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ABSTRACT 

On t h e  10 and 11 October 1957 a f i r e  i n  t h e  No 1 P i l e  a t  t h e  Windscale 

establishment i n  Cumbria l e d  t o  an uncontrolled release of a c t i v i t y  t o  

atmosphere. The resul tant  cloud was subsequently d ispersed  and rad ionucl ides  

could be de tec ted  over England, Wales and p a r t s  of nor thern  Europe. The 

extens ive  environmental measurements which were made during and after t h e  release 

enabled a ‘ f a i r l y  accura te  estimate t o  be made of t h e  r a d i a t i o n  doses t o  t h e  most 

exposed ind iv idua l s  i n  t h e  l o c a l  population. U n t i l  r ecen t ly ,  no estimates of t h e  

population dose r e s u l t i n g  from t h e  release had been published. An assessment of 

t h e  assoc ia ted  c o l l e c t i v e  dose has been performed; the  r e s u l t s  and t h e  methods 

used f o r  ca l cu la t ing  t h i s  quan t i ty  a r e  reported here. 

The c o l l e c t i v e  e f f e c t i v e  dose equivalent commitment from t h e  r e l ease  i s  

estimated t o  have been 1.2 x lo3  man Sv. The route  of exposure which cont r ibu ted  

t h e  most t o  t h e  c o l l e c t i v e  dose w a s  the  inges t ion  of contaminated milk. 

I o d i n e 1 3 1  w a s  t h e  most important radionucl ide,  con t r ibu t ing  nea r ly  a l l  of t h e  

c o l l e c t i v e  dose t o  the  thyro id  and the  l a r g e s t  p a r t  of t h e  c o l l e c t i v e  e f f e c t i v e  

dose. I n  the  longer term the  con t r ibu t ion  of caesium-137 to t h e  c o l l e c t i v e  

e f f e c r i v e  dose via e x t e r n a l  i r r a d i a t i o n  from ground depos i t s  and t h e  inges t ion  of 

contaminated foods tu f f s  became s i g n i f i c a n t .  

The methodology used i n  t h e  s tudy has been va l ida t ed  by comparing t h e  

p red ic t ed  l e v e l s  of i nd iv idua l  thyro id  a c t i v i t y  and those measured d i r e c t l y  i n  

t h e  weeks following the  acc ident  i n  London, Leeds and Cumbria, 
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88 from 1 April 1978 MlpB adopted the International System of Units (SI). 
The relationship between the new SI units which are used in this r e p o r t  and the 
previous units a m  shown in the table below. 

Old q m c i a l  
unit  

mita and symbol 
In other 

Iw_ Absorbed 

Copversion f a c t o r  

I dose 

C kg-' r&tgen (a) 

J kg-' rad (rad) 

J kg-' rem (rem) 

8 -1 cur ie  ( C i )  

Dose 
equivalent 

Activity 

! 

1 C kg- '~ 3876 R i 

~, 

1 Gy = 100 

1 s v =  100 rem 

1 Bq I )  2.7 x 10"' Ci 
, 

New named unit 
and symbol 

s i e v e d  (SV) 

becquerel (Bq) 



1. INTRODUCTION 
The acc ident  a t  t h e  Windscale No 1 p i l e  i n  October, 1957 r e s u l t e d  i n  

r ad ioac t ive  materials being re leased  i n t o  the atmosphere which were subsequent ly  

d ispersed  and deposi ted over England and Wales and over p a r t s  of nor thern  Europe. 

The major rad ionucl ide  i n  ground depos i t s  from t h e  plume was found t o  be 1311, 

which w a s  p r e f e r e n t i a l l y  re leased  due t o  i t s  v o l a t i l i t y .  Radionuclides of i od ine  

are r e a d i l y  t r a n s f e r r e d  t o  the  population v i a  milk from COWS graz ing  on 

contaminated pasture .  Iodine once taken i n  by t h e  body i s  concentrated in the .  

thyro id  gland which would have received the  h ighes t  doses from t h e  release. 

The prompt imposi t ion of a ban on milk suppl ies  by the  a u t h o r i t i e s  had t h e  

e f f e c t  of reducing in t akes  by the  l o c a l  populat ion of rad io iodine  v i a  the 

pas ture-cormi lk  pathway. The average r ad ia t ion  doses t o  the  thy ro ids  of the 

l o c a l  populat ion were typ ica l ly  5 t o  20 mSv f o r  adu l t s  and 10 t o  60 mSv f o r  

c h i l d r e n ( 8 ) .  Without t h e  milk ban it was  thought a t  the  t i m e  t h a t  a d u l t  t hy ro id  

dose l e v e l s  would have reached 70 mSv and f o r  ch i ldren  thyro id  doses could have 

been up t o  360 mSv. The h ighes t  ch i ld  thyro id  doses i n f e r r e d  from measured 

thyro id  a c t i v i t y  were 160 mSv and this may have been due t o  the milk ban no t  

being completely e f f e c t i v e .  The dose es t imates  and the r e s u l t s  of environmental  

measurements made during and s h o r t l y  after the  r e l e a s e  w e r e  publ ished i n  Govern- 

ment r e p o r t s  and o the r  papers i n  t h e  years  fol lowing the  acc ident  

t hose  s t u d i e s  the  r ad io log ica l  impact of the  release w a s  expreqsed mainly i n  
terms of the  r a d i a t i o n  doses t o  ind iv idua ls  l i v i n g  i n  the  v i c i n i t y  of t he  

Windscale es tab l i shment ,  al though the re  were a few r epor t s  of dose estimates made 

t o  i n d i v i d u a l s  l i v i n g  i n  o t h e r  p a r t s  of England (9310). mile it  is s t i l l  t r u e  

t h a t  the  in t roduc t ion  of countermeasures fol lowing a nuc lear  acc ident  w i l l  be 

based on the  reduct ion  of ind iv idua l  r i s k ,  it is recognised t h a t  t he  o v e r a l l  

populat ion o r  c o l l e c t i v e  dose i s  of i n t e r e s t  in assess ing  t h e  r a d i o l o g i c a l  impact 

of acc iden ta l  r e l eases .  The c o l l e c t i v e  thyroid dose and the  c o l l e c t i v e  dose t o  

o t h e r  body organs as  a r e s u l t  of t he  Windscale f i r e  have been es t imated  r ecen t ly  

The method used  by b o t h  a u t h o r s  i n v o l v e s  by C l a r k e  

ex t r apo la t ing  from the  few estimates made of dose to  ind iv idua l s  in t h e  United 

Kingdom s h o r t l y  a f t e r  the inc ident  t o  obta in  an estimate of c o l l e c t i v e  doses. 

The approach necessa r i ly  produces an approximate r e s u l t .  

