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ABSTRACT i

On the 10 and 11 October 1957 a fire in the No 1 Pile at the Windscale
establishment in Cumbria led to an uncontrolled release of activity to
atmosphere., The resultant cloud was subsequently dispersed and radionuclides
could be detected over England, Wales and parts of northern Europe. The
extensive envirommental measurements which were made during and after the release
enabled a fairly accurate estimate to be made of the radiation doses to the most
exposed individuals in the local population. Until recently, no estimates of the
population dose resulting from the rglease had been published. An assessment of
the associated collective dose has been performed; the results and the methods
used for calculating this quantity are reported here.

The collective effective dose equivalent commitment from the release is
estimated to have been 1.2 x 103 man Sv. The route of exposure which contributed
the most to the collective dose was the ingestion of contaminated milk.
Iodine—131l was the most important radionuclide, contributing nearly all of the
collective dose to the thyroid and the largest part of the collective effective
dose. In the longer term the contribution of caesium-137 to the collective
effective dose via external irradiation from ground deposits and the ingestion of
contaminated foodstuffs became significant. |

The methodology wuwsed in the study has been validated by comparing the
predicted levels of individual thyroid activity and those measured directly in

the weeks following the accident in London, Leeds and Cumbria.
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As from 1 April 1978 NRPB adopted the International System of Units (SI).
The relationship between the new SI units which are used in this report and the
previous wnits are shown in the table below.

Quantity Ne:ngamsggbggit ﬁ fmt?iz o 1;})18:131 Conversion factor
end symbol
Exposure - ¢ kg~ | rontgen (B) | 1 C kg '~ 3876 R
et gray (Gy) Txe | rad (zad) 1 Gy = 100 rad |
Dz:;.ivalent sievert (Sv) J kg_1 rem (rem) 1 Sv = 100 Tem
Aotivity becquerel (Ba) | o | curie (Ci) | 1Ba~2.7x 10 o1
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1. INTRODUCTION

The accident at the Windscale No 1 pile in dctober, 1957 resulted in
radioactive materials being released into the atmosphere which were subsequently
dispersed and deposited over England and Wales and over parts of northerm Europe.
The major radionuclide in ground deposits from the plume was found to be 1311,
which was preferentially released due ﬁo its volatility. Radionuclides of iodine
are readily transferred to the population via milk from cows grazing on
contaminated pasture. Iodine once taken in by the body is concentrated in the
thyroid gland which would have received the highest doses from the release.

The prompt imposition of a ban on milk supplies by the authorities had the
effect of reducing intakes by the local population of radioiodine via the
pasture-cow-milk pathway. The average radiation doses to the thyrolds of the
local population were typically 5 to 20 mSv for adults and 10 to 60 mSv for
children(g). Without the milk ban it was thought at the time that adult thyroid
dose levels would have reached 70 mSv and for children thyroid doses could have
been up to 360 mSv. The highest child thyroid doses inferred from measured
thyroid activity were 160 mSv and this may have been due to the milk ban not
being completely effective. The dose estimates and the results of environmental
measurements made during and shortly after the release were published in Govern—
ment reports and other papers in the years following the accident(l’6’8’19). In
those studies the radioiogical impact of the release was expressed mainly in
terms of the radiation doses. to individuals 1living In the vicinity of the
Windscale establishment, although ﬁhere were a few reports of dose estimates made
to individuals living in other parts of England(g’lo). While i1t is still true
that the introduction of countermeasures following a nuclear accident will be
based on the reduction of individual risk, it is recognised that the overall
population or collective dose is of interest in assessing the radiological impact
of accidental releases. The collective thyroid dose and the collective dose to
other body organs as a result of the Windscale fire have been estimated recently
by Clarke(Bg) and by Taylor(zs). The method used by both authors involves
extrapolating from the few estimates made of dose to individuals in the United
Kingdom shortly after the incident to obtain an estimate of collective doses.
The approach necessarily produces an approximate result..

In this report the collective dose is assessed more comprehensively by using
several additional sets of data produced at the time of the incident. These give
concentrations of radlonuclides in environmental materials such as air, milk,
grass and as a surface deposit at various places in the UK and the rest of

Europe. They have been used to construct matrices describing the geographic

distribution of activity in envirommental materials resulting from the release,

These matrices have been used together with simple enviroomental transfer models

and data on spatial distributions of population, milk and other agricultural

production to estimate collective doses arising from the contamination within

-1 -
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various. distance bands from the release point. The activity distribution
matrices also allow dose estimates for individuals at particular locations to be
made; the comparison of these estimates with dose estimates based on direct
measurements on individuals made at the time of the incident provides an
independent check on the reliability of the matrices.

2,  GENERAL DESCRIPTION OF THE ACCIDENT

The fire at Windscale No 1 Pile 'in October 1957 is described fully in the
(L
. I

report of the Commlittee of Inquiry set up immediately after the accident t
occurred during a routine release of the Wigner energy which had become stored in
the graphite moderator as a result of the normal operation of the pile. The
immediate cause of the accident was the application too soon and at too rapid a
rate of a second nuclear heating to release this stored energy. This created a
failure in one or two channels of fuel, whose contents then oxidised slowly,
eventually leading to the fire, and the overheating of some 150 channels by the
evening of Thursday, 10 October. After initial unsuccessful attempts to put out
the fire, it was finally extinguished at about 0900 hours on the morning of
Friday, 11 October, by flooding the pile with large volumes of water.

Estimates of the amount of fission products released during the accident
have been made by Loutit et al(e), based mainly on measurements of the
contamination in environmental materials arcund Windscale directly after the
incident, and by Clarke(7) using a computer code to model the fissiom product
inventory .of the reactor.  These estimates are reproduced in Table '1.
Measurements made at the time of the release showed that the emission was mostly
confined to the period from noon on 10 October to mnoon on 11 Octdber with
probable peaks in the discharge rates at around midnight of the 10th and
0900 hours of the llth. The release of the radionuclides into the atmosphere
from the 120-metre stack and their subsequent dispersion over England and Wales,

(2)

and Europe, is discussed by Crabtree

(3)

; the pattern of deposition of 1311 is
discussed by Chamberlain »

The meteorological conditions varied during the release and produced a
complex dispersion pattern(z). From noon on 10 October the winds at Windscale
were light and varlable, with a south-westerly tendency. As the accident
proceeded .2 cold front moved south—easterly across the country, and the winds
freshened and veered in a northerly direction. ~ During the mormning of
11 October they backed to the north-west, Hence some material released early in
the incident was carried north-east beyond Penrith in Cumbria. Material
discharged at a later stage was carrled south-easterly over Cumbria and
Lancashire. The pattern of 131y deposition in northern England, as reported by
Chamberlain(3), Filgure 1, correlates well with this description of meteorological
conditions. The path of the cloud was followed at the time across the country
and.into Europe and Scandinavia by means of air sampling(z); in recent years its

(&)
path has been calculated by the use of trajectory analysis .

-2 -
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The most important nuclide as far as health consequences to the population
were concerned was correctly identified in the early stages of the incident as

being 131y,

The group in the population which was most at risk was identified as
young children drinking.milk produced locally to Windscale (young children have a
high milk intake rate, as well as a high committed dose per unit activity
ingested relative to adults). After consultations between medical and health
physics experts, restrictions were imposed on the distribution of milk which
contained more than 3700 Bq 17! (0.1 uCi/l) of 1‘311(8).

introduced in the period 11 — 13 October and the final area restricted was 520

These restrictions were

square kilometres covering a rectangular strip of coastline about 16 km wide,
from 10 km north of Windscale southwards to the Barrow peninsula. The resumption
of milk distribution was allowed when samples contained less than 3700 Bd 1-1
(0.1 pCi/l) and the ‘activity was falling with a half-life of not more than 8
days. This was achieved within 25 days for most of the region, although in the
most contaminated area, close to Windscale, milk distribution was not resumed
until 44 days after the accident, during which time the levels of other possible
contaminants in the milk had been assessed and found to be always less
radiologically significant than 1317(8)

Other items of diet, including eggs, vegetables, meat and water were
examined in the most contaminated regions, but 1t was decided that there was no
appreciable health hazard from these foodstuffs and hence that there was no need
to implement bans on them(s). _ '

3. PROCEDURE FOR COLLECTIVE DOSE EVALUATION

3.1 Quantities and concepts

The levels of dose equivalent in the population as a result of the Windscale
fire were well below those at which early effects from radiation would be
expected and consideration may be limited to the incidence of stochastic health
effects (principally fatal and non-fatal cancers, and hereditary effects). In
these circumstances the collective dose 1in an exposed population provides a
measure of the overall radiological impact of the release. Its use implies the
assumption that the relationship between the probability of occurrence of
stochastic effects and dose equivalent 1is 1linear, without thresholds and
therefore that the number of stochastic effects in the expdsed population can be
considered proportional to the sum of the individual dose equivalents in the
population, ie, the collective dose equivalent coummitment.

The two radiological quantities which have been evaluated in this assessment
are the collective thyroild dose equivalent commitment, § ¢

T
The former quantity may be used to

and the collective
effective dose equivalent commitment, S:ff.
assess the risk of the incldence of thyroid cancer. It is evaluated in this

assessment because the thyroids in the exposed population are known. to have been

i

: ﬁreferentially irradiated due to the high proportion of radioiodine present in
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the release (Table 1). The second quantity, S:ff, provides a means of expressing
the overall risk of fatal cancer in all body organs and hereditary effects in the
first two generations within a single-quantity. It is a weighted quantity; the
weighting is on the basis of the relative risk associated with the irradiation of
body organs as compared with that of the whole body. It is used in this study as
an indicator of the health detriment associated with the release, since a number
of radionuclides were released other than 1isotopes of iodine. There are,

however, deficiencies associated with the use of s¢ as a measure of health

5y

detriment and these have been fully discussed elsewhere 0f particular note

. c
in the present context 1s the absence of an allowance within Seff for those non—-

fatal cancers which arise following thyroid irradiation.

