7E-09 1.38-09 | 1.38-09 | 1.3E~09
Rb-88 D 1,0B4+00 | 2.1B-11 1,38-12 | 1.38-12 | 1.4B-12
Rb-89 D 1.0B+00 | 9.7E-12 1.48-12 | 1.98-12 | 1.58E-12
Sr-89 Y 1.08-02 | 9.5B-02 | 8,1E-12 | 8,2B-12 | 8,1E-12
Sr-89 D 3,0E-01 1.58-09 | L4.2B-10 | L4.2B~10 | L,2B-10
Sr-90 Y 1,0B-02 | 3.LE-07 2,810 | 2.4EB-10 | 2.4E-10
Sr-90 D 3,0E-01 5.7E-08 | 2,38-09 | 2.3E-09 | 2,3E-09
Y-90 Y 1.0B-04 | 2.2E-09 5.2B-13 | 5.2B-13 | 5.28-13
Y-90 W 1,0B-0L4 | 2.0E-09 | 9.58-12 | 9.5E-12 | 9,5E-12
Y-91 Y 1,08-04 | 1.2B-08 | 7.1B-12 | 8.3E-12 | 7.3E-12
Y-91 W 1,0E-0L4 | 7.9E-09 1.18-10 | 1.1E-10 | 1.1E-10
Zr-95 Y 2.0B-03 | L.9E-09 | 3.4B-10 | 1.2B-09 | 6.3E-10
7r-95 W 2.0E~03 | 3.6E-09 |5.88-10 | 7.6E-10 | 5.88-10
7r-95 D 2.0B-03 | 5.38-09 1,58-09 | 1.48-09 | 1.5E-09
Nb-95 Y 1,0E-02 1,28-09 | 2.LE-10 | 3.7B-10 | 2,1E~10
Nb-95 W 1,0B=-02 | 8.8E~10 | 3.58-10 | 3.1E~10 | 2.1E-10
Mo-99 Y 5,0E-02 1.08-09 | 5.9B-11 | 1.6E-11 | 1.4E-11
Mo-99 D 8.0E-01 5.58-10 | 1.38-10 | 1.2B-10 | 1.2B-10
Te-99 W 8.0E-01 2.0B-09 | 4. 4E-11 | 3.0E-09 | L.LB-11
Te-99 D 8,0E-01 1.78-10 | 5.0B-11 | 3.58-09 | 5.0B-11
Te-99M W 8.0E-01 2,0B-12 | 4.5E-13 | 2.48-12 | 3.LE-13
Te~99M D 8,0E-01 3.4E-12 1,1B-12 | 6.3E-12 | 6.,3E-13
Rh-103M Y 5.0E-02 | 1.1E-12 | 2,0E-15 | 1.98-15 | 1.98-15
Rh-103M W 5.08-02 | 1.0E-12 | 2.4B-1, | 2.4B-1L | 2.4B-1h
Rh-103M D 5.0E-02 1.28-12 | 8.E-1L | 8.3E-13 | 8,2E~12
Ru-103 Y 5.0B-02 | 2.0E-09 1,98-10 | 2.7B-10 | 1.7B-10

CONT.
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Table 6.4 cont.

Nuclide Ihhalat%og £ (v) Bffective Gonad Thyroid Skin
Class\@ 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-0l 3.2B-05] 9.0E-10| 9.0E-10
Pu-240 Y 1.0B-05 8.9E-05 1.28-05| 3.7B-10| 3.7E-10
Pu-24,0 w 1.0E-04 1.4E-0L 3.2EB-05| 9.0E-10| 9.0E-10
Pu-241 Y 1.0B-05 1.6E-06 2,88-07 | 2.4E-12| 2.4E-12
Pu-241 v 1.0B-0L 2.9E-06 6.88-07 | 2.2E-13| 2.2E-13
Pu-2442 Y 1.0E-05 8.5E-05 1.,18-05| 3.6E-10| 3.6E-10
Pu-2},2 1) 1.0E-04 1.3E-04 3.08-05| 8.5E-10| 8.5E-10
Am-2)41 W 5.0E-0L 1.4E-0L 3.3B-05| 9.6E-10] 9.6E-10
Cm-2}42 w 5.0E-0L L. 7TB-06 5.7B-07 | 9.LE-10] 9.LE-10
Cm-2L); W 5.0E-0lL 7.0E-05 1.6B-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) £, is the gut transfer fraction for the nuclide in the chemical form
considered.

(¢) For H-3 inhaled as element.