(1 ,6,8,19)*  In 

and by Tay lo r  ( 2 8 ) .  ( 3 9 )  

In t h i s  r epor t  t he  c o l l e c t i v e  dose i s  assessed more comprehensively by us ing  

s e v e r a l  a d d i t i o n a l  sets of da t a  produced a t  the  t i m e  of t h e  inc iden t .  These g ive  

concent ra t ions  of radionucl ides  in environmental ma te r i a l s  such as air, milk, 

g r a s s  and a s  a sur face  deposi t  a t  var ious places  in t h e  UK and t h e  rest of 

Europe. They have been used t o  construct  matr ices  descr ib ing  the  geographic 

d i s t r i b u t i o n  of a c t i v i t y  i n  environmental materials r e s u l t i n g  from t h e  release. 
These matrices have been used toge ther  with s i m p l e  environmental  t r a n s f e r  models 

and da ta  on s p a t i a l  d i s t r i b u t i o n s  of populat ion,  milk and o t h e r  a g r i c u l t u r a l  

production t o  es t imate  c o l l e c t i v e  doses a r i s ing  from t h e  contamination wi th in  
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var ious  d is tance  bands from the  r e l e a s e  point.  

matrices a l s o  allow dose estimates' f o r  ind iv idua ls  a t  

made; t h e  comparison of these estimates with dose 

measurements on i n d i v i d u a l s  made a t  t h e  t i m e  of 

independent check on the  r e l i a b i l i t y  of t h e  matrices.  

2. GENERAL DESCRIPTION OF TXE ACCIDENT 

The a c t i v i t y  d i s t r i b u t i o n  

p a r t i c u l a r  l o c a t i o n s  t o  be 

est imates  based on d i r e c t  

the  inc ident  provides an 

The f i r e  at  Windscale No 1 P i l e  i n  October 1957 is described f u l l y  i n  t h e  

r e p o r t  of t h e  Committee of Idquiry set  up immediately a f t e r  the  acc ident  . It 

occurred during a r o u t i n e  release of the Wigner energy which had become s t o r e d  i n  

t h e  g r a p h i t e  moderator as a result of t h e  normal operat ion of the p i l e .  The 

i m e d i a t e  cause of the  accident  w a s  t h e  a p p l i c a t i b n  too soon and a t  too  rap id  a 

rate of a second nuclear  hea t ing  t o  release t h i s  s tored  energy. T h i s  c rea ted  a 

f a i l u r e  i n  one o r  two channels of f u e l ,  whose contents  then oxid ised  slowly, 

eventua l ly  leading t o  the  f i r e ,  and t h e  overheating of some 150 channels by the 

evening of Thursday, 10 October. Af te r  i n i t i a l  unsuccessful  a t tempts  t o  put out  

t h e  f i r e ,  it was f i n a l l y  ext inguished a t  about 0900 hours on the  morning of 

Friday,  11 October, by f looding the  p i l e  wi th  l a r g e  volumes of water. 

E s t i m a t e s  of the  amount of f i s s i o n  products re leased  during t h e  accident  

h a v e  b e e n  made by L o u t i t  e t  a 1 ( 6 ) ,  b a s e d  mainly on measurements  of t h e  

contamination i n  environmental materials around Windscale d i r e c t l y  a f t e r  the  

i n c i d e n t ,  and by Clarke") u s i n g  a computer code t o  model the  f i s s i o n  product 

inventory of the  reac tor .  These es t imates  a r e  reproduced i n  Table 1. 

(1) 

Measurements made a t  t h e  

confined t o  t h e  period 

probable  peaks i n  the  

0900 hours of t h e  11th. 

from the  120lnetre  s tack  

t i m e  of t h e  r e l e a s e  showed t h a t  the emission was mostly 

from noon on 10 October t o  noon on 11 October w i t h ,  

discharge r a t e s  at  around midnight of the 10th and 

The r e l e a s e  of the radionucl ides  i n t o  the  atmosphere 

and t h e i r  subsequent d i spers ion  over England and Wales, 

and  Europe ,  i s  d i s c u s s e d  by Crab t r ee" ) ;  the p a t t e r n  of depos i t ion  of 

d i scussed  by Chamberlain . 
The meteorological  condi t ions var ied  during the release and produced a 

complex d i s p e r s i o n  p a t t e r n ( 2 ) .  From noon on 10 October the winds at  Windscale 

w e r e  l i g h t  and v a r i a b l e ,  with a south-westerly tendency. As t h e  accident  

proceeded a cold f r o n t  moved south-easter ly  across  the  country, and t h e  winds 

freshened and veered i n  a nor ther ly  d i r e c t i o n .  ~ During t h e  morning of 

11 October they backed t o  the  north-west. Hence some m a t e r i a l  r e l e a s e d  e a r l y  i n  

t h e  inc ident  w a s  c a r r i e d  north-east  beyond P e n r i t h  i n  Cumbria. Material 

discharged a t  a l a t e r  s tage  was c a r r i e d  south-easter ly  over Cumbria and 

Lancashire.  The p a t t e r n  of l 3 I I  depos i t ion  in northern England, a s  reported by 

Cha~nber la in '~) ,  Figure 1, c o r r e l a t e s  w e l l  with t h i s  d e s c r i p t i o n  of meteorological  

condi t ions.  The path of the  cloud was followed at  the time aCTOSS t h e  country 

( 3 )  

.a' 

and i n t o  Europe and Scandinavia by means of a i r  sampling (')a i n  recent  years  i t s  

pa th  has been ca lcu la ted  by t h e  use of t r a j e c t o r y  ana lys i s  . ( 4 ;  
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The most important nuc l ide  as f a r  as hea l th  consequences t o  t h e  population 

were concerned was c o r r e c t l y  i d e n t i f i e d  i n  the  early s t ages  of t h e  inc iden t  a s  

being 1311. The group i n  t h e  population which w a s  most a t  r i sk  was i d e n t i f i e d  as 

young ch i ld ren  dr inking  milk produced l o c a l l y  t o  Windscale (young c h i l d r e n  have a 

h igh  milk i n t a k e  ra te ,  as w e l l  as a high committed dose per  u n i t  a c t i v i t y  

inges t ed  r e l a t i v e  t o  a d u l t s ) .  After consul ta t ions  between medical and h e a l t h  

phys ics  exper t s ,  r e s t r i c t i o n s  wer'e imposed on t h e  d i s t r i b u t i o n  of milk which 

c o n t a i n e d  more than  3700 Bq 1-1 (0.1 pCi / l )  of 1.311(8). These r e s t r i c t i o n s  w e r e  

introduced i n  t h e  per iod  11 - 13 October and the f i n a l  a r ea  r e s t r i c t e d  w a s  520 

square  kilometres covering a rec tangular  s t r i p  of c o a s t l i n e  about 16 km wide, 

from 10 km n o r t h  of Windscale southwards t o  the  Barrow peninsula. The resumption 

of milk d i s t r i b u t i o n  w a s  allowed when samples contained less than  3700 Bq 1-1 

(0.1 pCi / l )  and t h e  a c t i v i t y  w a s  f a l l i n g  wi th  a h a l f - l i f e  of n o t  more than 8 

days. This w a s  achieved wi th in  25 days f o r  most of t h e  region,  although i n  t h e  

most contaminated area, c lose  t o  Windscale, milk d i s t r i b u t i o n  w a s  not resumed 

u n t i l  44 days after t h e  acc ident ,  during which t i m e  t h e  l e v e l s  of o t h e r  poss ib l e  

contaminants i n  t h e  milk had been assessed and found t o  be always less 

rad io log ica l ly  s i g n i f i c a n t  than l 3  11(8). 