The method adopted in this study for the evaluation of Sc (and S c) has
(16) eff T

been described more fully in another publication . The collective effective
dose equivalent commitment (S:ff) which 1s the integral over all time of the
collective effective dose equivalent rate (ész) may be conveniently expfessed as

the sum of contributions from externmal and intermnal irradiatiom.

IC

u
(£) de + B0 oo of dt ceerenaees (1)

where éeff ext is the collective dose equivalent rate from external radiation
b g .
E;O eff is the committad effective dose equivalent per unit intake (or
b

[od
Seff OJ' Seff, ext

the time integral of the collective effective dose equivalent rate
per unit intake over a 50 year period following intake)
is the collective intake rate by inhalation or ingestion of a
nuclide by the population, and is a quantity which can be readily
evaluated using environmental models.
The main pathways by which members of the public were exposed after the
Windscale release were:
(i) ingestion of contamiﬁated milk, drinking water and other foodstuffs;
(i1) inhalation of radioactive materials in the plume;
(1ii) external irradiation from ground deposits;
(1v) external irradiation from the radiocactive cloud.
» The evaluation of the collective dose via each of these pathways requires a
knowledge of the manner imn which the'plume of radiocactive materlal was dispersed
over the UK and the rest of Europe and of the resulting spatial distribution of
deposited activity. In additiom, it 1s necessary to know the spatial
distributions of the population and of agricultural production with respect to
the discharge point.
The spatial distributions of the population and of agricultural production

around the Windscale site are continuously varying functions of distance, d, and

<o
(2D
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o
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™~
l
>~
)



angle, O, relative to the discharge point.' These variations may be approximated
in the manner indicated in Figures 2 and 3. The area around the discharge point
is divided into a number of annular segmeﬂts and the population and agricultural
production in each 1is determined from natiomal and ' European statistics as
described in a later section. »
For external irradiation the contribution to collective effective dose
equivalent commitment due to a nuélide, j, may be assessed as follows:
c

Seff,ext(j) = z ¥(dm, 6n) I Heff,ext
dm,En o

where N(dm,6n) is the population in the annular segment (dm,©n).

(dm,6n,j,t)dt Ceeecseenss (2)

1
Heff’ext(dmyen,j,t) is the mean effective dose equivalent rate from

external radiation in segment (dm,0n) from the nuclide, j.
" The dontribution to collective dose equivalent commitment from inhalation of

nuclide, j, may be expressed as:

(1) T ] N(dm,6n) [ x(dm,0m,j,t)dt ... (3)
dm,B8n 0

where I is the average breathing rate for members of the public

Cc . u
Seff,inn3? ™ H50,eff,1nh

N(dm,6mn) is the population in segment (dm,6n)
x(dm,6n,j,t) is the concentration in air of nuclide j in segment
(dm,6n) at time t
The comtribution to collective effective dose equivalent coumitment from the

ingestion of food contaminated with nuclide j, may be expressed as:

c . u .
Seff,ing‘3) = Bsp efs,ing + F1(3:8) - Fyle) - gm{gidm’@n:g) x

[ c(dm,én,j,g,t)dt} eeees (&)
o]

where F,(j,g) 1is a factor to account for the fractional decay of the
nuclide, j, in foodstuff, g, in the time between production
and consumption
Fo{(g) is the fraction of the activity present in the part of the
food product, g, which is consumed by man
(ie, after processing or preparation for the table)
P(dm,On,g) is the production rate of foodstuff, g, in the segment
(dm, 6n) -
C(dm,6n,j,g,t) 1s the concentration of the nuclide, Jj, in the
foodstuff, g, in the segment (dm,BOn) at time t.
The collective effective dose equivalent commitment, ngf’ from all pathways

and from all nuclides, j, in the release is then
c c c c
Seff Z (seff,ext(j) + Seff,inh(j) * Seff,ing(j)) seesenenee (5)

The collective thyroid dose equivalent commitment, ss

T has been calculated using

10Qub83



equations similar in form to those presenﬁed above but mneglecting the
contribution to the thyroid dose from external y-radiation. »

In the following' sections, the methods and the data used ta evaluate the
parameters in the preceeding equations are described.

3.2 Evaluation of the spatial distribution of activity

Widespread surveys were made to determine the !3!I concentration in various
environmental materials in the days following the accident. These are reported

in the literature as follows:

Measurements References Area surveyed
1. Milk contamipation ' Booker(ll) Cumbria/northern

England (some in
mid & southern
England & Wales)

2. Herbage contamination Booker(ll) Cumbria (some in
England and Wales)
3. Total ground deposition Chamberlain(B) Northern England
4, Integrated concentration in air Stewart & Crooks(s) England and Wales
" " - Loutit et al(b) Europe

A few measurements were made of the activities in the environment of other
nuclides released(s).

For each site where a measurement was made, it is assumed that there is an
implied value for the integral to infinity of the 1311 concentration in milk;
from equation (4), this may be expressed as:

C(I,M) = [ c(I,M,t)de
o]

By applying appropriate enviroomental transfer models, the four types of
measurement of 13T can all be comverted into the integrated 1311 concentration
in milk. The results from different types of measurement can then be compared to
establish the distribution of 1311 activity over the UK and the coantinent. This
distributioﬁ 1s then used as the basis for estimating the spatial distribution of
other significant nuclides in the release.

3.2.1 Derivation of values for the integrated concentration of !31I in milk

(a) E(I,M) from 1311 activity concentration measurements in milk

Booker(ll) reported measurements of the 1311 concentration ih milk at
various sites in Northern England. He corrected the observed measurements for
radioactive decay since 11 October, 1957, using the 5-day effective half-life
with which they had been observed to decay. This 5-day half-l1ife may be
interpreted as being the combined effect of the radioactive half-life of 1311 of
8 days and the l4—day retention half-life of activity on pasture.

The integrated concentration, E(I,M), of 1311 in milk has been estimated

from these measurements with the aid of a time~dependent pasture~cow-milk model

: 18,29
. for 1311( ). It has been used to calculate the relationship between the

to0ubBY
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(11)

values given by Booker for the concentration of 13!I in milk extrapolated to
t=0, (see Figure 4) and the integral of the 1317 concentration C(I,M). The ratio
of these quantities is predicted byvthe model to be 5.3 d. Thus, the integral of
the concentration of !3!I in milk may be obtained from Booker's results using the
following relationship:
T(I,M) = 5.3 d x concentration of 311 in milk extrapolated to t=0 (Bq d 1~!)
In using Booker's measurements decay-corrected to 11 October, no allowance
has been made for the finite duration of the release, nor for the time takem for
travel of the plume. However, as previously stated, the majority of the release
was thought to have occurred in the period from noon on 10 October to noomn on
11 October, with peaks at midnight and at 0900 hours. Decay-correcting to 0000
hours on the llth therefore gives an average effect. Also since Booker's report
of milk measurements is coufined to Cumbria and parts of the surrounding
counties, the time delay between the release from the stack and deposition on the
ground was small, and it is not unreasomable for these purposes to assume that
all deposition in this region occurred at midnight.
(b) E(I,M) from measurements of activity on herbage

(1)

Booker gives the 131y activity on herbage at a few sites about the

country, decay-corrected back to 10 October, 1957. He gives an empirical ratio
between the activity on herbage (pCi w™2) and activity in milk (pci 171)
extrapolated to t=0, as 11 1 m~2, The integrated 1311 concentration im milk,
T(I,M) is given by: .

E(I,M) .23 x ;on;éntration of 1311 on herbage at t=0 (Bg 4 1™1)

11
(¢) T(I,M) from measurements of ground deposition

Chamberlain reported levels of the 131y ground deposition.over the north-
west England region fromrﬁﬁich he estimated the contour lines on a map of the
region which are shown in Figure 1. They were mostly obtained from a gamma-
radlation survey using a sensitive detector in the period shortly after the
release. The values are approximately corrected for radiocactive decay between
the time of release and the time of measurement. They can be correlated with
Bookers' measurements(ll) of the activity on herbage, and thereby related to
E(I,M) by the following relationship: i .

Concentration of I3l1 onm herbage at t=0 = 0.82 x ground deposit of 131y
(Bgq d l_l)(ll)

s C(I,M) = 0.40 U(I)

where U(I) is the ground deposit density of 1311 in Bq w2,

The transfer factor from ground deposit to milk observed by Booker is less than
that used in some models(lg’zg) by a factor of about four. There are various
possible reasons for this difference concerned with the season of the year, the

retentlon of the deposit on herbage, the fraction of stored feed or concentrates

in cattle diet, etc. However, in this assessment the data of Booker were used.

1004583



(d) E(I,M) from measurements of concentrations in air

Measurements of !31I concentrations in air at various locations in England
and Wales and in parts of Europe are another source of data by which E(I,H), the
integrated concentration of 1311 4p milk, may be estimated. The measurements in
air may be related to ground deposition by means of a ratio, known as the
deposition velocity, vd(m s™1), defined as )

total deposited activity per unit area (Bg n~2) 2 U1
time integral of the air concentration (Bq s m °) I(I)

vd(I) =

The deposition velocity for 131 appears to have varied with distance from

the Windscale site. In the northern counties Lancashire and Yorkshire, v. was

d
_1(3
s , whereas further away

estimated to be in the range 3 x 10-3 to 5 x 10~3 p
from Windscale, at Harwell iﬁ Oxfordshire, the wvalues were around
1x10°3 s'1(3). .
Chamberlain(B) has suggested that the varilation in \2 for 1311 with distance
from Windscale was because the radiolodine was emitted partly as a hot gas, which
would have cooled rapidly to a vapour form, and partly in a form adsorbed on to
sub-micron particles. The observed higher A values closer to the site would
have been associated with the vapour form, which deposits more rapidly due to its
higher molecular diffusivity. As the plume was progressively depleted of the
iodine vapour, the deposit would have become relatively more enhanced in the
particulate form with its assoclated lower deposition velocity. The effects of
rainfall and the ﬁarticular atmospheric conditions could theoretically also be
great, but the available information is insufficient to say whether or not the
differences in deposition velocitles can be gttribuCed to these factors.