(d) Por H-3 inhaled as tritiated water.
{e) TFor C-1k inhaled as COp.

(£) For C-1k inhaled as CH).

(g) For C-1l inhaled as CO,
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Table 6.5

Inhalation class of the elements in various forms

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 Blement
Sulphide
Oxide
Hydroxide
Te 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 Al
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
1
STOMACH
IsT
A
b §
SMALL INTESTINE |— BODY FLUIDS
(st
L™
UPPER LARGE
Ay
LOWER LARGE
INTESTINE 1, ¢
¥ 2w
EXCRETION
b) Values of parameters used in the model
Mass of Mean A
Section of GI tract contents residence da 5-1
(g) time (days) 4
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

rarameters used in the model
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CHAPTER T

APPLICATION OF THE METHODOLOGY 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.

The examples chosen 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
exposged 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

/f/ N(4,6,%) H(d, 6 ,t) dd d at
a 6 1

ceveeeeasa(Te1)

where N(d,0,t) is the population at time, t, at a distance, d, and
angle, 0 , relative to the point of discharge

H(d,0,t) is the individual dose equivalent rate at d, 6, 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:

inhalation of the cloud

¢) external irradiation (B,v) from deposited activity
d) inhalation of resuspended activity

e) ingestion of contaminated foodstuffs

ag external irradiation (B,v) from the cloud

The irradiation of man by pathways a) - d) is essentially determined by the
level of environmental contamination local to the individual, be it the



- 256 -

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
exposurej this is a consequence of much of man's diet being obtained faxr
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 populetion 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 6 , 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 amnuli are further sub-
divided into a number of sectors of width A 8 (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’ [ 3 j) can be evaluated as

/ N(dj, Ojj,t) H(dj, ojj,t)dt
t eenneaeees(T.2)

where N(dj,ojj,t) is the population in the annular segment (dj,ojj)

H(d.,ﬁ.j,t) is the mean dose equivalent rate in the segment
4 (d,,04,) and in general teken s that st the mid
pointIdE the segment(dj,ojj)

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

Z ﬁ(d 6 ,t) H(d o ,t)dt

J JJ veveneeeee(T.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

(d%.) N(d’ojj)tf H(a,,0,5)at
- ceneeeneaa(7.4)

The selection of anmular 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 w1dth 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 20% would ensue from the adoption of this
approximate procedure.

A number of pointe 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.L.

(a,,6..) n(d;»8 mh(l)[l(d 6,55t
3’733
ceeneneead(7.5)
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where f H(dj,ﬂjj,t)dtg Hinh(i) [ I(dj,ojj,t)dt
t t
cesvesenae(T7.6)

and Hinh(i) is the committed dose equivalent per unit intake of
nuclide, i, by inhalation

I(a,,0. .st) is the average individual rate of intake of activity by
Jad inhalation in segment (dj’ajj)

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.,0..).
Collective dose equivalent commitments, or their truncated values, ea.n:'ﬂe
evaluated by appropriate choice of the integration period.

T7.2.1.2 Irradiation by the ingestion pathway Se}

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 activity appearing in agricultural produce which is then agsumed
to be ingested by the population of the Buropean Community.

In its most general form the collective dose equivalent commitment can
be expressed as

H,_ (i) £ f//PA(d,o,t,k) CK(i,d,0,t,k) dd 46 dt
ing X
a 0 %

cevenseess(TT)

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

PA(d, 0,t,k) is the yield of agricultural product, k, at time, t, at a
distance d and angle 0 relative to the discharge

¢K(i,d,0,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 distance d, 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, (dj,ejj)

H, (1)2 Z /PA(dj,ojj,t,k) CK(1,4, 0,5 tK)at

k d.,0..
(85:6,5) ¢

cereseassa(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

Hing(i)z Z PA(dj,Ojj,k) /CK(i,d,ojj,t,k)dt
t

k 0. .
(dJ, JJ)

veeeenenss(T7.9)

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 integral of the activity
concentration of each foodstuff at the mid point, d., of each segment
(dj,0..). This procedure provides no insight into ﬂow the collective dose
equivgient commitment is distributed in the exposed population; it does
however provide information on the spatial distribution of the origin of
thig 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.
Congideration 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,O..) for the release of caesium-137 at a rate of 1 Bq g1 continuously
for aJ§ear. The estimation of the total collective effective dose equivalent
commiiment 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, 300, in the
manner indicated in Figure T7.1. The assumed frequencies with which the wind
blows into the sector of interest, 6.., and in particular meteorological
conditions is summarised in Table 7.%9 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 a.s 100 a.nd
200 km, respegtlvely. The population in the annular segnent, , is
taken as 8 10”2 and the agricultural yields of the products of in%erggt
sumnarised in Table 7.3.