Other items of d ie t ,  inc luding  eggs, vegetables ,  meat and water were 

examined i n  t h e  mst contaminated reg ions ,  but it w a s  decided t h a t  t h e r e  w a s  no , 

apprec iab le  hea l th .  hazard from these  foods tu f f s  and hence t h a t  t h e r e  was  no need 

t o  implement bans on them . 
3.  PROCEDUEE FOR COLLECTIVE DOSE EVALUATION 

3.1 Quant i t ies  and concepts 

( 8 )  

The l e v e l s  of dose equiva len t  i n  t h e  population a s  a r e s u l t  of t h e  Windscale 

f i r e  were w e l l  below those  a t  which e a r l y  e f f e c t s  from r a d i a t i o n  would be 

expected and cons ide ra t ion  may be l imi t ed  t o  t h e  ipc idence  of s t o c h a s t i c  h e a l t h  

e f f e c t s  ( p r i n c i p a l l y  f a t a l  and non-fatal cancers ,  and he red i t a ry  e f f e c t s ) .  I n  

t h e s e  circumstances the  c o l l e c t i v e  dose i n  an exposed popula t ion  provides a 

measure of t h e  o v e r a l l  r ad io log ica l  impact of the release. Its u s e  impl ies  t he  

assumption t h a t  t h e  r e l a t i o n s h i p  between t h e  p robab i l i t y  of occurrence of 

s t o c h a s t i c  e f f e c t s  and dose equivalent i s  l i n e a r ,  without t h re sho lds  and 

t h e r e f o r e  that the  number of s t o c h a s t i c  e f f e c t s  i n  t h e  exposed popula t ion  can be 

considered propor t iona l  t o  t h e  sum of the  ind iv idua l  dose equ iva len t s  in  t h e  

population, i e ,  t h e  c o l l e c t i v e  dose equivalent commitment. 

The two r a d i o l o g i c a l  q u a n t i t i e s  which have been eva lua ted  i n  th i s  assessment 
C 

a re  t h e  c o l l e c t i v e  t h y r o i d  dose  e q u i v a l e n t  commitment, ST and the c o l l e c t i v e  

. The former q u a n t i t y  may be used t o  e f f e c t i v e  dose  e q u i v a l e n t  commitment, 

assess the  r i s k  of t he  incidence of thyro id  cancer. It is eva lua ted  i n  t h i s  

assessment because t h e  thyro ids  i n  the  exposed population are known:to have been 

p r e f e r e n t i a l l y  i r r a d i a t e d  due t o  t h e  high proportion of r ad io iod ine  present  i n  

C 

'eff 

- 3 -  



C 
t h e  r e l e a s e  (Table 1). The second q u a n t i t y ,  S e f f y  provides a means of expressing 

t h e  o v e r a l l  r i s k  of f a t a l  cancer i n  a l l  body organs and heredi ta ry  e f f e c f s  i n  the 

f i r s t  two generat ions wi th in  a s i n g l e  quant i ty .  It is a weighted quant i ty ;  the  

weighting is on the  b a s i s  of the  r e l a t i v e ' r i s k  assoc ia ted  with the  i r r a d i a t i o n  of 

body organs as compared with t h a t  of the  whole body. It is used i n  t h i s  study a s  

an i n d i c a t o r  of the h e a l t h  detriment assoc ia ted  with the r e l e a s e ,  s i n c e  a number 

of radionucl ides  were re leased  o t h e r  than i so topes  of iodine.  There a r e ,  

. however ,  d e f i c i e n c i e s  a s s o c i a t e d  w i t h  t h e  u s e  of SL a s  a measure of h e a l t h  

d e t r i m e n t  and these  have been f u l l y  discussed elsewhere . Of p a r t i c u l a r  note  

i n  t h e  p r e s e n t  context  is  the  absence of an allowance wi th in  Seff f o r  those non- 

f a t a l  cancers which arise following thyroid i r r a d i a t i o n . ,  

e f f l>  

C 

C C The method a d o p t e d  i n  t h i s  s t u d y  f o r  the eva lua t ion  of Seff (and .ST ) has 

b e e n  d e s c r i b e d  more f u l l y  in another publ ica t ion(16) .  The c o l l e c t i v e  e f f e c t i v e  

d o s e  e q u i v a l e n t  commitment ( S  ) which i s  t h e  i n t e g r a l  over a l l  t i m e  of the  

c o l l e c t i v e  e f f e c t i v e  dose equivalent  rate (;' ) may be conveniently expressed a s  

the  sum of cont r ibu t ions  from e x t e r n a l  and i n t e r n a l  i r r a d i a t i o n .  

C 

e f f  

e f f  

where 5 i s  the  c o l l e c t i v e  dose equivalent  rate from e x t e r n a l  r a d i a t i o n  e f f  ,ext 

HS"0 e f f  is t h e  committ2d e f f e c t i v e  dose equivalent  per  u n i t  i n t a k e  ( o r  

the  t i m e  integral .  of t h e  c o l l e c t i v e  e f f e c t i v e  dose equivalent  rate 

p e r  u n i t  i n t a k e  over a 50 year period following i n t a k e )  

I'" i s  t h e  c o l l e c t i v e  i n t a k e  r a t e  by i n h a l a t i o n  o r  i n g e s t i o n  of a 

nuc l ide  by t h e  populat ion,  and i s  a quant i ty  which can be r e a d i l y  

evaluated using environmental models. 

The main pathways by which members of the p u b l i c  were exposed after t h e  

Windscale release were: 

(i) inges t ion  of contaminated milk, drinking water  and o t h e r  foods tuf fs ;  

( i i )  i n h a l a t i o n  of rad ioac t ive  materials i n  the plume; 

( i i i )  external i r r a d i a t i o n  from ground deposi ts ;  

( i v )  e x t e r n a l  i r r a d i a t i o n  from t h e  rad ioac t ive  cloud. 

The eva lua t ion  of the  c o l l e c t i v e  dose via each of these  pathways r e q u i r e s  a 

knowledge of the manner i n  which the plume of rad ioac t ive  m a t e r i a l  w a s  d ispersed 

over t h e  UK and t h e  rest of Europe and of the r e s u l t i n g  s p a t i a l  d i s t r i b u t i o n  of 

depos i ted  a c t i v i t y .  In addi t ion ,  i t  i s  necessary t o  know t h e  s p a t i a l  

d i s t r i b u t i o n s  of the  populat ion and of a g r i c u l t u r a l  production w i t h  respect t o  

t h e  discharge point .  

The s p a t i a l  d i s t r i b u t i o n s  of the  population and of a g r i c u l t u r a l  production 

around the  Windscale s i t e  a r e  continuously varying func t ions  of d i s tance ,  d, and 
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angle ,  Q, r e l a t i v e  t o  t h e  discharge point .  These v a r i a t i o n s  may be approdrnated 

i n  the manner i n d i c a t e d  i n  Figures  2 and 3.  The a r e a  around t h e  discharge poin t  

i s  divided i n t o  a number of annular segmen'ts and the  population and a g r i c u l t u r a l  

production in each i s  determined from n a t i o n a l  .and' European s ta t i s t ics  as 

descr ibed i n  a later sec t ion .  