Because the data are insufficient to enable the variation of vd(I) as a
continuous function of distance to be assessed, a single value of
vd(I) = 3 x 1003 n s~! has been adopted as an average for the UK, and a value of
vd(I) =1 x 1073 o s™! {s used for the continent,

The expression for the integrated concentration of 1317 4n milk, C(I,M) may
then be written: _

C(I,M) = 0.40 vy (D) X(I) (Bgda 17D
where ;(I) is the integrated concentration of 1311 in air.

3.2.2 Matrices of 1317 distribution in environmental materials

The procedures outlined in the previous section allow values for the
integrated concentration of 1311 in milk, E(I,M), to be obtained from four
different sources, The data base is limited, however, and only allows a partial
spatial distribution of activity levels in the UK to be established. It has
therefore been necessary to estimate activity levels at some‘locations by means
of extrapolation based on assumptions of the plume trajectory taken together with

the nearest measurements made at the time.
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The scheme of annular segments used in the calculations of collective dose
is as described in Section 3.1 and is illustrated in Figures 2 and 3. The radial
sectors in the scheme for the UK (Figure 2) are 15° wide and there are 20
distance bands extending out to 500 km from the Windscale site. The scheme for
the continent (Figure 3) has sectors 30° wide with distance bands between 500 and
1600 km from Windscale. The matrices for E(I,M)'are reproduced for the UK and
for the rest of Europe in Tables éa and 2b respectively.

The matrices for C(I,M) have been applied for the estimation of the spatial
distribution of other environmental 1311 concentrations required in the
collective dose evaluation. The integrated concentration of 1311 4p ajr, ;(I),
is required for the estimation of the collective dose via the imnhalation pathway.
Although this quantity was evaluated by direct measurement at some locations, for -
the maﬁority it has to> be based on milk measurements. The matrix of 1311
concentration in air is scaled from the matrix of integrated 1311 concentration
in milk using the following relationship, derived im Section 3.2.1 (d) -

(1) =C(1,M) (Bq d o™ 3)
0.4 vd(I)

The total ground deposit of !3lI, U(I), is required for the estimation of
‘the collective dose from external irradiation. Although this quantity was
evaluéted by direct measurement at some locations, at others it has had to be
obtained by using the milk matrix. The deposition matrix is scaled from the milk
matrix for 1317 ysing the relationship derived in Section 3.2.1(c):
- w1y = C(I,M)  (Bq m™2)
T0.40

-

The collective dose from the consumption of green vegetables following the

contamination of agricultural land may be estimated using a matrix of integrated
concentrations in each foodstuff of interest. The models described by Simmonds

and Crick(zg)

are used to appreximate the contamination on green vegetaBles
following a single deposit. For 1311, with its short radioactive half-life, the
concentration in vegetables is dominated by the direct deposition from the plume
on to the plant surface; the contribution from the process of root uptake from
the contaminated soil 1s small in comparison. The model assumes that production
1s constant throughout the year with a mean period between cropping of the
vegetables of 100 days.‘>The process of direct deposition is>modelled by assuming
that 0.3 of the initial deposit is intercepted by the surfaces of the vegetables
and that the half-life of activity on the vegetation is l4 days.

The integrated concentration of 1311 4p green vegetables, E(I,V) is required
to evaluate the collective dose via this pathway (equation (4)) and using the

models mentioned above 1is given by:

C(I,v) = 2.2 U(I) = 5.5 C(I,4) (Bq d kg~1)

1004681



3.2.3 Matrices for the distribution of other nuclides in environmental

materials

Estimates of the quantities of ~individual radionuclides present in the
release are given in Table 1, Few measurements were made of the environmental
concentrations of nuclides other than %311 and therefore the information
assembled in Table 1 must be used with the environmental measurements of 1311
discussed previously. The values of ‘the ratio of the quantities of the various
nuclides in the release to that of !3!I assumed in this assessment are also shown
in Table 1.

The concentrations of the other nuclides in enviroanmental materials have
been estimated from a knowledge of the nuclide/!31I release ratio together with
the 1311 concenération matrices. Corrections are necessary, however, to take
account of variations of the ratio in environmental ma£erials due to differences’
in deposition velocity and radioactive half-lives of the other nuclides compared
with radiolodine. Near Windscale it can be assumed that the ratios in air are
similar to the estimates of the ratios of nuclide/13!1 released(7).

Estimates of the 137Cs/13!1 release ratio have been made by several authors.
Clarke(7) calculated a value of 0.076 using a computer code to predict fission
product inventory with certain assumptions about reactor fuel burn~up,

(27)

Chamberlain has recently reviewed information that was previously unpublished

(32) and Loutit(6) as

and endorses the value of 0.03 estimated by both Beattie :
being as good an estimate as is possible. The value of 0.03 will be used in this
report. o

Measurements of 137Cs concentrations in air made at various locatioms showed
that the ratio of 137¢s to 1311 changed markedly with distance from Windscale; it
increased. from 0.03 at Windscale to 0.l11 at Harwell, Oxfordshire, to 0.20 in
Germany and to 0,36 in Norway(s). A meaun of measurements made at ten sites in
the UK, south of Lancaster, was 0.1l #* 0.02. The increase in the !37¢s/l3l1
ratio may be associated with the short radioactive half-life of 1311 (8 days) as
compared with !37Cs (30.1 y) and the finite transit time of the plume, together
with the more rapid depletion from the plume of iodine wvapour as described

(3)

earlier. Chamberlain has suggested that the caesium released in the fire
rapidly became associated with particles in the alr and so was deposited at a
slower rate compared with thé iodine vapour throughout the duration of the plume
travel.

The matrices of 137Cs coﬁcent%ations in air and ground deposits have been
assembled by estimating the 137¢s enhancement factor, fr’ as a function of

distance, r, from Windscale and applying it to the 1311 matrices.

(137¢g/1311) concentrations in air at distance r

£ (}37¢s/1311) concentrations in air at Windscale (r=0)
Thus at Windscale, fo = 1, and at Harwell (r = 350 km), f350 = 3,7. Inter-—
- 10 -
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polation between these points has been achieved by assuming that the plume
travelled from Windscale towards the south, that the trajectory was straight and,
~in order to fit the observed variation of the 137¢g/1311 ratio, that it can be
represented by the relation fr = ro'223 for distancés between r = 1 and 500 km.
Using these assumptions a matrix of integrated concentration of 137Cs in air has

been assembled. The integrated concentration of 137¢cs in air in segment (dm,8n)

is given by
~ - ~ 3
x(Cs) ACs/I’fdm'X(I) (Bqg s m™?)
137 131 -
where ACs/I is the ratio of Cs to I in the release (ACs/I 0.03)
(1) is the integrated concentration of 1311 in air in segment
(dm, Bn)
and fdm is the mean of fr for the distance band dm.
For the rest of Europe a single value of 0.20 was assumed for the ratio of 137¢s

to 1311 in air(s).

Similarly, the matrix for 13705 ground deposition was obtained by applying

the following relation to the matrix of integrated concentration of 1317 4n air.

T(Cs) = A v 4(Cs). 1) (Bq m™2)

Cs/I'fdm

where U(Cs) is the total ground deposit of 137¢g
and vd(Cs) is the deposition velocity of 137¢s, assumed to be 0.15 x vd(I)
(4.5 = _10"“ m s~ 1) as reported for both the UK and
continent(s).

Matrices for other radiologically significant nuclides in the release were
assembled by comparison with the 137¢s matrices making the assumption that they
deposited from the plume in a similar wmanner to l37Cs(5), with the exception of
1327¢, This nuclide has a half-life of 78 h and its activity would therefore
have fallen off much more quickly with distance than 137¢cs (t*'= 30 y), behaving
more like 131p, Chamberlain(27) notes that the 132Te/13!I ratios seemed
reasonably constant across the country. The following expression is assumed:

Y(Te) = ATe/I.E(I)

Matrices for the radiologically significant nuclides and pathways were
evaluated using the models described in Simmonds and Crick(zg)} These were
adapted for the case of a single deposit of activity, and thus the matrix of
deposition for a given nuclide 1s readily converted into a matrix of integrated
food concentration.

3.3 The evaluation of other quantities needed in the collective dose

~ calculation ‘
The spatial distribution of the effective dose equivalent commitment from

.ground deposits, (equation (2)), has been evaluated by using the

c
Seff,ext

- 11 -

100u4b81Y



matrices for ground deposition described in previous sections. For a
radionuclide, j,

(3) = 0:5 x Q. xU (J)

Seff,ext ]
where Qj is the effective dose equivélent commitment per unit deposit
of a radionuclide j. This quantity has been evaluated using the
model described in (16)) and takes account of attenuation due to
migration of the nuclide down the soll profile and due to surface
roughness. 4
0.5 1is a factor to take account of shielding by buildings, and the
- average time spent outdoors(sa).

U(j) 1s the total ground deposit of radionuclide j (Bq m‘z). Its
spatial distribution is obtained from the wmatrices described
earlier.