It must be noted that the values adopted for the various parameters which
determine the envirommentel 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 congidered (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 pathways is outlined.

T7.2.2.1 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

(d:j OJJ) cen be written, from equation (3.25) as

c(i,Ej,ojj) = N q (i) 2 >ﬂ)(i,c.&j) £(a;50)
ceeeeesasa(T7.10)

where N is the number of sectors and is taken as 12

Q, (1) is the discharge rate of nuclide, i, and is taken as
1 Bq 8~ of caesium-137

Xo(i,c,aj) is the concentration in air at d. for unit release rate of

caesium-137 in dispersion ?ategory, ¢, and assuming a uniform
windrose (Bq m~3 per Bq s

£(0,.,¢) is the fraction of the time during which the dispersion
JJ category, ¢, occurs and the wind blows into the sector oj 3

d. is the mid point of the annular segment (d 0 ) and is
J taken as 150 km.

Values of X (i.c,a )y evaluated using the models described in Chapter 3,
and values &ssumed‘for f(0 ;s¢) are summarised in Table 7.2. Substituting
these values into equa,tion €7 10) the annual average ?,61' concentratlon in

the annular segment (dJ, JJ) is evaluated as 1.96 1071V Bq m~
_ The time integral of the activity inhaled by an individual at
(350 055) 1

Iin (i,dj,djj) = C(i,dj,ajj) B ceeeneaaes(T.11)
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vhere B ig the annual volume of air inhaled by an adult and is taken
to be 8030 m3 y~!

Substituting for C(i,dj,ejj) and B in equation (7.11)

.= -10 _ -6
Iih (1,dj,9jj) = 1.96 10 8030 = 1.57 10 (Bq)

The collective effective dose equivalent commitment in the annular segment
(dj,ejj) is then, from equation (7.5), given by

c
s2 (4 ,6..
E ( J’ JJ)

N(dj,ejj) Hinh(i) t/ I(i,dj, ejj)dt

N(d 6, ) H, (i) Iinh(i,ﬁj,ejj)

cereeeeede(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 1079 (Sv Bg~1).

Substituting for N(dj,ejj), Hinh(i) and I, (1 d e ) in equation (7.12)

sg (dj,ejj) =8 1o5 8.8 1077 1.57 1070 - 1.1 10'8 (man Sv)

It should be noted that in this calculation it is assumed that 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 shori lived daughter product,
barium-137m, is a B/v emitter. Consideration is given to the evaluation
of the collective effective dose equivalent commitment from the photon
component and to the collective dose equivalent commitment in gkin from the
electron component,

Photon component

The average effective dose equivalent rate from cloud v radiation from
a nuclide, i, in the annular segment (dJ 0. ) can be written, from equation

(3.30) as

B,(1,3;,0,,) = ¥ q,(1) & Be(1,0,3,) £(6,:0) (svy™)
ceneenneaa(7.13)

where HG(i, c,d ) is the cloud v effective dose equivalent rate for unit
release rate (1 Bq s 1) of caesium-137 in dispersion
conditions, ¢, 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,d j)’ evaluated using the models described in Chapter 3,

and values assumed”for f£(6. j1¢{ are summarised in Table 7.2. Substituting
these values in equation_('}.13 the a,vera.g\%effect;}ve dose equivalent rate
in the annular segmen (d.,ajj ig 1.5 10"~ Sv y~'. PFor a discharge
continuous at 1 Bq s~ fog 8 yeiag the time integral of the average effective

dose equivalent rate is 1.5 10~!° Sv.

From equation (7.l4) the collective effective dose equivalent commitment
from external v radiation from the cloud is

C : -
S, (d.,6.. N(d,,8.. H(i,d.,0,.)dt
E( J, JJ) ( J’ JJ) / 'v(l’ J, JJ)
t

ceeeeeeease(To1h)

16 (man Sv)

8 1o5 1.5 10~ = 1.210710

]

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 gkin from cloud B irradiation from
nuclide, i, in the annular segment (d.,6..) can be written from equation
(3.31) as o

By(1,3,,0,,) = ¥ Q (1) § BB(3,0,3,) 2(0,500)  (svy)
cereeneesa(7.15)

where HB(i,c,d,) is the cloud B dose equivalent rate in skin for unit
3 release rate of caesium-137 (1 Bq 8'1) in dispersion
category, ¢, and assuming a uniform windrose and
where the other symbols have the meaning previously
defined.