For e x t e r n a l  i r r a d i a t i o n  t h e  cont r ibu t ion  t o  c o l l e c t i v e  e f f e c t i v e  dose 

equivalent  commitment due t o  a nucl ide,  j ,  may be assessed as follows: =J. 
(dm,8n, j , t ) d t  .......... (2 )  C 

( j  1 - c N(dm,W 'ef f ,ext 

where N(dm,Bn) is the population i n  the annular segment (dm,0n). 

I Heff ,ext b , 0 n  0 

. 
( d m , Q n , j , t )  i s  t h e  mean e f f e c t i v e  dose equivalent  rate from 

e x t e r n a l  r a d i a t i o n  i n  segment (dm,Qn) from t h e  nuc l ide ,  j. 
' e f f ,  ext  

The zont r ibu t ion  t o  c o l l e c t i v e  dose eq&valent commitment from i n h a l a t i o n  of 

nucl ide,  j ,  may be expressed as:  
m 

where I is t h e  average breathing r a t e  f o r  members of the  p u b l i c  

N(dm,Bn) is  t h e  population i n  segnent (dm,0n) 

X(dm,Bn,j,t) i s  the concentrat ion in air of nuc l ide  j in segment 

(dm,8n) at  t i m e  t 

The cont r ibu t ion  t o  c o l l e c t i v e  e f f e c t i v e  dose equivalent  commitmenr from the  

i n g e s t i o n  of food contaminated with nucl ide j ,  may be expressed as: 

W 

I C(dm,Bn,j , g , t ) d t }  ..... ( 4 )  
0 

where F l ( j , g )  i s  a f a c t o r  t o  account f o r  t h e  f r a c t i o n a l  decay of t h e  , 

nucl ide ,  j ,  in foods tuf f ,  g, i n  t h e  t i m e  between production 

and consumption 

FZ(g) i s  the  f r a c t i o n  of t h e  a c t i v i t y  present  in t h e  p a r t  of t h e  

food product,  g ,  which i s  consumed by man 

( i e ,  a f t e r  processing o r  preparat ion f o r  the  t a b l e )  

P(dm,Bn,g) i s  the  production r a t e  of f o o d s t u f f ,  g, i n  t h e  segment 

(dm,Bn) 

C(dm,Bn,j,g,t) i s  t h e  concentrat ion of the  nuc l ide ,  j, i n  t h e  

f o o d s t u f f ,  g, i n  the segment (dm,Qn) at  t i m e  t. 

The c o l l e c t i v e  e f f e c t i v e  dose equivalent  commitment, S e f f ,  from a l l  pathways C 

and from a l l  nuc l ides ,  j , i n  the  r e l e a s e  i s  then 

J 
C The c o l l e c t i v e  thyro id  dose equivalent  commitment, ST, has been ca lcu la ted  using 
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equat ions s i m i l a r  i n  form t o  those  presented above but n e g l e c t i n g  the 

cont r ibu t ion  t o  the  thyro id  dose from e x t e r n a l  y-radiat ion.  

I n  the  f o l l o w i n g ' s e c t i o n s ,  t h e  nethods and t h e  d a t a  used t o  eva lua te  the 

parameters i n  t h e  preceeding equat ions are described. 

3 .2  Evaluation of t h e  s p a t i a l  d i s t r i b u t i o n  of a c t i v i t y  

Widespread surveys were made t o  determine the l3 l I  concent ra t ion  i n  var ious 

environmental materials i n  the  days following the accident .  These are reported 

i n  the  l i t e r a t u r e  a s  follows: , 

Measurements 

1. Milk contamination 

- 

Cumbria (some i n  
England and Wales) 

(11) 2. Herbage contamination Booker 

References Area surveyed 

Booker (11) Cumbr ia /  nor the  rn 
England (some i n  
mid h southern 
England ti Wales) 

- 

Northern England ( 3 )  3.  T o t a l  ground depos i t ion  Chamber l a i n  

4 .  In tegra ted  concentrat ion i n  air  S t e w a r t  & Crooks(') England and Wales 
" " .. L o u t i t  e t  a1 (6) Europe 

A few neasurements were made of t h e  a c t i v i t i e s  i n  t h e  environment of o ther  
(8) nucl ides  re leased  . 

For each s i t e  where a measurement w a s  made, i t  is  assumed t h a t  t h e r e  is an 
implied value f o r  t h e  i n t e g r a l  t o  i n f i n i t y  of the  l3II concent ra t ion  i n  milk; 

from equation ( 4 ) ,  t h i s  may be expressed as: 

m 
u 

C(1,M) = C(I,M,t)dt  
0 

By applying appropr ia te  environmental t r a n s f e r  models, the f o u r  types of 

measurement of l3lI can a l l  be converted i n t o  the i n t e g r a t e d  1311 concent ra t ion  

i n  milk. The r e s u l t s  from d i f f e r e n t  types of measurement can then  be compared t o  

e s t a b l i s h  the  d i s t r i b u t i o n  of 1311 a c t i v i t y  over t h e  UR and t h e  cont inent .  This  

d i s t r i b u t i o n  i s  then used a s  the  b a s i s  f o r  es t imat ing t h e  s p a t i a l  d i s t r i b u t i o n  of 

o ther  s i g n i f i c a n t  nuc l ides  i n  the  release. 

3.2.1 

( a )  

Derivat ion of va lues  f o r  the  i n t e g r a t e d  concentrat ion o f  1311 i n  milk - 
C(1,M) from l3II a c t i v i t y  concentrat ion measurements i n  milk 

Booker r e p o r t e d  measurements of  t h e  1311 c o n c e n t r a t i o n  i n  milk at 
various s i tes  i n  Northern England. H e  corrected the observed measurements f o r  

r a d i o a c t i v e  decay s i n c e  11 October, 1957, using the 5-day e f f e c t i v e  h a l f - l i f e  

. with which they had been observed t o  decay. This 5-day h a l f - l i f e  may be 

i n t e r p r e t e d  a s  being t h e  combined e f f e c t  of the rad ioac t ive  h a l f - l i f e  of 1 3 1 1  of 

8 days and the  14-day r e t e n t i o n  h a l f - l i f e  of a c t i v i t y  on pasture .  - 
The i n t e g r a t e d  c o n c e n t r a t i o n ,  C(I,M), of 1311 i n  milk has been est imated 

from these  measurements with the a i d  of a time-dependent pasture-cow-milk model 

f o r  1311( 1 8 ' 2 9 ) .  I t  has  been used t o  c a l c u l a t e  t h e  r e l a t i o n s h i p  between the 
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va lues  given by Booker f o r  t h e  concentrat ion of l3lI i n  milk ex t r apo la t ed  t o  

t = O ,  ( s e e  Figure 4 )  and the  i n t e g r a l  of t he  1311 concentrat ion F(1,M). The r a t i o  

of t hese  q u a n t i t i e s  is predicted by the  model t o  be 5.3 d. Thus, t he  i n t e g r a l  of 

t he  concentrat ion of l3lI i n  milk may be obtained from Booker's r e s u l t s  using t h e  

following r e l a t i o n s h i p :  
N 

C(I,M) = 5.3 d x concentrat ion of 1311 i n  milk extrapolated t o  t = O  (Bq d 1-l) 

I n  using Booker's measurerllents decay-corrected t o  11 October, no d l o w a n c e  

has been made f o r  t h e  f i n i t e  durat ion of t he  r e l e a s e ,  nor f o r  t h e  t i m e  taken f o r  

t r a v e l  of t h e  plume. However, as previously s t a t e d ,  t he  majori ty  of the release 

w a s  thought t o  have occurred i n  t h e  period from noon on 10 October t o  noon on 

11 October, with peaks a t  midnight and a t  0900 hours. Decay-correcting t o  0000 

hours on t h e  11th t h e r e f o r e  g ives  an average e f f e c t .  AJso s i n c e  Booker's r e p o r t  

of milk measurements is  confined t o  Cumbria and p a r t s  of t h e  surrounding 

coun t i e s ,  t h e  t i m e  delay between t h e  r e l e a s e  from t h e  s t a c k  and depos i t i on  on the 

ground w a s  small, and it i s  not unreasonable f o r  t hese  purposes to-assume t h a t  

a l l  depos i t i on  i n  this region occurred at  midnight. 