The most significant nuclides for this pathway are 137Cs, 1317 and 132re,
(For 1311, QI = 2,5 x 1010 Sy per Bq mfz, for 132Te, Q e ™ 6.25 x 10710 gy per
Bq m~2 and for 137¢s, QCS = 1.1 x 10~7 $v per Bq m‘z)(lﬁ)

The committed effective dose equivalent per unit intake, Hgo,eff’ and the

committed thyrold dose equivalent per unit intake, H;O T which are required for
b4

c c
the evaluation of seff,inh and Seff,ing (equations {3) and (4)) have been taken
from ICRP Publication 30(25). Both values relate to adults and separate

consideration has to be given to children in the exposed population. Infants are
particularly susceptible to {311 contamination in milk because their milk intake
rate 1is comparable with that of adults while their dose per unit intake by
ingestion 1s significantly higher. Consideration is given to‘children in the
population and the effects on radiological impact in Appendix A.

In evaluating the collective dose due to the intake of radionuclides in milk
account has to be taken of the delay between production and consumption. This is
an especially important factor for short-lived radionuclides such as 1311, 1In
1957-58 about 70%Z of the milk produced in England, Scotland and Wales was

2
consumed as fresh milk(l ) with a mean delay of 2 days between production and

consumption(33). The remaining 30% was used for butter and cheese production

with a mean delay of 3 months(33). The factors F;(j,g) and F,(g) in equation
(4), as applied to milk, may therefore be expressed as
Fi(3,M) F(M) = 0.7 exp(-2x0.693) + 0.3 exp(-90x0.693)
| ‘34 ‘34
where tj& is the radiéactive half-life of the\radionuclide j, in days.
For green vegetables, the mean delay between production and consumption is taken

to be 7 days, and therefore

F1(j,v) = exp(-8x0.693)
3%

Only a fraction of the activity in harvested green vegetables is ingested by man

- 12 -

10046080



because of losses which occur during food preparation., It is assumed that the

1
fractional loss is SOZ( 7

, thus, the factor F,(g) in equation (4) for green
vegetables is
F2(V) = 0.2

3.4 Evaluation of the population and agricultural production distribution

The spatial distribution of population and of agricultural production arﬁund
the Windscale site must be known in order to evaluate the collective dose. Grids
of UK population and UK agricultural production distributions are available
respectively on 1 x 1 km and 5 x 5 km squares of the Natiomal Grid(SS’ZI). These
data have been converted to the radial distribution format shown in Figure 2 for
evaluation of the quantities N(dm,9n) and P(dm,6n,g) in equations (2), (3) and
(4).

The data contained in both of these arrays are of more recent origin than
1957, and consideration has to be given to the validity of using them for this
assessment, The population data were obtained from the 1971 census. Comparisons
of the distributions of populations by county im 1957 and 1971 indicate that
scaling in relation to natiomal totals in the two years concermed is unlikely to
affect the dose calculation by more than 10Z. Similarly for the milk production
data scaliﬁg has been carried out on the basis of national production in
1957/58(12’13)

that the fractional production by county has changed little in the intervening

compared with that in 1972. Examination of county data indicates

years. For green vegetables no scaling for the difference in production between
1957 and 1972 was applied. This approximation is unlikely to affect the
collective dose estimates significantly.

The spatial distribution of population and agricultural production in the
rest aof Europe is also needed. Grids of population and foodstuff production
distributions are available(l6) and have been converted into the radial co-
ordinate form required (Figure 3). It has been assumed that to a first
approximation the population and foodstuff production in each grid sduare can be

scaled by similar ratios as in the UK between 1957 and 1971.

[

T
The pathways by which radionuclides can give rise to irradiation of members

4, CALCULATION OF THE COLLECTIVE DOSE EQUIVALENT COMMITMENT TO THE THYROID, S

of the public can be represented schematically as in Figure 5. The dose to the
thyrolids of the population exposed to the Windscale release was dominated by the
contributions of the inhalation and ingestion pathways because of the
predominance of radioiodine in the radicactive materials released. Thyroid
exposure due to extermal irradiation from the plume and from ground deposits may
be shown to be negligible by comparison. The collective dose equivalent
commitment to the thyroid (S;) is calculated using equations (3) and (4) for the
- inhalation, milk and green vegetable pathways. SS has been estimated for the

T
milk pathway taking account of the collective dose saved by the imposition of a

- 13 -
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ban on the consumption of wmilk supplies from:- the coastal strip as described
earlier. The collective dose which would have resulted without the imposition of
a ban has also been calculated.

The former quantity was estimated by modifying values in the integrated milk
concentration matrix 1n the areas from where the distribution of milk was
interrupted. The conditions for removal of the milk ban were that the !31I
activity should be less than 0.1 uCi 171 (3700 Bq l'l)(s).
immediately after restrictions were removed, the maximum integrated activity of
1317 which could have been ingested is

If milk was consumed

J 3700 exp (-0.693t) dt = 26700 Bq 4 1~!
o 5
assuming a 5-day effective half-life on pasture. The matrix of integrated 131y

activity in milk, E(I,M), was modified so that the segments within the ban
area(s) were ascribed the above value for E(I,M) while those outside remained
unchange&. This assumption allows no delay period between the levels reaching
0.1 pci 17! (3700 Bq 17!) and the milk being redistributed but, equally, mno
allowance has been made for activity ingested before the ban could be bought into
effect(lg). There is likely to be some counterbalancing between the two
assumptions, but in any case neither of the assumptions is likely to have a
significant effect on the estimates of collective dose.

The collective dose to the thyroid from 1311 in milk to European populations

was estimated on the basis of the measurements reported by Loutit et al(6) for
integrated concentratlons of 1317 4n air, ;(I). A deposition velocity, vd(I) of
1.0 x 1073 m s~ (Section 3.2(d)) was used to obtain the distribution of C(I,M)
in Europe. Only a few measurements of I(I) were made in Europe and the estimate
of collective dose from activity in this area is only approximate.

Dunster et a® reported that the concentrations of '31I in reservoirs and
streams close to Windscale were in the range 3.7 Bq 17! to 37 Bq 1™} in the first
10 days after the accident. No measurements appear to have been reported for the
following months. However, in normal circumstances the time delays between
deposition on lake and river catchments and consumption are of the order of weeks
and months (although there are exceptions) and when this is considered together

.Qith the relatively short radioactive half-1ife of 33lI it seems most unlikely
that the drinking water pathway could  have contributed significantly to
collective dose. It has not been considered further in this assessment.

Current NRPB models(zg) predict a ratio between the Iintegrated concentration
of 1311 in meat to the integrated concentration of 1317 in milk for a single

deposit on pasture as being 0.21 Bq d kg—l/gq d 1—1

3
for milk of 2 days( 3) and for meat of 7 days(lb)between milking and slaughter

. Applying a mean delay time

respectively, and the consumption of the foodstuff, and assuming average adult
: ©(15) .

intake rates for milk and meat of 150 kg y‘l and 25 kg y respectively, the
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ratio of the total .!3!1 intake by meat and by milk is approximately 0.025. An
estimate of the collective thyroid dose from meat 1s obtained by scaling the milk
contribution to collective dose accordingly; it is 2.5% of that due to milk.

The collective doses from the consumption of 1311 4n grain and root crops
are negiigible. For grain, this is because there is a mean delay of about 1
year(33) between harvest and consumptioﬂ in which time the 13!I would have almost
totally decayed. For root crops the main mode by which the edible parts become
contaminated with }31I is likely to be due to translocation from the foliar parts
6f the plant. However, for most root crops there is a substantial delay on the

)

collective dose due to 13lI in this pathway is again likely to be insignificant.

average between harvest and consumption (4 months for pot:at:oes)(33 and the
It has therefore been neglected. Other foodstuffs, which are considered to be
potentially small contributors to collective dose have also been neglected in
this assessment. |

Tellurium-132 (132te) (ﬁ% = 78 h) which decays to 1321 (t& = 2.4 h) also

. contributes to the collective thyroid dose, S;, via the inhalation pathway. The
collective thyroid dose due to this nuclide via the ingestion pathway can be
shown to be small in comparison to that due to !31I and it has been neglected.

The cdntribution of other nuclides present in the release to the collective
thyroid dose has been neglected as small since they are not concentrated in the
thyroid gland and most of them were present in the release at much lower activity
concentrations than 1311, _

The estimated collective thyroid dose equivalent commitments (S;) are given
in Table 5 for the Cumbrian area, the UK and the remainder of Europe. The
collective dose estimate for the Cumbrian area is probably an overestimate, since
the contribution to collective dose from milk relates to the milk produced in
Cumbria rather than the milk consumed. However, since there 1s no significant
export of milk from the UK as a whole, the UK collective dose estimate is
consldered to be more realistic.

5. CORRELATION BETWEEN PREDICTED AND MEASURED INDIVIDUAL THYROID DOSES 1IN

LONDON, LEEDS AND CUMBRIA FROM 1317

In the period after the Windscale fire, measurements were made of the 1311
activity in the thyroids of children and adults in London, Leeds and Cumbria.
These measurements provide a further source of data which can be used to examine
the reliability of the data base described in previous sections.

The procedure described earlier (Section 3.1) for estimating collective dose
does not require a knowledge of the origins of foodstuffs consumed by the
population; it 4s necessafy only to assume that all or an appropriate fraction of
food produced in the area under consideration is consumed. In order to make
predictions of dose to individuals in particular locations, however, the source

of the contaminated foodstuff, in this case predominantly milk, must be known so
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‘that the level of activity in the ingested material can be determined. This type
of information is avallable for the pilk supplies to London in‘1957; for the
other locations and for other foodstuffs, however, asspmptions have had to be
made abaut the source of supply.