HB(i,c,Ej) = EB(4)X (4,0,3,)
veresenses(7.16)
where HBT(i) is the dose equivalent rate in skin per unit air
concentration of nuclide, i, (Sv y~! per Bq m~3). For

caesium~-137 in eqt,;.ilibri with its_daughter product the
value is L.4l 107! Sv y~' per Bq m~~°.

Substituting for HB(i,c,d3) from equation (7.16) into equation 27.15) and
further substituting from equation (7.10) the expression for HB i,Ej,ojj)
can be reduced to
H.(i,d,,6,.) = HBT(i i,d.,6,
B( ’dj’ jJ) HE! (1) C( 'dJ’ Jj)

cveeesseas(T.17)
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Substituting for HBT(i) and c(i,Ej,ojj) in equation (7.17)

Ho(1,3,,0,,) = L.l 1077 1.96 10710 = 8.7 1077 (svy 1)

For a discharge continuous fo* 1 year the time integral of the average dose
equivalent in skin is 8.7 10~ Sv.

From equation (7.4) the collective dose equivalent in skin in
segment (dj,ajj) from cloud f irradiation is

N(d.,0.. H.(i,d.,6..) dt
(a5, 055 t/ plisd;00y5) d
-11

c
s, (d.,6..

8 10° 8.7107 7 = 710 (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,ﬂjj) from deposited activity can be written from
equation 3.40 as

H:DV(i,Ej,Ojj,t) = w(i,aj,ajj) F (i,%) (sv)
cesenseess(7.18)
where F (i,t) is the integral to time, t, of the effective dose
v equivalent rate received by a person continuously
exposed to external v radiatiog from radionuclide, i,
deposited at a rate of 1 Bq m~ ol continuously for
1 year on undisturbed pasture

and w (i,aj,ojj) is the average deposition rate at Ej,ejj

and is given from equation (3.29), as

. T . R - -2 -1
w(i,d;,0,5) = NQo(l)gG(l,c,dj) £(0355¢) (Bgm “ s ')

where G(i,c,d,) is the deposition rate at d, in dispersion category,
¢, for unit discharge rate g 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 o2 g1 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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1.6 10" sv per Bq 22 s fora year. Values of G(i,c,dj), evaluated
using the models in Chapter 3, and £(8.:,c) are summariséd in Table 7.2.
Substituting for the various parameters‘into equation (7.19) and then
(7.1_8) the infinite time integral of the effective dose equivalent rate

$d.,0,. 1
8% %5 %5 8

11 (S‘V)

. T -12 1 -
HDv(l,dj,ojj,e» =1.0410 '©1.6 10 =1.7 10
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

N(4,,0,.) HDv(i,Ej,ojj,a9

c
s (a.,9..
E ( ¥’ JJ) 3’3l

1

8 10° 1.7 1011 = 1.} 107> (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 evaluatgd as above for a population continuously outdoors
must be reduced by the following factor

£, + (1 - f2) f3

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 ﬁ 17 then the collective
effective dose equivalent commitment becomes

6

1.4 1075 (0.2 + 0.8 0.2) = 5.10” (man Sv)

Electron component

The time integral of the dose equivalent rate in skin from f irradiation
from deposited activity can be expressed from equation 3.41 as

EDB(isajy ojj’t) =0 (i;aj’ ojj) FB(ivt) (sv)
ceeeensess(7.20)

vhere FB(i,t) is the integral to time, t, of the dose equivalent rate
in skin received by a person continuously exposed to
external 8§ radiation from radionuclide, i, deposited at

a rate of 1 Bg o2 g-1 continuously for 1 year on
undisturbed pasture

w(i,as,ojj) is defined in equation (7.19)

The infinife time integral of the dose equivalent rate in skin, Fo(i,m),

is 2,2 10°° Sv per Bq " “ s 1 of osmesium~137 for 1 y and substituting into
equation (7.20)
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HJ)B(i,EJ.,ejj,oo) = 1.04 1072 22 10‘8 = 2.3 10720 (sv)

From equation (7. i) the collective dose equivalent commitment in skin from
B irradiation from deposited activity following the continuous discharge of
caegsium-137 at a rate of 1 Bq s-1 for a yeaxr becomes:-

C =
0.. N 8. .,0
SE (dJ’ JJ) (dJ’OJJ) HDB(l’dj’ 33’ )

20

8 10° 2.310 ° =1.8 1071 (men 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 8 radiation the collective dose equival ent commitment
in skin becomes