(b) Z(1,M) from measurements of a c t i v i t y  on herbage 

Booker' g i v e s  t h e  l 3 l I  a c t i v i t y  on herbage  a t  a few s i t e s  about t h e  

country,  decay-corrected back t o  10 October, 1957. H e  g ives  an empi r i ca l  r a t i o  

between t h e  a c t i v i t y  on herbage (pCi E I - ~ )  and act ivi ty  i n  milk (pCi 1-I) 

ex t r apo la t ed  t o  t-0, as 11 1 m-'. The i n t e g r a t e d  13'1 concen t r a t ion  i n  milk,  

C(1,M) i s  given by: 
N 5 -3  
C(1,M) = 

N 

x concentrat ion of 1311 on herbage at  t = O  (Bq d 1-l) 
N 

( c )  C(I,M) from measurements of ground deposi t ion 

Chamberlain reported l e v e l s  of t he  l3lI ground depos i t i on -  over t he  north- 

w e s t  England region from which he estimated the  contour l i n e s  on a map of t h e  

r eg ion  which are shown i n  Figure 1. They were mostly obtained from a gamma- 

r a d i a t i o n  survey using a s e n s i t i v e  d e t e c t o r  i n  t h e  per iod s h o r t l y  a f t e r  t he  

release. The values  are approximately corrected f o r  r ad ioac t ive  decay between 

t h e  t i m e  of release and t h e  time of measurement. They can be c o r r e l a t e d  with 

Booker s '  measurements of t h e  a c t i v i t y  on herbage,  and thereby r e l a t e d  t o  

C(I,M) by t h e  f Q l 1 O d n g  re l a t ionsh ip :  
N 

Concentration of 1311 on herbage a t  t-0 = 0 .82  x ground d e p o s i t  of 1311 
(11) (Bq d 1-l) 

N :. C(1,M) = 0.40 U(1) 

where U ( I )  is the  ground depos i t  dens i ty  of I 3 l I  in Bq m-2. 

The t r a n s f e r  f a c t o r  from ground depos i t  t o  milk observed by Booker is  less than 

t h a t  u sed  i n  some models (19y29) by a f a c t o r  of about four.  There are var ious 

p o s s i b l e  reasons f o r  t h i s  d i f f e rence  concerned with the  season of t h e  year ,  t he  

r e t e n t i o n  of t h e  depos i t  on herbage, the f r a c t i o n  of s to red  feed o r  concentrates  

i n  cat t le  d i e t ,  etc.  However, i n  t h i s  assessment t he  da t a  of Booker were used. 
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u 

(d)  C(1,M) from measurements of concentrat ions i n  a i r  

Measurements of l3lI concentrat ions i n  a i r  a t  var ious l o c a t i o n s  i n  England 

and Wales and i n  p a r t s  of Europe a r e  another source of d a t a  by which E(I,M), t h e  

i n t e g r a t e d  concentrat ion of 1311 i n  milk, may be estimated. The measurements in 

a i r  may be r e l a t e d  t o  ground deposi t ion by means of a r a t i o ,  known as t h e  

depos i t ion  v e l o c i t y ,  v (m s - l ) ,  defined as d 

t o t 4  depos i ted  a c t i v i t y  per  u n i t  area (Bq m'2) U(I> 
;(I) vd(l) a t i m e  i n t e g r a l  of the air concentrat ion (Bq s m-j) 

The deposi t ion v e l o c i t y  f o r  1311 appears t o  have var ied  with d i s t a n c e  from 

t h e  Windsca le  s i t e .  I n  t h e  nor thern  cbunt ies  Lancashire and Yorkshire,  v w a s  

, whereas f u r t h e r  away e s t i m a t e d  t o  be i n  t h e  range 3 x t o  5 x m S- 

f rom Windsca le ,  a t  H a r w e l l  i n  O x f o r d s h i r e ,  t h e  v a l u e s  w e r e  around 

1 x 10-3 m s- 

d 
1(3)  

1(3) 

chamber lair^'^) has  suggested t h a t  t h e  v a r i a t i o n  i n  v f o r  I 3 l I  wi th  d is tance  

from Windscale w a s  because the  rad io iodine  was emit ted p a r t l y  as a h o t  gas ,  which 

would have cooled r a p i d l y  t o  a vapour form, and p a r t l y  i n  a form adsorbed on t o  

sub-micron pa r t i c l e s .  The o b s e r v e d  h i g h e r  v values  c l o s e r  t o  t h e  s i t e  would 

have been assoc ia ted  wi th  the vapour form, which depos i t s  more r a p i d l y  due t o  i t s  

h igher  molecular d i f f u s i v i t y .  A s  the  plume w a s  p rogress ive ly  deple ted  of t h e  

i o d i n e  vapour, t h e  d e p o s i t  would have become r e l a t i v e l y  more enhanced i n  t h e  

p a r t i c u l a t e  form wi th  i t s  assoc ia ted  lower deposi t ion ve loc i ty .  The e f f e c t s  of 

rainfall and the  p a r t i c u l a r  atmospheric condi t ions could t h e o r e t i c a l l y  a l s o  be 

g r e a t ,  but the  a v a i l a b l e  information is  i n s u f f i c i e n t  t o  say whether or  not the  

d i f f e r e n c e s  i n  depos i t ion  v e l o c i t i e s  can be a t t r i b u t e d  t o  these f a c t o r s .  

d 

d 

Because t h e  d a t a  a r e  i n s u f f i c i e n t  t o  e n a b l e  t h e  v a r i a t i o n  of v (I) as a 
c o n t i n u o u s  f u n c t i o n  of d i s t a n c e  t o  be a s s e s s e d ,  a s i n g l e  v a l u e  of 

v d ( I )  = 3 x loe3 m s-l has been adopted a s  an average f o r  the  UK, and a value of 

vd(I)  = 1 x 

The e x p r e s s i o n  f o r  t h e  i n t e g r a t e d  concentrat ion of l 3 I I  i n  milk, E(I,M) may 

d 

m s-' i s  used f o r  the  cont inent .  

then be wr i t ten :  - 
C(1,M) = 0.40 vd(I )  ;(I) (Bq d 1-I) 

where ;(I) is  t h e  i n t e g r a t e d  concentrat ion of 13'1 i n  air .  