5.1 Londomn

(10) published measurements of the 1311 activity

Maycock and Vennart
concentration in the thyroids of some thirteen adults, resident in the Greater
.London area. The measurements were made in the weeks folléwing the accident, the
earliest of which were made on 31 October. The data are reproduced in Figure 6.
The points fitted by the upper curve represent the measurements where the
activity in one person's thyroid (subject K) was followed ;s a function of time
after the accident., This person was reported to have had a high milk intake
rate, of at least 1.1 litres per day. Maycock and Vennart fitted an equation to
this data using a simple model which enabled them to estimate a dose of 1.3 mSv
to K's thyroid. On the basis of the measurements made on the other subjects they
predicted a probable thyroid dose of 400 % 80 uSv to an average adult individual
living in London. Their model has several shortcomings; it only allows for
intake from drinking milk and it does not account for any delay between the
production and counsumption of the contaminated milk. In addition, they assumed
that the activity concentrations of 1317 4n milk decayed with an effective half~-
life of 7 days. From Booker's measuregents(ll), it is known that a shorter half-
life was observed (5 days).

The integrated concentration of !3!I in air, ;(I), was measured at Harrow,

Middlesex(z’ﬁ)
for adults of 23

, and was found to be 15.7 Bq d m~ 3. Assuming an inhalation rate
m3 d-l(ls) and a committed dose equivalent to the thyroid per
unit activity inhaled, H;O,T,inh’ of 2.9 x 1077 sv Bq'l(zs), the average thyroid
dose equivalent to people living 1in London from inhalation, HT(I,inh) is

estimated to have been 100 pSv.

The volumes of milk supplied to Greater London from various counties in
England.and Wales in June 1956 are given in Table 3(22). This information, taken
together with estimates of the mean integrated concentration of 1311 in wilk,
C(1,M), for each county from the matrix described earlier enables an estimate of
the average integrated concentration of 131I, EL(I,M), in consumed milk in London
to be derived. The dose equivalent to the thyroid of the average adult milk
consumer in London HT(I,M) as a result of the Windscale fire 1s thus

u

Bp(LM) = T (1,M) x I x Heg ooy

x Fy(I,M)

where I(M) 1s the per caput milk intake rate of adults = 150 1 y—l(ls)

u
HSO T,ing is the adult thyrold committed dose equivalent per unit 1311

ingested (4.8 x 10-7 gy Bq—l)(ZS)
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Fy(I,M) is a factor to accouat for the decay of 1311 between
production and consumption of the contaminated milk
(F,(1,4) = 0.84)
T (1,1) = 1180 Bq d 17!
Substituting these values in the equation gives BT(I,M) = 180 pSv.
For the green vegetables pathway it 1s assumed that vegetable supplies in
London are derived from the whole of England and Wales and in proportion for
. their production. The integrated 1311 activity in UK green vegetables, C(I,V),
is estimated to be ~2 Bgq ¥y kg'1 assuming a 7-day delay between cropping and
consumption. Assuming that the per caput adult intake rate of fresh green

- 1
vegetables was 40 kg y‘l( >)

, the average thyroid dose equivalént, ET(I,V), from
ingestion of 1311 in green vegetables is 40 pSv.

From these three intake routes, the total thyroid dose equivalent, ET’ to an

- average aduit in London is
(1) = Hp(I,4) + B (I,inh) + B (I,V)
The value estimated in this way for HT is 320 uSv.

The time distribution of the 1311 activity in the thyroid can be calculated
from these estimates using a suitable model, For the inhalation pathway it is
assumed that a single intake occurred on 12 October. There would then have been
a delay of roughly two days between this intake and the intake of contaminated
milk, because of the time delay in distributionm, and'roughly 7 days' delay before
the consumption of contaminated green vegetables.. ’

Using NRPB(ZQ) models, the time—distributidn of activity in milk and green
vegetables consistent with the thyrold dose estimates can be predicted (eg,
Figure 4). The lower curve in Figure 6 1s the predicted time distribution of
thyroid activity for the average London adult as a result of the contributions of
the inhalation and wmilk and green vegetables ingestion pathways; it is considered
to be in good agreement with the measurements, bearing in mind the uncertainties
in the estimate, particularly with regard to the estimate of contamination levels
in milk and green vegetables,

The upper curve in Figure 6 is a fit to the measurements made on subject XK,
by varying his milk intake, but keeping the inhalation and green vegetable intake
fixed. It 1s found that K would have had to consume an equivalent of 2.4 litres
per day of mlilk at the estimated average London milk contamination. From the
preceding discussion it seems equally possible that K consumed milk of higher
1311  concentration or alternatively that his metabolism for iodine was

significantly different from the average. The spread of measured values around

the lower curve supports these suggestions.

5.2 Leeds .
Measurements of the activity of !3!I in the thyroids of some niné pe?gie

resident in the Leeds area at the time of the accident were reported-ﬁy Burch .
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For two subjects (A and B), the time-variation of the activity was followed into
mid-November, 1957. These data are represented by the plots in Figure 7, By
integrating the activity under the curves, Burch estimated the average thyroid
dose equivalents for these two adult Leeds residents to be 1.0 mSv. He used a
thyroid mass of 30 g in his calculation rather than 20 g recommended by ICRP for
Standard Man(36). When modified for the lower thyroid mass the dose is 1.5 mSv.
The time~dependence of thyroid activify at short times after the accident could
not- be deduced directly from the measurements.

The peak activity of 1317 4n milk in Leeds as a result of the Windscale
fire has been estimated from wmeasurements in milk to be between 440 and
810 Bq 1—1(19). Applying the models described in Section 3.2.1,‘this corresponds
to integrated !3lI concentrations in milk, C(I,M), of 3590 and 6590 Bq 4 1-!
respectively. In the four annular segments of the E(I,M) matrix about Leeds the
values of E(I,M) in Bq d 1-! are as follows:

125 - 150 km 150 - 200 km
sector 8 7040 1480
sector 9 3700 2370

Assuming that the people of Leeds derive their milk from the 125-150 km band
and a 150-170 km band of sectors 8 and 9 (le, four annular segments equal in area
about Leeds), then the calculated mean value of E(I,M) for these areas is
4300 Bq d 171, This 1s within the range - of values obtained from milk
measurements obtained above. |

The two people in the measurement study were reported to consume an average
of about 1.2 pints of milk per day(g) (250 1 y1). The dose equivalent té their

thyroids £from drinking milk with an integrated acti§ity concentration of
4300 Bq d 17! is estimated to be 1.1 mSv taking into account a delay of 2 days
between production and consumption.

From the relationship in Section 3;2.2 the integrated concentration in air,

-;(I), which would give rise to a C(I,M) value of 4300 Bq d 1”1 in milk is
41 Bq d o3 using a deposition velocity, 2 of 3 x 1073 n s™!, This results in a
thyroid dose equivalent of 0,27 mSv from inhalation.

The dose from consumption of green vegetables is estimated using the same
assumption as for London giving a thyroid dose equivalent of the order of 0.04
mSv. The total from these three pathways, ﬁT’ is 1.4 mSv, close to the 1.5 mSv
estimated from the direct measurements of Burch. The time variation of the
activity in the two subjects' thyroids can be estimated using a similar model to
that described in Section 5.1. The predicted curve presented in Figure 7 gives a
good fit to the measured thyroid activities.

5.3 Cumbria )
Measurements of the 1311 content of thyroids in the Windscale area during

the time when milk was banned were reported by Dunster et 31(8). Clarke(7) has
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“shown that there is evidence that, in most éases, the thyroid doses can be mainly
attributed to inhalation of 1311, and not to contaminated milk being imbibed in
error. The mean adult thyroid dose equivalent at various distances from the site
may also be estimated by using thé matrix of time integrated concentration of
1311 4n air, ;(I). The results from thils calculation are presented along with
Clarke's(7) predictions and Dumster's measurements in Table 4.

The agreement between the results is good and encourages counfidence in the
models used in deriving inhalation doses from measurements of 1317 in milk. The
results calculated here do not take account of any additional dose due to milk
after the ban was lifted. The individual thyroid dose equivalents could have
been 5 mSv higher as a consequence. However Dunster's measurements of 1311
concentrations in the thyroids of the local population were made before the milk
ban was lifted and Hence do not show this effect.

Overall, the comparisons of measured and predicted thyroid 1311 contents for
people in London, Leeds and Cumbria encourage confidence in the mﬁdels and
database employed in the collective dose assessment.

6. CALCULATION OF THE COLLECTIVE EFFECTIVE DOSE EQUIVALENT COMMITMEN@i;§fff

The collective effective dose equivalent commitmeht, SZ

££° to populations
within various distance bands from the Windscale site has been assessed using the
methodology outlined in Section 3; the results are presented in Table 6. The
nuclides which proved to be of significance in the inhalation pathway were 1311,
1327, 137¢g, 103py, 144Ce, 91Y and 129DTe. The nuclides of importance for the
ingestion and external irradiation (ground deposits) pathways.were 1311, 1327¢
and 137¢s. . .

As discussed in Section 3.2, with the exceptions of 1313 and l32’1‘e, the
nuclides were assumed to be deposited from the plume at the same rate as 137¢s.
The distribution matrices for !37Cs integrated air conéentration, ;(Cs), and
ground deposit, U(Cs), were scaled in proportion to ‘the activities of the other
nuclides present in the release, in order to obtain their distribution patternms,
For the inhalation pathway, no corrections were made for radicactive decay as the
shortest half-life of the nuclides considered (other than 131y and !32Te) was
34 4 for 12%mTe Aand there would have been 1little decay in the time between
release and intake. V -

c . .
In assessing the contribution to Se from foodchain contamination, account

£f .
has to be taken of the transfer of long-lived radionuclides from soil into

foodstuffs. Those considered were milk, meat and liver from gfazing animals,
green vegetables, grain and root cropé.