0.2 1.8 10'“‘ = 3.6 10715 (man Sv)

7.2.2.4 Inhalation of resuspended activity

The time integral of the individual inhalation rate of resuspended
activity at 4. ,OJJ can be written from equation (3.42) as

IRS(ldO,)=3151ow(1d9)1(1t)3 (Bq)

ceeeeeensa(7.21)

where IR(l,t) is the time integral of the resuspended air concentratio 5
following deposition of nuclide, i, at & rate of 1 Bq m
g1 continuously for 1 year

and <»(i,5j,ojj) is as defined in equation (7.19)

The time integral of the resuspended air concentration following unit
deposition of caesium-137 at a rate of 1 Bq m™ -2 g1 for a year is illustrated
in Figure 3.5; the infinite time _integral is 2.2 109 Bg s m -3 per Bq m2 -1
for one year. The value of w(i,d; OJJ) is a function of the frequency
distribution of dispersion conditions assumed fOE th$ sechz‘O, it i=s
evaluated in Section 7.1.2.3 as 1.04 10-12 Bq m 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 dj’ ojj is
1.04 10712 2.2 10°
3.15 107

= 5.8 1077 (Bq)

8030 (Bq)

i,d,,0..,%
IRS(ldey i3’ )

The collective effective dose equivalent commitment in the annular segment
(dj’ejj) is then, from equation (7.5) given by
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C .
s(a,,0,,) = Ma,,0,) Hy (1) t/ L(1,a,,0, )t

=N(dj.ojj) ;I EY IRs(i,dj,ojj,w)

ceeeeeeeee(T7.22)

(i) is the committed effective dose equivalent from unit
inteke by inhalation of caegium-137 (see Chapter 6) and
is equal to 8.8 109 sv Bq

where H inh

Substituting in equation (7.22)

sg (a,0,,) = 8 10° 8.8 1072 5.8 1077 = 1.1 102 (man Sv)

7.2.2,5 Ingestion of contamination foodstuffs

The time integral, from the beginning of the release to time ¢, of the
quantity of nuclide, i, in foodstuff, k, derived from an annular segment
d,j’ejj can be written from equation (3.L44) as

CCP(i,dj,Ojj,k,t) = w(i,dj,Ojj) cP(i,k,t) PA(dj,Ojj,k) ™(i,k) (Bq)
ceseassee.(T7.23)

where CP(i,k,t) is the time integrated concentration of nuclide, i,
in unit mass of foodstuff, k, following the degosi?ion
=

of nuclide, i, at a continuous rate of 1 Bq m™ for
1 yeaxr

PA(dj,Ojj,k) is the annual yield of foodstuff, k, in the segment
d.,0..
37733

TD(i,k) = exp - N\; 7, where Ais the radioactive decay constant
and 7). is the delay between harvest (or animal
slaughter) and consumption

and w(i,d,,0,,) is the deposition rate of nuclide, i, at d.,ﬂjj and
47,937 15 defined in equation (7.19) J

The deposition rate, w(i,a.,o. .) for unit discharge rate of caesium-137

is evaluated in section 7.'? 23§ for the frequency distribution of dispersion
conditions given in Table 7.2 and which were selected to characterise the 1
sector 0..; the value of w is estimated as 1.04 10-12 Bq o2 g~ per Bq s .
The infifute time integrals of the concentration, (CP(i,k,))s of caesium-137
in unit mass of eaglil foodstuffare summarised in Table 7.3 for a deposition
rate of 1 Bg w2 g~ ' 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.,0..) are also summarised in Table 7.3, together with the
mean delay perioas,JTJ » 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 d , 0.5 ig 79 Bq. The collective effective dose equivalent
commitment from foodstugfs derived from the segment (dJ, JJ) can from
equation (7.9) be written as

Sg(dj,ﬂjj) (1)§:Im(d ,e ,k)~)f6K(1 a. e ,t k) dt

( )§: cep(i, d e ,k,o»

ceeeevsesa(7.2L)

The committed effective dose equivalent per unét 1ntake of caesium-137 by
ingestion is evaluated in Chapter 6 as 1.4 1077 Sv Bq Substituting in
equation (7.2L)

1.4 10'8 79 (man Sv)

1.1 10"6 (man Sv)

1l

C
S, (a.,90..

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 Bdgment.