3.2.2 Matrices  of 13'1 d i s t r i b u t i o n  i n  environmental m a t e r i a l s  

The procedures out l ined  i n  the  previous s e c t i o n  al low va lues  f o r  t h e  

i n t e g r a t e d  c o n c e n t r a t i o n  of 1311 i n  milk,  Z ( I , M ) ,  t o  be o b t a i n e d  from four  

d i f f e r e n t  sources.  The d a t a  base is l imi ted ,  however, and only al lows a par t ia l  

s p a t i a l  d i s t r i b u t i o n  of a c t i v i t y  l e v e l s  i n  the lJK t o  be e s t a b l i s h e d .  It has 

t h e r e f o r e  been necessary t o  es t imate  a c t i v i t y  l e v e l s  a t  some'locations by means 

of e x t r a p o l a t i o n  based on assumptions of the plume t r a j e c t o r y  taken t o g e t h e r  with 

the  neares t  measurements made a t  the time. 

'. 
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The scheme of annular segments used in the  c a l c u l a t i o n s  of c o l l e c t i v e  dose 

i s  as descr ibed i n  Sect ion 3.1 and i s  i l l u s t r a t e d  i n  Figures  2 and 3. The r a d i a l  

s e c t o r s  i n  t h e  scheme f o r  t h e  inc (Figure 2) are 15' wide and t h e r e  are 20 

d i s t a n c e  bands extending out  t o  500 km from the Windscale s i te .  The scheme f o r  

t h e  cont inent  (Figure 3 )  has s e c t o r s  30" wide with d is tance  bands between 500 and 

1600 km from Windscale .  The matrices f o r  ?(I,M) are reproduced f o r  t h e  UK and 

f o r  t h e  rest of Europe i n  Tables 2a and 2b respect ively.  

T h e  matrices f o r  ?(I,M) have been appl ied f o r  the es t imat ion  of the  s p a t i a l  

d i s t r i b u t i o n  of o t h e r  environmental 311 concentrat ions required i n  t h e  

c o l l e c t i v e  dose evalua t ion .  The in tegra ted  concentrat ion of i n  a r ,  ;(I), 
is required f o r  t h e  est imat ion of the  c o l l e c t i v e  dose v i a  t h e  inha laf ion  pathway. 

Although t h i s  q u a n t i t y  w a s  evaluated by d i r e c t  measurement a t  some loca t ions ,  f o r .  

t h e  major i ty  it has t o  be based on milk measurements. The matrix of I 3 l I  

concent ra t ion  i n  air i s  scaled from the  matrix of i n t e g r a t e d  1311 concentrat ion 

i n  milk using the following r e l a t i o n s h i p ,  derived i n  Sect ion 3.2.1 (d) 

;(I) =E(I,M) (Bq d me3) 
0 .4  vd(I )  

The t o t a l  ground depos i t  of 1311, U(I>, is required f o r  t h e  est imat ion of 

t h e  c o l l e c t i v e  dose from e x t e r n a l  i r r a d i a t i o n .  Although t h i s  quant i ty  w a s  

evaluated by d i r e c t  measurement at  some loca t ions ,  a t  o t h e r s  i t  has  had t o  be 

obtained by using t h e  milk matrix. The deposi t ion matr ix  is sca led  from the  milk 

mat r ix  f o r  I 3 l I  using t h e  r e l a t i o n s h i p  derived Fn Sect ion 3.2.l(c): 

The c o l l e c t i v e  dose from t h e  consumption of green vegetables  following t h e  

contamination of a g r i c u l t u r a l  land may be estimated using a matrix of in tegra ted  

concent ra t ions  i n  each foodstuff of i n t e r e s t .  The models descr ibed by Simmonds 

and C r i c k  (*') are used  t o  approx ima te  t h e  c o n t a m i n a t i o n  on green vegetables  

following a s i n g l e  deposi t .  t h e  

concent ra t ion  i n  vegetables  is dominated by the d i r e c t  depos i t ion  from t h e  plume 

on t o  t h e  p l a n t  surface;  t h e  cont r ibu t ion  from the  p rocess  of r o o t  uptake from 

t h e  contaminated so i l  is small i n  comparison. The model assumes t h a t  production 

i s  constant  throughout the year  with a mean period between cropping of t h e  

vegetables  of 100 days. The process of d i r ec t  deposi t ion i s  modelled by assuming 

t h a t  0.3 of t h e  i n i t i a l  deposi t  is in te rcepted  by t h e  sur faces  of t h e  vegetables 

and t h a t  t h e  h a l f - l i f e  of a c t i v i t y  on the  vege ta t ion  is 14 days. 

For 1311, wi th  i ts  shor t  rad ioac t ive  h a l f - l i f e ,  

- 
The i n t e g r a t e d  concentrat ion of l3lI i n  green vegetables ,  C(1,V) is required 

t o  eva lua te  t h e  c o l l e c t i v e  dose v i a  t h i s  pathway (equation ( 4 ) )  and using t h e  

models mentioned above is given by: 

C(1,V) = 2.2  U ( 1 )  = 5.5 ?(I,M) 
- 

( B q  d k g l )  
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3.2.3 Matrices f o r  the  d i s t r i b u t i o n  of o t h e r  nuc l ides  i n  environmental 

materials 

Estimates of t h e  q u a n t i t i e s  of ind iv idua l  radionucl ides  present  i n  t h e  

release are given i n  Table 1. Few measurements w e r e  made of the environmental 

concentrat ions of nuc l ides  o ther  than lI and theref  o r e  t h e  inf  o m a t i o n  

assembled i n  Table  1 must be used with t h e  environmental measurements of 1311 

discussed previously.  The values  of 'the r a t i o  of t h e  q u a n t i t i e s  of t h e  var ious  

nuc l ides  i n  t h e  release t o  t h a t  of 1311 assumed i n  t h i s  assessment are a l s o  shown 

i n  Table 1. 

The concentrat ions of t h e  o ther  nuc l ides  i n  environmental  m a t e r i a l s  have 

been est imated from a knowledge of the  nucl ide/1311 release r a t i o  toge ther  w i t h  

t h e  'I concent ra t ion  matrices. Correct ions a r e  necessary,  however, t o  t a k e  

account of v a r i a t i o n s  of the r a t i o  i n  environmental materials due t o  d i f f e r e n c e s  . 
i n  depos i t ion  v e l o c i t y  and r a d i o a c t i v e  ha l f - l ives  of the  o t h e r  nuc l ides  compared 

w i t h  radioiodine.  Near Windscale i t  can be assumed t h a t  t h e  r a t i o s  in air are 

similar t o  t h e  estimates of t h e  r a t i o s  of nucl ide/1311 re leased  

E s t i m a t e s  of t h e  13'cs/131I release r a t i o  have h e n  made by s e v e r a l  authors .  

Clarke")  c a l c u l a t e d  a v a l u e  of 0.076 using a computer code t o  p r e d i c t  f i s s i o n  

product inventory wi th  c e r t a i n  assumptions about r e a c t o r  f u e l  bum-up. 

( 7 )  . 