The assessment of the contribution to S:ff due to direct irradiation from
radioactive material in the cloud is based on the calculations of cloud—y dose

7

made by Clarke . By examining the results of these calculations and comparing

- 19 -

100ubAal




them with values used in the matrix of integrated concentration of 1311 in air an
empirical approximation can be made that 1 Bg d o3 corresponds to 1 x 1077 sv.
Assuming a factor of 0.5(34) to account for shielding by buildings from A cloud
source and the mean time épent outdoors, the total cloud—-y collective doss
equivalent is estimated to be about 50 man Sv. The approximate nature of this
estimate 1is recognised but since the_contfibution is small compared with the
total collective dose a more detailed assessment does not seem to be justified.

Consideration has been given to the contribution of the collective dose to
' c

eff”
to clear the damaged channels some of the workers at the Windscale reactors wete

the workers at Windscale during the accident to the total 5 In the attempts
exposed to high external dose rates and to significant alr concentrations of
radionuclides. Protective measures were taken to control the exposure Pf the
workers, including the wearing of respirators and the wmonitoring of extérnal
radiation. Measurements of 1311 in the thyroids of 96 workers in the plant
showed that the largest doses to this organ were 95 mSv and 21 mSv, with an
average of 4 mSv, due to inhalation of l311(6). The external radiation doses of
14 workers were in excess of the maximum permissible quarterly dose of 30 wSv
which existed at the time, the highest dose being 47 mSv(6). The contribution of
the worker#' doses to the total collective dose was nevertheless negligibly small
(less than 1 man Sv to the thyroid and less than ! man Sv effective dose). ‘

) The cooling water used to extinguish the fire in the reactor was ultimately
discharged to sea. On the basis of an approximate estimate of the quantities.

(27)

c
discharged , an assessment of the contribution to S from the marine

(37) eff

exposure pathways has been made . The contribution from this source to S:

£ff
is estimated to be less than 2 man Sv.

7. DISCUSSION OF THE RESULTS

The results of the calculations of the collective dose equivalent commitment
to the thyroid (S;) and of the'collective effect;ve dose equivalent commitment
(S:ff) following the Windscale release of 1957 are given in Tables 5 and 6,
respectively. The collective doses corrected for the age distribution of the
exposed population are given in Tables 5A and 6A. The contributions by pathway,
nuclide and region are indicated in Figures 8 and 9.

7.1 Collective dose equivalent commitment to the thyroid

c
T
estimated to be 1.9 x 10* man Sv. The main contributions to the collective dose

The total collective dose equivalent commitment to the thyroid, S, was
were from ingestion of milk (62%), inhalation of activity in the plume (29%) and
ingestion of other foods (9%). These estimates were made assuming a populatioh
made up of adults only. When allowance is made for the age distribution of the

)
population (Appendix A) the collective thyroid dose, Sc is 2.6 x 10" man Sv,

T
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(that is 37%Z higher than for an adult populaﬁion). 0f this 70% is contributed by
the milk pathway, 22% by inhalation of activity in the plume, and 8% by other
foodstuffs. Of the 2.6 x 10% man Sv it is estimated that 95% was delivered in
the the UK and_ approximately 12% of the total dose would have arisen from within
50 km of .the Windscale site. However, since milk aﬁd other foodstuffs are not
necessarilj ingested where they are produced, this figure ddes not imply that the
local pﬁpulation received that dose. »

The most important nuclide conﬁributing to the collective thyrold dose
equivalent was 1311, 1t was responsible for almost the entire dose from the milk
pathway. The only other nuclide to maké a mnoticeable contribution to the
collective thyroid dose was 132Te via the inhalation pathway; its daughter 1327
is concentrated in the human thyroid gland. Both 1311 and 132Te have relatively
short radicactive half-lives (8.02 d and 78 h respectively) and thus almost all
of the dose would have been received within a few weeks of the accident.

It is interesting to note that the inhalation pathway is predicté& to have
been relatively more important than assumed by Baverstock and Vennart(lg). This
is mainly because of the comparatively lower ground deposit to milk transfer of
1311 observed by Booker(ll)

It is estimated that the imposition of the ban on the milk distribution from

and used in this assessment.

the region around Windscale in the weeks following the acclident saved
3.5 x 103 man Sv of the age—-corrected collective dose to the thyroid, S;'; that
is, the collective dose arising from the Cumbrian area was approximately halved
by the ban although the total collecti?e dose was only reduced by 12Z, '

It is of interest to examine the distribution of individual thyroid dose
equivalents in the exposed population as a function of distance from Windscale.
However, since most of the dose 1s predicted to have arisen from the intake of
milk which‘is not necessarily consumed in the area where it 1s produced (see
Table 3), any estimate made in the absence of comprehensive data on UK milk
distribution patterns in 1957 is necessarily approximate. In Figure 10 estimates
are presented of the mean adult thyroild dose equivalents in England and Wales due
to the inhalation and milk ingestion pathways. Milk is assumed to be derived
from the sector in which the exposed person lives and since the sectors are
cﬁosen to ‘be fairly latge the errors assoclated with real milk distribution
patterns are to some extent reduced. For Cumbria 1t is assumed that those people
within the area in which miik was restricted obtained milk from other parts of
the north-western region. It is clear from Figure 1l that the highest doses were
received in the north-west of England: doses in the south and west of the
country and in Wales were lower by more than an order of magnitude.

Recently Taylor(za) has estimated the collective thyroid dose resulting from

the Windscale fire by extrapolating the few measurements on individuals in the UK
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to obtéin the population dose. His method, though approximate, gives results
which are in reasonable agreement with those of this assessment (Table 7). Only
the collective thyroid dbses in the 0-50 km zone are appreciably different and
this is not unexpected since the collective dose ‘contribution from wmilk
contamination in this assessment refers to milk produced but not necessarily
consumed in the area. |

7.2 Collective effective dose equivalent commitment

The collective effective dose equivalent commitment, assuming an adult

c
population, seff’

tions to this value were from ingestion of foodstuffs (47%), inhalation of

has been estimated to be 9.9 x 102 man Sv. The main contribu-

activity from the plume (26%) and from external irradiation (27%Z) due to the
cloud and deposited activ?ty. Again, because roughly three—quarters of the dose
is due to internal irradiation of organs, correction factors for children’s
relatively higher doses per unit intake have been applied (Appendix A), and'the
collective effective dose equivalent commitment is re~evaluated to be
1.2 x 103 man Sv, allowing for the age—distribution of the population. O0f this
the milk ingestion pathway is the single largest contributor of collective dose
(48%), representing the contamination of milk by 1311, 1Inhalation and extermal
;f (roughly 22% each), the remainder
coming from the ingestion of other contaminated foodstuffs.

irradiation contribute equally to the S;

The most important nuclides contributing to collective effective dose are
1317, 137¢s and 19%Ru (Figure 9). Other less important nuclides are 1%%Ce,
129mre  103Ry, - 1327¢ and 91Y., Because !37Cs has a relatively long half-life
(t% = 30.1 years) the collective effective dose commlitment was delivered over a
considerable period after the accident, An estimation of the annual collective
effective dose equivalent rate as a function of time has been made and is given
in Figure 1ll. Thus approximately 82% of the collective effective dose'equivalent
commitment was delivered within the first year following the release and the

remaining 18% over the next few decades,

Taylor(zs) did not estimate S:ff but he evaluated the collective whole body
dose equivalent from external irradiation. This may be compared with the

-estimates of the contribution to collective effective dose from external
irradiation from this study in Table 7. Again, the results are of the same
order.

8. HEALTH EFFECTS IN THE EXPOSED POPULATION

The rates of radiation induced effects in the thyroids of the most highly-
exposed members of the public can be estimated from published data. The
extensive literature on the subject of the risks of late effects from exposure to

(31)

ionising radiations has been summarised by Clarke and Smith . The risk

coefficients which can be obtalned from this source have considerable uncertalinty
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associated with them and care has therefore to be exerclsed in thelr use. They
are mainly obtained from observations of health effects at high levels of dose
and their application to the lower dose ranges which are mostly of concern in
radiation protection is based on extrapolation. The risk coefficlents used in
this report for the radiation types and levels of dose are considered to
represent an upper limit of risk.

-The health effects expected as a result of thyrold irradiation are cancers;
a few of them lead to fatality but the ‘majority, being capable of treatment, are
termed non—fatal. Their appearance after irradiation 18 not immediate but occurs
over a few decades. The risks of cancer induction may be therefore, best
expressed in terms of a time—integrated risk. For a standardised pOpulation
group of young adults which 1lives long enough for the risk to be expressed, the
time~integrated risks of thyroid cancer incidence are 1 x 1072 gv~1, of which 5%
are assumed to cause fatality.