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...
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.k
have no absolute or relative gsignificance; 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-1l, 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 irradiation and inhalation pathways have their
origing in the estimation of individual dose rates at particular locations,
for example in annular segments (aj,ﬂjj).
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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 mammer in
which the methodology can be applied to evaluate indicative individual
dose equivalents for this purpose is summgrised. 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 externgl 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,ﬂj 3 is then obtained from equation (7.13) as

¥ q (1) TE6(1,0,d,) 2(0,,0) (svy™)
cereneeess(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 of 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
<(:loud)at ds» oj,j in the 50th year of discharge can be derived from equation
7.10) as

B (1) N QWT X (10,dy) (0y500)  (sv37)
cevecenass(T.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 radiocactive half life and envirommental
behaviour of the nuclide considered. For external irradiation, be it B 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 d.,0.. in the 50th year can be written from
equations (7.18) and (7.19) as 37

N Q,(1) 36(1,0,d,) £(0,,,0) F,(1,50) (v )

ceneseeees(T7.27)
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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 intaekes 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

prractice. 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 OJ

Bt 1 (L0, n150) (o v
3.15 10
cereneeess(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 individusl'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 /7.27.

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 ’ ejj can, from
equation (7.23) be written as
.3 . . ~1
ang(l) @ (1,30, ) CB(1,k,50) (k) TD(1,k) (svy )

ceveneeeeo(7.29)

Thus from equations (7.25) to (7.29) indicative individual ammual dose
equivalents can be derived that are typical of the maximum likely to be
received at d during the duration of a discharge practice. Estimates
of critical g%oup &oses can thus be made subject to gpecification 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 of5 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 enviromment is in
principle similar to that for atmospheric discharges. The various aquatic
-environments modelled in Chapter L 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 summstion over all compartments. (eg. the model which represents
the Noxrthern 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 g particular
compartment of the marine environment.

T.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 g1 for a period of 1 year and
that this river flows 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 k.1) are:
- for the river section

ingestion of drinking water
ingegtion 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 lga.rine compartment congidered is the western Mediterranean (see Figure
L.12).

T+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
evaluation of the activity ingested from ﬁrinking water and fish) is
estimated during the discharge as 2.0 10~ Bq m-3 (see equation (L.4)) while
the concentration in untreated water (which is used for irrigation) is
estimated as L.4 107 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



- 271 -

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 congidered derives its drinking water from the river or
ites aquifer (which is assumed to be contaminated at the same concentration
as the river water). Asguming 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 Bg (see Table L.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 1079 sv Bq~! - 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 fisgh 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
congidered and the edible fraction of fish and is given by:~

2 1074 (g w3) 1033 t™") 50 (¢) 0.5
=5 (Bq) (see wable 4.5)

The collective effective dose equivalent commitment can be derived as the
product of this collective intake and the committed effective dose per unit
inteke, and is 7 107" 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 angual 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 -l
derivgd as the product of the concentratign in the untreated water (4.4 10
Bq m™”), the rate of irrigation (6.38 1077 m3 s~! per m? of ground) and the
appropriate transfer factor between the activigy in the §reen vegetableg per
unit deposition rate during irrigation (1.1 10° Bq y kg~ ' per Bq m2 g
during a year)._ The infinite time integral of caesium-137 in green vegetables
is thus 3.1 10'7 Bq y kg’1 and corresponds 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 10k Bq ¥ kg~ per Bq m2 g1
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during a year (Table 7.3). The corresponding infinite time integral of
caesium~-137 in root vegeta.bées is thus 3.4 10-8 Bq y kg~1, which, associated
with a production of 2.2 10 g" , leads to a collective effective dose
equivalent commitment of 6.7 10" man Sv. The time delay, 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 delays do not
significantly affect the doses obtained.

External 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 L.2.3.3.

From these occupancy data and the infinite time integral of the
external vy dose from deposited caesium-137 the collective effective dose
equivalent commitment is estimated to be 9.5 1010 man Sv.

7.3.2.2 Marine environment

The collective effective dose equivalent commitment 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 committed effective dose equivalent per unit intake by
ingestion., The infinite time integral of the collective intaeke 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 caesium-137 in sea water, and the concentration factor between
the foodstuff and sea water for caesium. The yields of fish, crusta.cea,
and molluscs in the ma.rine com] ?artment congidered are 1.13 105 ¢ Y' ’

2.4 103 t y=1 and 2.7 104 respectively (see Table 4.18). Using these
yields and for a discha.rge into & river of 1 Bq s -1 for a year which flows
into this marine compg::tment a collective effective dose equivalent
comnitment of 3.1 1077 man Sv has been evaluated.