Chamberlain (27) has r e c e n t l y  reviewed information t h a t  was previously unpublished 

and  e n d o r s e s  t h e  v a l u e  of 0.03 e s t i m a t e d  by both Beattie (32) and L o u t i t  as (6) 

being as good an estimate as i s  possible .  

repor t .  

The value of 0.03 w i l l  be used i n  t h i s  

Measurements of 137Cs concent ra t ions  i n  a i r  made a t  var ious  l o c a t i o n s  showed 

t h a t  t h e  r a t i o  of 137Cs t o  1311 changed markedly with d is tance  from Windscale; it 

increased  from 0.03 at Windscale t o  0.11 at  Harwell, Oxfordshire,  t o  0.20 i n  

Germany and t o  0 . 3 6  i n  Norway . A mean of measurements made a t  t e n  s i tes  i n  

t h e  UK, south  of Lancaster ,  was 0.11 f 0.02. The i n c r e a s e  i n  t h e  137Cs/131~ 

r a t i o  may be assoc ia ted  with t h e  s h o r t  rad ioac t ive  h a l f - l i f e  of 1311 (8 days) a s  

compared with 137Cs (30.1 y) and the  f i n i t e  t r a n s i t  t i m e  of t h e  plume, together  

w i t h  the more rap id  deple t ion  from t h e  plume of iod ine  vapour as described 

e a r l i e r ,  Ch~1mber1ai.n '~ '  h a s  s u g g e s t e d  t h a t  t h e  caesium re leased  i n  the  f i r e  

r a p i d l y  became assoc ia ted  wi th  p a r t i c l e s  i n  the  a i r  and s o  w a s  deposi ted at  a 

slower rate compared wi th  the  iod ine  vapour throughout the dura t ion  of the plume 

t r a v e  1. 

(5) 

The matrices of 137Cs concentbations in air  and ground d e p o s i t s  have been 

assembled  by e s t i m a t i n g  t h e  137Cs enhancement f a c t o r ,  f r ,  a s  a f u n c t i o n  of 

d i s tance ,  r, from Windscale and applying i t  t o  the  1311 matrices. 

(137Cs/ 1311) concentrat ions in a i r  a t  d i s tance  r 
f r  i. (13'Cs/131~) concentrat ions i n  a i r  a t  Windscale (PO) 

- 1, and a t  H a r w e l l  ( r  = 350 km), f350 = 3 . 7 .  In te r -  fO Thus a t  Windsca le ,  

- 10 - 



po la t ion  between these  po in t s  has  been achieved by a s s u d n g  t h a t  t he  plume 

t r a v e l l e d  from Windscale towards the  south,  t h a t  t he  t r a j e c t o r y  w a s  s t r a i g h t  and, 

i n  order  t o  f i t  t h e  observed v a r i a t i o n  of t he  137Cs/1311 r a t i o ,  t h a t  i t  can be 

r e p r e s e n t e d  by t h e  r e l a t i o n  f r  = r f o r  d i s t ances  between r = 1 and 500 km. 

Using these  assumptions a matrix of i n t eg ra t ed  concent ra t ion  of 137Cs  i n  air has 

been assembled. The in t eg ra t ed  concent ra t ion  of 137Cs i n  a i r  i n  segment (dm,en) 

is given by 

where Acs,I i s  the  r a t i o  of 137C.5 t o  1311 i n  t h e  release (ACslI = 0.03) 

(dm, 6d 

- 
x ( I )  i s  t h e  i n t e g r a t e d  c o n c e n t r a t i o n  of 1 3 1 1  i n  a i r  in segment 

m’ is t h e  mean of f f o r  t h e  d i s t ance  band d r and fdm 

For  t h e  rest of Europe a s i n g l e  value of 0.20 w a s  assumed f a r  t h e  r a t io  of 137Cs 
(5) t o  1311 i n  air  . 

Simi la r ly ,  the matrix f o r  137Cs ground depos i t ion  w a s  ob ta ined  by applying 

t h e  following r e l a t i o n  t o  t h e  matrix of i n t eg ra t ed  concent ra t ion  o f  1311 i n  air. 

where U(Cs) i s  the  t o t a l  ground depos i t  of 137Cs 

and v (Cs) i s  the  depos i t i on  ve loc i ty  of 137Cs ,  assumed t o  be 0.15 x v (I) 

(4.5 x m s-l) as r e p o r t e d  f o r  b o t h  t h e  UK and 

con t inen t  . 
d d 

(5) 

Matrices f o r  o t h e r  r ad io log ica l ly  s i g n i f i c a n t  nuc l ides  i n  t h e  release w e r e  

assembled by comparison wi th  t h e  137Cs matrices making t h e  assumption t h a t  they 

d e p o s i t e d  from t h e  plume i n  a s i m i l a r  manner t o  137Cs(5), with t h e  exception of 

132Te. This  nuc l ide  has a h a l f - l i f e  of 78 h and its a c t i v i t y  would the re fo re  

have  f a l l e n  off  much more quickly wi th  d is tance  than  137Cs ( t + . =  30 y), behaving 

more  l i k e  1311. Chamber l a in  ( 2 7 )  n o t e s  t h a t  t h e  132Te/1311 r a t i o s  seemed 

reasonably constant across  t h e  country. The following express ion  i s  assumed: 

Matrices f o r  t h e  r ad io log ica l ly  s i g n i f i c a n t  nuc l ides  and pathways were 

e v a l u a t e d  u s i n g  t h e  models d e s c r i b e d  i n  Simmonds and C r i c k ( 2 9 ) .  These were 

adapted f o r  t h e  case of a s i n g l e  depos i t  of a c t i v i t y ,  and thus  the  mat r ix  of 

depos i t i on  f o r  a given nuc l ide  is r ead i ly  converted i n t o  a matrix of i n t eg ra t ed  

food con cent  rat ion. 

3.3 The eva lua t ion  of o t h e r  q u a n t i t i e s  needed i n  t h e  c o l l e c t i v e  dose 

c a l c u l a t i o n  

The s p a t i a l  d i s t r i b u t i o n  of t he  e f f e c t i v e  dose equiva len t  commitment from 

( e q u a t i o n  ( 2 ) ) ,  h a s  been e v a l u a t e d  by u s i n g  t h e  
C 

’ e f f ,  e x t  g r o u n d  d e p o s i t s ,  
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matrices f o r  ground depos i t ion  descr ibed i n  previous sec t ions .  For a 

rad ionucl ide ,  j ,  

(j) - 0.5 x Q x U (j) 

i s  t h e  e f f e c t i v e  dose  e q u i v a l e n t  commi'tment p e r  u n i t  d e p o s i t  

of a rad ionucl ide  j. This quan t i ty  has been eva lua ted  using t h e  

model descr ibed i n  (16),  and takes  account of a t t e n u a t i o n  due t o  

migra t ion  of t he  nucl ide down the  s o i l  p r o f i l e  and due t o  su r face  

roughness. 

0.5 i s  a f a c t o r  t o  take account of sh i e ld ing  by bui ld ings ,  and the  

average t i m e  spent  outdoors . 