The lifetime risk to the most exposed individuals in the local Windscale
population of developing a radlation-ipnduced thyrold cancer may then be
conservatively expressed using this coefficient as 1 x 1073 (or 1 in 1,000).
These risks are baséd on the highest measured child thyroid doses of around
100 mSv; the highest adult exposures were less by a factor of about five and the
#ssbciated cancer risks are proportionately less. If it is assumed that the
integrated risk of thyrold cancer were spread uniformly over the remaining
lifetime of the exposed ‘individuals (say 60 years) an appropriate estimate of the
annual risk of radiation-induced cancer incidence may be made (2 x 1073 y~1),

The natural risks of thyrold cancer incidence in the population axe
relatively .low *cbmpared““with some other typeé of cancer and are variable
depending upon age Qnd sex. In the age range 15 -~ 25 the rates of newly-
diagnosed thyroid cancer in 1968 in England and Wales were 2 x 1076 y~1 and
8 x 1076 y~! for males and females, respectively(3o). These rates increase
throughout life and for people over 75 the rates are, respectively, 3 x 107" y~1
and 7 x 105 y~1,

The collective thyrold dose to the UK population when corrected for the
population age distribution is estimated to be 2.5 x 10" man Sv. The majority of
this dose was delivered within the first few months after the release but the
predicted health effects in the population would be distributed in time over a
few tens of years. Using the previous risk coefficient derived for a group of
young adults but recognising that in a real population the risk would unot be
fully expressed in the older exposed individuals in the population, the total
nuymber of expected thyroid cancers 1s 250 (13 of which would be fatal). If the
mean life expectancy of the 'standard' population 1s 40 years, and the radiation—
induced thyroid cancers are assumed to be manifested uniformly over the period

(which would not be the case) the annual incidence rate would be 6.5. To obtain

some perspective on these numbers they may be compared with the natural incidence
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-rate in England and Wales of newly-diagnosed thyroid cancer, which was 666 in
1968 (180 males and 486 females) and has tended to be fairly constant in recent
years(30). This comparison does not, However, reveal the geographic distribution
which might be expected In the radiation-induced cancers nor the predicted
thyroid cancer incidence within different age groups and their relationships with
the geographic and age variatioms of natural thyroid cancer incidence. A more
detailed study of these aspects is being undertaken at the Board and the results
will be published in due course.

Since the thyroids of members of the UK population are also subject to
continuous irradiation from natural background radiatiom sources, for example,
cosmic rays, terrestrial radiation, and irradiationm from naturally-occurring
materials in the diet, it is possible to.make an estimate of this contributjon to
the natural thyroid cancer incidence in the population by using the same risk
coefficients. The average annual thyroid dose equivalent from natural sources is
about 0.9 mSv; this corresponds to an amnual incidence of 360 thyroid cancers per
year (with 18 expected fatalities) in a population of size comparable to that of
England and Wales. This prediction will be an overestimate, however, since the
risk coefficient applies to a young adult population and not to one with a real
age distribution.

Due to the predominance of radioiodine in the release, the expected
incidence of health effects other than thyrold cancer in the exposed population
is comparatively small. The total number of fatal cancers plus hereditary
defects in the first two éénerations may be estimated by using the collective

effective dose equivalent commitment, s¢ together with a risk coefficient of

1.65 x 1072 sv~! recoumended by ICRP(fgf. This method implies a total of 20
health effects (cancer deaths ﬁius hereditary'effects); 13 of the health effects
are due to thyroid cancer fatalities as discussed previously. . No account is
taken in this estimate of fatalities due to skin cancer nor of hereditary defects
beyond the second generation. The same uncertainties, referred to earlier,
concerning the risk coefficient values apply to this estimate, and it is regarded
as an upper estimate of radiétion induced health effects.

9. ACCURACY OF THE RESULTS

The assessment indicates'that the contributions: of the milkuingestion and
inhalation pathways dominate the collective thyroid dose équivalent comni tment
and that together with the dose due to external irradiation from ground deposits,
they are the main contributors to the collective effective dose equivalent
commitment., The calculations of collective dose via these pathways rely both on
the accuracy of the predicted spatial distribution of contamination and on the
rellability of the transfer models used to relate environmental measurements to

dose.

- 24 -
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The values of environmental activity given in the matrix of Table 2 £all
into three categories; those values, out to a distance of about 200 km from
Windscale, ‘which are based in the main on direct measurements of the 1311
concentration in milk, those which are modelled from measurements made in other
environmental media, and those which. are estimates made by considering the
trajectory of the plume and interpolating between the nearest measurements. Of
the 1.2 x 10" man Sv total adult collective thyroid dose from milk (Table 5),
approximately 75% comes from the region out to 200 km, where the estimates of
integrated milk contamination are most reliable. Only about 12X is based on
values which are estimates from interpolation. An error of 2 in these estimates
would change the collective thyroid dose from milk by only about 10%. In
general, the sum of the contributiouns from all the segments is more accurate than
the colleétive dose from an individual segment.

The main errors likely to be incurred im any collective dose calculations
are systematic errors. They may be associated with factors which are applied
equally to every segment In the grid, irrespective of its location. The most
important parameters are the dosimetric ones, which directly determine the
collective dose. Of lesser importance are the parameters which affect parts of
the calculation but not the whole; they include deposition velocities, dose
reduction factors for external irradiation, the ratio of nuclides released from
the stack, and factors used in modelling the transfer from grass to milk. All of
these parameters affect parts of fhe calculation b&t not the entire estimate.
Sensitivity analyses can be performed on the collectiQe dose calculations to
investigate the importance of these parameters. For example, it can be shown
that increasing the deposition velocity by a factor of three reduces the
collective thyroié dose byhiess than 5%, whereas reducing the deposition velocity
by a factor of three increases the estimate by about 50%.

Taking into account the possible ranges of all the parameters in the
assessment that might be varied, as well as the possible uncertainties in the
spatial distribution of contamination the total collective doses are considered
to be accurate to within a factor of two.

10.. CONCLUSIONS -
1, A methodology has been described and used for estimating the age—corrected
collective thyroid dose equivalent commitment, SC', and the ége—corrected

collective effective dose equivalent commitment, following the release

c
Seff’
on 10 October 1957 from the No. 1 pile at Windscale. It involved the
establishment of matrices describing the spatial distribution of

environmental contamination and the use of transfer models for dose
1

t
estimation. The values calculated for S; and S:ff are 2.6 x 10" man Sv and

1.2 x 103 man Sv, respectively.

- 25 -
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2. The pathway which contributed the most to the collective dose ‘was the
ingestion of contaminated milk. It is estimated that the banning of milk in
the Windscale area, which was introduced to limit the doses to individuals
most at risk in the population, saved approximately 3.5 x 103 man Sv of the
age—corrected collective thyroid dosg equivalent commitment, S;', and 108
man Sv of the age-corracted collectlive effective dose equivalent commitment,
s€ ..

eff

3. 1311 was the most important radionuclide, contributing nearly all of the
collective dose to the thyroid and the 1largest part of the collective
effective dose. In the longer term following the release the contribution
of the long-lived 13705 to the collective effective dose via external dose
from ground deposits and the ingestion of contaminated foodstuffs became
significant.

4. The most exposed group in the population were young children drinking milk
produced in the northern counties. The maximum individual thyroid dose
neasured was 160 mSv to a child in the Windscale area.

5. The mnethodology used in the study has been validated by comparing the
predicted levels of individual thyroid dose and those measured directly inm
the weeks following the accident in London, Leeds and Cumbria.
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Table 1

Estimates .of radionuclides released
Nuclide Clarke(7) Loutit et al(6) Ratios used
(x 1012 Bg) in this study
- relative 1311 = 1,0

85gr 5.9 x 10l 9.8 x 10—2
89gy 5.1 x 10° 3.0 x 109 4.1 x 103
903, 2.2 x 1071 7.4 x 1072 1.0 x 10~%
90y 2.2 x 107! 1.0 x 10-%
gy 3.7 x 1072 6.2 x 1075
21y 6.4 x 100 1.1 x 10-2
3y 5.9 x 10-2 9.8 x 10-5
957y 7.5 x 10° 1.3 x 10-2
95N 7.5 x 100 1.3 x 10-2
97zr 3.6 x 10-1 6.0 x 10-"
9%0 3.6 x 10 6.0 x 10-2
103gy 4,0 x 10! 6.7 x 102
105gy 5.2 x 10~1 8.7 x 10~*
106gy, 5.9 x 109 3,0 x 109 4.1 x 10~3
106gh 5.9 x 100 4.1 x 10-3
1llag 5.2 x 1071 8.7 x 107%
115¢4 1.6 x 100 2.7 x 10-3
123g, 2.4 x 1071 4.0 x 1074
125g, 2.5 x 107} 4.2 x 104
127gy 3.3 x 102 5.6 x 103
125m7, 2.5 x 10} 4.2 x 102
1297, 2.5 x 101 L 4,2 x 1072
131mye 6.5 x 10} 1.1 x 10-1
1317 6.0 x 102 7.4 x 102 1.0 x 109
1327, 6.0 x 102 4.4 x 102 5.9 x 10-1
133y, 1.2 x 1o% 2.1 x 10!
134¢g 1.2 x 100 2.0 x 10-3
135xe 3.5 x 10t 5.9 x 102
136¢g 1.5 x 100 2.5 x 10~3
137¢q 4.6 x 101 2.2 x 10! 3.0 x 10™2
140p, 6.4 x 100 1.1 x 10-2
1407, 6.4 x 109 1.1 x 102
l4lce 7.1 x 100 1.2 x 10-2
143ce 1.6 x 100 2.6 x 1073
144ce 4,0 x 109 3.0 x 100 4,1 x 10-3
14754 2.3 x 100 3.8 x 10-°
147pp 2.3 x 100 3,8 x 10-3
149py 5.9 x 10~} 9.9 x 104
1Slpy 1.0 x 101 1.7 x 10~%
153gn 7.8 x 1072 1.3 x 1o0~%
156gy 2.6 x 107} 4.3 x 107%
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Table 3

The origins of contaminated milk distributed to Greater London

Volume of milk Mean milk Total activity
Counties (June 1956)(22) contamination (x 106 Bq)
(x 103 1 a1y (Bq 4 171