The delay between the catch and consumption of the various sea foods is
agsumed to be 7 days; this again is too short to have any significant
influence on the dose from caesium-137.

7.3.2.3 Summary of the collective dose equivalent commitments from
discharges of caesium-137 to the aquatic enviromment

The collective effective dose equivalent commitments from the various
pathways 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 commitment 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 characteristiocs.
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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 annulus, km

0o - 1 0.5

1 - 2 1.5

2 - 3 2.5
3 - 5 I
5 - 7 6

7 - 10 8.5

10 - 15 12.5

15 - 20 17.5

20 - 35 27.5

35 - 50 L2.5
50 - 70 60
70 - 100 85
100 - 200 150
200 - 300 250
300 - U450 375
450 - 700 575
700 - 1100 900
1100 - 1600 1350
1600 - 2000 1800
2000 - 2400 2200
24,00 - 3000 2700
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Frequency distribution of dispersion categories assumed for
and airborne concentration, deposition rate

and cloud y dbse at a distance of 150 km for 1 Bq s~
continuous discharge of caesium-137

Probability

of Cloud ¥
occurrence Atmospheric Deposition effective
1) dose
Pasquill of concentration rate
. =3 -2 -1 | equivalent
dispersion dispersion Bq m ?er Bgq m™¢ s rate!
category category, ¢ Bq s~ per Bq s-1 Sv v~1 per
in X (i,c,8) ¢(i,c,d) o
o Bq s
direction 0
HG(1,c,d)
f(a vc)
3
2| 0.00083 3.3 1010 | 1,62 10712 2,63 107
B 0.,00417 2,05 10710 1.02 10712 1.63 10‘16
Dry ¢| 0.0083 1.75 10-1° | 8.7 1073} 1,38 10716
Weather |D| 0.04750 2.0 1070 9.9 107"3] 1,55 1076
E| 0.00583 .85 10710 | 2.1 10712) 3,1, 10716
(7| 0.00583 1.6 1071% | 7.2 1073} 9.7 10°V7
Precipitations
c| 0.00167 7.7 1072 | 7.8 1073] 6.0 1078
p| 0.00667 8.3 10713 |7.3 103 7.0 1078
Weighted values according to frequency
of dispersion conditione in direction 0
¢(1,4,0) «(4,4,0) | E (1,4,0)
1,96 101 | 1,04 1072 1.5 10716
Notes

1) Evaluated for a discharge rate of 1 Bq 3—1 assuming a uniform wind
rose and continuous persistence of the dispersion category, c.
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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 Annuel Mean dela
integral production betwesn Y| Indicative
Food of in the harvest individual
' concentration segment consumption
product and
CP 1 considered consumption rate
(Bq y kg PA_, - P(x),
per 4 (kg vy ) k kg y
Bq m™< s ')
Fresh milk 3.9 10S 2.4 10'7 2 days 10L.€
Milk products 3.9 ‘IO5 3.2 107 3 months 21.1
Cow meat 1.5 106 6.1 106 7 days 27.9
Cow liver 1.6 106 1.5 ‘IO5 7 days 0.71
Sheep meat 4.8 10° L.2 106 7 days 3.2
Sheep liver 2.8 106 1.0 105 7 days 0.13
G::;Ztables 2.0 10° 13107 7 days 1l 1
Rg:zetables 1.1 10k 2.3107 6 months 114.0
Cereals L1 10° 5.2107 11 months 81.Y4
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Table 7.4 Summery of the colleotive dose equivalent commitments in (or

from) an annular segment due to
1 Bq s~1 caesium-137 for a year!

3.11 atmospheric discharge of
)

Collective effective Collective dose
dome equivalent equivalent
Pathway commitment Pathway commitment
(man Sv) in skin (men 8v)
During passage Duri: 2,888,
of cloud:- of cloud:-
External photon 1.2 1 0-10 External electron 7.0 1 0—11
irradiation * irradiation °
Inhelation 1.0 1078
From deposited From deposited
activity:- activity:-
External photon -6 External electron -15
irradiation 5.0 10 irradiation k.0 10
Inhalation L.0 1079
Ingestion 1.1 1o'6
Total 6.1 1076 7.0 101
Note

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 eguivalent commitment for discharges
to the aquatic environment?

Collective
N . effective
guatlc Method of irradiation dose equivalent
environment commitment
men 'SV
Fish 31077
Marine
compartment INGESTION Crustacea 3 ‘lO_11
Molluscs I 10'10
Drinking water 1 10_7
Freshwater fish 7 10"8
River
section INGESTTON Irrigated 6
green vegetables 110"
(and fruit)
Irrigated root 7 10—8
vegetables
EXTERNAL y s -9
TRRADIATION Sediments 110
Note

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 or relative significence and no attempt
should be made to draw conclusions from the values presented.