Cumberland 141 3.6 x 103 5.1 x 102
Westmorland 205 7.5 x 103 1.5 x 103
Yorkshire (North Riding) 27 4.5 x 102 -1.2 x 10!
Derbyshire 27 3.5 x 103 9.5 x 10!
Staffordshire 14 3.7 x 103 5.2 x 10!
Cambridgeshire 50 7.8 x 102 3.9 x 10!
Huntingdonshire 23 8.0 x 102 1.8 x 10!
Norfolk 141 3.3 x 102 4.7 x 10!
East Suffolk 141 3.3 x 102 4.7 x 101
Leicestershire 55 1.5 x 103 8.3 x 10!
Gloucestershire 105 7.0 x 102 7.4 x 10l
Monmouth 59 3.0 x 102 1.8 x 10!
Worcestershire 23 1.3 x 103 3.0 x 10!
Shropshire 173 2.0 x 103 3.5 x 102
Cardiganshire 18 1.5 x 102 2.7 x 100
Carmarthenshire 584 1.9 x 102 1.1 x 102
Radnorshire 23 3.7 x 102 8.5 x 100
Berkshire 73 9.3 x 102 6.8 x 10t
Buckinghamshire 146 1.0 x 103 1.5 x 102
Hampshire 278 1.0 x 103 2.8 x 102
Oxfordshire 68 7.2 x 102 4.9 x 10
Isle of Wight 9 1.0 x 103 9.0 x 109
Dorset 41 9.0 x 102 3.7 x 10} .
Somerset 333 7.4 x 102 2.5 x 102
Wiltshire 296 8.5 x 102 2.5 x 102
Devonshire 109 6.0 x 102 6.5 x 10l
Cornwall 219 1.9 x 102 4,2 x 101
Essex 109 8.0 x 102 8.7 x 10}
Hertfordshire 100 1.6 x 103 1.6 x 102
Kent 41 4.0 x 102 1.6 x 10!
Middlesex 18 1.0.x 103 1.8 x 10!l
Surrey 87 9.0 x 102 7.8 x 101
East Sussex 91 4.0 x 102 3,6 x 10l
West Sussex 82 9.3 x 102 7.6 x 101
Totals 3909 4.6 x 103

" Assuming milk distributed in Greater London is uniformly mixed, mean milk

10041709

. 4.6 x 109
contamination = 39509 % 10

1180 Bq 4 1~}
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Table 4

Comparison between measured and predicted thyroid doses

to individuals living in the Windscale area

1004110

Distance from .Thyroid dose Distance from Thyroid dose Measured thyroid
Windscale from inhalation Windscale. from inhalation dose (Dunster)
(km) (This study) (km) (Clarke) (mSv)
(mSv) : (mSv)
3 18 5
0 - 10 18 6 21 14
7 18 14
9 16 18
10 - 20 13 18 9 14
20 - 30 5.5 - - -
31 5 4
30 - 40 3.1 37 2 )
38 2 3
-— 32 —
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Table 5
Collective dose equivalent commitment to the thyroid (Sgl
{man Sv)
Region Cumbria Total inc.
(0 ~ 50 km) UK continent
Pathway
Inhalation 4.8 x 102 | 5.2 x 103 | 5.5 x 103
Ingestion
milk 1.7 x 103 1.1 x 10 | 1.2 x 10"
other foods 7.4 x- 101 [ 1.7 x 103 | 1.8 x 103
Totals | 2.2x103 | 1.8 x 10% | 1.9 x 10%
Table 5A

\
Collective dose equivalent commitment to the thyroid (S:.l

corrected for the age distribution of the population (man Sv)

' Region Cumbria Total inc.
(0 - 50 km) UK continent
Pathway

Inhalation 4.9 x 102 | 5.4 x 103 | 5.7 x 103

Ingestion
milk 2.6 x 103 1.7 = 10% | 1.8 x 10%
other foods 9.3 x 10! 2.1 x 103 { 2.1 x 103
Totals 3.2 x 103 2.5 x 10* | 2.6 x 10%

Notes:

1. The milk ban is estimated to have saved 2.3 x 103 man Sv of the
Sc for the Cumbria region. (3.5 x 103 man Sv of the Sc )

2. Other foods include green vegetables and meat.

. 3. The figures for ingestion show the collective doses arising from

the consumption of contaminated foodstuffs produced in each area,
and not necessarily to the population within that area.

el
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Table 6

Collective effective dose equlvalent commitment (Scffl
(man Sv)
Region Cumbria Total inc.
(0 = 50 km) UK continent
Pathway .
Inhalation 1.8 x 101 2.4 x 102 | 2.6 x 102
Ingestion
milk 5.4 x 10!} 3.5 x 102 | 3.6 x 102
other foods 8.7 x 109 1.0 x 102 | 1.1 x 102
External
ground deposit 1.2 x 10} 1.9 x 102 | 2.1 x 102
cloud y 4.9 x 109 5.4 x 101 | 5.7 x 10!
Totals 1.0 x 102 9.4 x 102 | 9.9 x 102
Table 6A
]
Collective effective dose egqulvalent commitment (Scffl

corrected for the age distribution of the population (man Sv)

Notes:

Region Cumbria Total inc.
(0 — 50 km) UK continent
Pathway
Inhalation 1.9 x 10! 2.5 x 102 | 2.7 x 102
Ingestion
milk 8.5 x 10! 5.5 x 102 | 5.7 x 102
other foods 1.1 x 10! | 1.2 x 102 | 1.4 x 102
External
ground deposit 1.2 x 10! 1.9 x 102 | 2.1 x 102
cloud y 4.9 x 1090 5.4 x 10} | 5.7 x 10!
Totals 1.3 x 102 1.2 x 103 | 1.2 x 103

1. The milk ban 1s estimated to have saved 70 man Sv of the

S; for the Cumbria regilon.

(108 man Sv of the ST )

2. The figures for ingestion show the collective doses arising from
the consumption of contaminated foodstuffs produced in each area,
and not necessarily to the population within that area.

1004112
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Figure 2 The radial co-ordinate grid adopted for.
representation of the spatial distribution of
environmental materials and their degree of
~contamination following the Windscale accident
1957
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measured 1311 activity in the thyroids of
L ondon residents as a function of time
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Figure 10 Estimates of mean adult thyroid dose
1004123 equivalents in England and Wales
resulting from the 1957 release (uSv)
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. APPENDIX A

Factors to be applied to the collective dose estimates to correct for the

increased sensitivity of children to intermal irradiation

It has been shown that the pathway which contributed the most to the
collective thyroid dose, S; and bulyective effective dose, Ssz following the
Windscale accident was the ingestion of contaminated wmilk. In calculating
collective doses, adult consumption rates and committed doses per unit intake
have been assumed implicitly. However, it is recognised that young children were
particularly at risk following the release because of their relatively high milk
consumption rate and committed dose per unit intake compared with édults. In
this apéendix, factors are derived for application to the previous estimates of
collective dose, to take account of the age distribution of the population at the
time of the accident.

CORRECTION FACTORS FOR INGESTION DOSES

The collective dose-from ingestion of a nuclide, j, inr a given foodstuff may

.be expressed, assuming a uniform adult population as:

Singld) = A Hgg 4 (5) ceen (A1)
where A is the total activity in a given foodstuff that is available to be
consumed by the entire population
and H;O,ing(j) is the committed dose equivalent per unit intake of nuclide
j for adults.

Counsider now the exposed population being composed of three age—groups with
n, people in each: n; people in lst group aged 0-5 years .

n, people in 2nd group aged 5-15 years

n, people in 3rd group aged 15+ years.

For a given pathway let the respective mean intake rates be I, 12 and 13;
and the mean committed dose equivalents per unit intake of nuclide, j, for each
age group be Hi(}), Hy(3), E3(d).

Of the total activity, A, in a given foodstuff, that is avallable to be
cogéumed by the entire population, the fraction ingested by the 1ith group is
P17y

T assuming a fixed age distribution over the entire country. Hence, the

i 171
collective dose to that group may be written:
-
n,I n,I, H, (3)
c -u,, 171 i7i i c N
1,ingt3) = B 30 A In I~ IngI. qu D S1ngd” sees (A2)
i i 50,ing
The collective dose corrected for the age distribution may then be written
—-u,
e o T PO
S (J)=t¢s (i) = ese. (A3
ing i i,1ing g 1) wo 1
50, ing 3 ini 1
- 47 -
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CORRECTION FACTOR FOR INHALATION DOSES

The collective‘dose due to inhalation of a nuclide, j, assuming an adult

population, may be expressed as
c . u ~
Siantd) = Bsg 1p(3) I3 Nox
where 1, d4s the mean adult breathing rate
N is the total population = ny + n, + nj

Y represents an appropriate mean integrated air concentration,

The collective dose to a particular age-group may be expressed as

c . =u . ~

S¢{,10n43) ™ By a3 Iy vy xe
Thus, the age—corrected collective dose due to inhalation may be written as s

Tu
, DR anPT oy s (4)
s () = psS, (=2 inh ee. (AB)
inh i i,inh N 1. g% () h
3 %50,1inn"d

CALCULATION OF THE CORRECTION FACTORS

In order to evaluate Equations (A3) and (A4) the quantities n,, I, and ﬁ:(j)

s
have to be determined. In the calculations it was assumed that éﬁe ;ean intake
rates, Ii’ and the mean committed doses per unit intake for a nuclide, j, ﬁ:(j)
for the age~group 0 — 5-year olds and for 5 — 15—year olds can be represented by
the respective parameters for a l-year old infant and a 10~year old child(15’38>.
It 1is also assumed that any regional variation in the age distribgtion’of the
population can be ignored, and the mean age distribution of England‘and Wales in
1958 has been assumed to apply uniformly across the country(24). ' '
The expressions in equations (A3) and (A4) have been evaluated, and the
correction factors to allow for the increased sensitivity of children to internal

irradiation are given below for the most important pathways and nuclides.

Age correction factors
Path Thyrotd (s$/s8) | Effective (sC../sC
athway yro /St ective eff eff)
1311 1311 137Cs lOSRu
Mi1k .54 1.57 1.46 - _
Green vegetable 1.25 1.26 1.22 - .
Inhalation 0.97 1.02 1.02 1.05 '
-~ 48 —
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