(-]
AQ = ﬁ wvhere N {a the number of sectors
N

Pigure 7.1 Illustration of the scheme of amnuiar segments adopted to represent
the spatial distribution of population and activity in variocus partas
of the enviromment
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CHAPTER 8

THE ESTIMATION OF HEALTH EFFECTS IN AN EXPOSED

POPULATTON

8.1 Introduction

Exposure of a population to radiation may lead to the incidence
of stochastic and non-gtochastic 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 risgk 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 /8.1/ 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
generaticns, 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 othexr approximations in this assessment.
The product of collective effective dose equivalent commitment (and/or
its truncated values) and a risk coefficient of 1.65 10~2 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

gkin, 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
evaluated 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, fatal skin cancers nor the
non-fatal cancers.

It is difficult to generalise on the degree of approximation since
much 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 Commumnity, the
overestimate on account of the above considerations is unlikely to be high;
mich 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 8.27 has stated that the risk coefficients
given in Publication 26 are intended to be realistic estimates of the
effects of irradiation at low anmual 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 most operations in
the nuclear fuel cycle (e.g. typically annual dose equivalents much lower
than 1 uSv). 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
agssumed while recognising the possible conservatism of this approach.

8.2.2 Other health effects

Fztal cencers ir skin, non-Iatal cancers and hereditary effects 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 [8-. 27 that in the
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assessment of detriment a weighting factor, wp, of 0.01 be used for the
dose equivalent in the skin. This implies a risk coefficient for fatal
skin cancer of 1.65 10-L4 Sv=1 which has been approximated to 2 10~L4 Sv-1
in this study.

For most organs the incidence of a radiation induced cancer can be
considered to lead tc fatality; the principal exceptions comprise the skin,
breast and thyroid. In the case of radicactive 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 taken by ICRP in Publication 26 /B.1/ 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
distribution typical to the European Community ), the total incidence
of hereditary effects per unit collective dose equivalent in gonads can
be estimated as about 8 10~3 sv-1 in gonads after making appropriate
corrections for the genetically significant component of the dose
equivalent. A risk coefficient of L 10-3 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 subseguent generations
can, therefore, be assessed using a risk coefficient of [ 10-3 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 surmarised
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,
emericium 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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Table 8.1 Application of risk coefficients to evaluate fatal
cancers, and hereditary effects

Health Effect Number of Effects')
Fatal Cancers 1.65 1072 g5 + 2 107l 8 = 4 1073 s¢
. 2) -3
Hereditary Effects 8 1077 8¢

Notes

(1) Sg, Sg, 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

CONCLUSTONS

This report provides the description of a comprehensive methodology
for the assessment of the health detriment to the population of the
Buropean 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 radiocactivity 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 agsess 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
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
"gTay" -1

1 gray (Gy) = 100 rad =1 J kg

D=

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:-

H = DQN

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 1

Neutrons, protons etc of unknown
energy 10

a particles and other multiply-
charged particles of unknown energy 20
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Thermal neutrons 2.3

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

consequences of severe accidental exposures
in man.

The special SI unit of dose equivalent is
the "sievert" -1
1 sievert (Sv) = 100 rem = 1 J kg

HE’ is defined as:-
z
B = p Yp By

Where Hp is the dose equivalent in tissue
T and Wp 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 Wp 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, HSO’ is defined
ags-

t. +

ot 50V

Hyy = / H(t) at

%o

where H(t) is the dose equivalent rate in
the organ or tissue at time +t following a
single intake of radiocactivity at time to.

Hgo,E is obtained by replacing dose
equivalent rate by effective dose
equivalent rate in the above expression.
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is a quantity introduced to provide a
measure of the health detriment in an
exposed population. The collective dose
equivalent § is given by:

-]

S = O/HN(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".

Sp, is obtained by replacing dose
equivalent by effective dose equivalent
in the above expression.

from a given practice is the infinite time
integral of the per caput dose equivalent
rategﬁ (t), in a given organ or tissue for
a specified population. Dose equivalent
commitment HC is gefined as:-

o0 <

B = / H(t)at

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
S5 , is defined as:-

-}

s°E = / éE( t)ds

0

where Sp(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:-

I¢ = [IN(I)dI

0

vhere I is the intake and N(I) is the
number of people with intakes between I
and I + d4I.
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