' e f f ,  ext j 

where Q 
j 

(34) 

U(j) is t h e  t o t a l  ground depos i t  of rad ionucl ide  j (Bq m-2). Its 

s p a t i a l  d i s t r i b u t i o n  is  obtained from t h e  matrices descr ibed 

e a r l i e r  

The most s i g n i f i c a n t  nuc l ides  f o r  t h i s  pathway are 137Cs,  1311 and 132Te. 

(Fo r  1 3 1 X ,  Q, - 2.5 x 10-l' Sv per  Bq m-2, f o r  132Te, Q,, - 6.25 x 10"' Sv per  

Bq m-2 and f o r  137Cs, Q (16) - 1.1 x Sv per  B q  m-2) 

and the  

which are requi red  f o r  commit ted thyro id  dose equiva len t  per  u n i t  in take ,  

(equat ions ( 3 )  and ( 4 ) )  have been taken t h e  e v a l u a t i o n  of Sc 

f r o m  I C R P  P u b l i c a t i o n  30 ( 2 5 ) .  Both v a l u e s  r e l a t e  t o  a d u l t s  and s e p a r a t e  

cons idera t ion  has  t o  be given t o  ch i ld ren  i n  t h e  exposed populat ion.  I n f a n t s  are 

p a r t i c u l a r l y  suscep t ib l e  t o  le3 l X  contamination i n  milk because t h e i r  milk in t ake  

rate i s  comparable wi th  t h a t  of adu l t s  while their dose p e r  u n i t  i n t ake  by 

inges t ion  is s i g n i f i c a n t l y  higher.  Considerat ion i s  given t o  ch i ld ren  i n  t h e  

populat ion and the e f f e c t s  on r ad io log ica l  impact i n  Appendix A. 

U 
cs  

' 5 0 ,  e f f  9 
The commit ted e f f e c t i v e  dose  equiva len t  p e r  u n i t  i n t ake ,  

';O,T' 
C 

and 'eff , ing e f f  , inh  

I n  eva lua t ing  t h e  c o l l e c t i v e  dose due t o  the  i n t a k e  of r ad ionuc l ides  i n  milk 

account has t o  be taken of t h e  delay between product ion and consumption. This is 

an e s p e c i a l l y  important f a c t o r  f o r  short- l ived rad ionucl ides  such as 1311. In 

1957-58 about 70% of the  milk produced i n  England, Scot land and Wales w a s  

consumed as f r e s h  m i l k  ( 1 2 )  w i t h  a mean de lay  of 2 days between product ion and 

consumpt ion(33)  e The rema in ing  30% was used f o r  b u t t e r  and cheese product ion 

with a mean d e l a y  of 3 months(33). The f a c t o r s  FL( i ,g )  and F2(g)  i n  equat ion 

( 4 ) ,  a s  appl ied  t o  milk ,  may the re fo re  be expressed a s  

F1(J,M) F2(M) - 0.7 exp(-2x0.693) + 0.3 exp(-90x0.693) 

j i  t j+ 
t 

where t is the  r ad ioac t ive  h a l f - l i f e  of t h e  rad ionucl ide  j ,  i n  days. 
i f  - -  

F o r  green vegetables ,  the mean delay between production and consumption i s  taken 

t o  be 7 days,  and the re fo re  

F l ( j  ,v )  - exp(-8x0.693) 

j+ 
t 

Only a f r a c t i o n  of t h e  a c t i v i t y  i n  harvested green vegetables  is i nges t ed  by man 

.I 
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?, 

because of l o s s e s  which occur during food preparat ion.  It is assumed t h a t  t he  

f r a c t i o n a l  l o s s  i s  80% ( 1 7 ) ,  t h u s ,  t h e  f a c t o r  F 2 ( g >  i n  equat ion  ( 4 )  f o r  green 

vegetables is 

FZ(V)  0.2 

3.4 Evaluation of  t h e  population and a g r i c u l t u r a l  production d i s t r i b u t i o n  

The s p a t i a l  d i s t r f b u t i o n  of population and of a g r i c u l t u r a l  production around 

t h e  Windscale s i t e  must be known i n  order  t o  eva lua te  t h e  c o l l e c t i v e  dose. Gr ids  

of UK population and UK a g r i c u l t u r a l  production d i s t r i b u t i o n s  a r e  a v a i l a b l e  

r e spec t ive ly  on 1 x 1 km and 5 x 5 km squares  of t h e  Nat iona l  Grid (35,211. These 

d a t a  have been converted t o  t h e  r a d i a l  d i s t r i b u t i o n  format shown i n  F igure  2 f o r  

eva lua t ion  of t h e  q u a n t i t i e s  N(dm,@n) and P(dm,Bn,g) i n  equat ions  (2) ,  ( 3 )  and 

( 4 )  
The d a t a  contained i n  both of t hese  a r r ays  are of more recent o r i g i n  than  

1957, and cons idera t ion  has t o  be given t o  t h e  v a l i d i t y  of u s i n g  them f o r  t h i s  

assessment. The popula t ion  d a t a  w e r e  obtained from the  1971 census. Comparisons 

of t h e  d i s t r i b u t i o n s  of populations by county i n  1957 and 1971 indicate that 

s c a l i n g  i n  r e l a t i o n  t o  n a t i o n a l  t o t a l s  i n  t h e  two years  concerned is  un l ike ly  t o  

affect t h e  dose c a l c u l a t i o n  by more than 10%. Simi lar ly  f o r  t h e  milk production 

d a t a  s c a l i n g  has been c a r r i e d  ou t  on t h e  b a s i s  of n a t i o n a l  production in 

19 57 4 58 ( 1 2 ’ 1 3 )  compared with t h a t  i n  1972. Examination of county d a t a  i n d i c a t e s  

t h a t  t h e  f r a c t i o n a l  production by county has changed l i t t l e  i n  t h e  in t e rven ing  

years .  Fo r  green vegetab les  no s c a l i n g  f o r  t he  d i f f e rence  i n  production between 

1957 and 1972 w a s  appl ied.  This  approximation i s  u n l i k e l y  t o  a f f e c t  t h e  

c o l l e c t i v e  dose e s t ima tes  s i g n i f i c a n t l y .  

The s p a t i a l  d i s t r i b u t i o n  of population and a g r i c u l t u r a l  production i n  t h e  

rest s f  Europe i s  also needed. Grids of population and foods tu f f  production 

d i s t r i b u t i o n s  a re  a v a i l a b l e  ( I 6 )  and have been c o n v e r t e d  i n t o  t h e  r a d i a l  co- 

o r d i n a t e  form requi red  (Figure 3). It has been assumed t h a t  t o  a f i r s t  

approximation t h e  population and foods tuf f  production i n  each g r i d  square can be 

sca l ed  by s i m i l a r  r a t i o s  as i n  t h e  UK between 1957 and 1971. 

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

The pathways by which rad ionucl ides  can g ive  r i se  t o  i r r a d i a t i o n  of members 

of the pub l i c  can be represented  schematically as i n  Figure 5. The dose t o  the 

thy ro ids  of t he  popula t ion  exposed t o  the  Windscale r e l e a s e  was dominated by t h e  

con t r ibu t ions  of t h e  inha la t ion  and inges t ion  pathways because of t h e  

p redodnance  of rad io iodine  i n  t h e  r ad ioac t ive  materials re leased .  Thyroid 

exposure due t o  e x t e r n a l  i r r a d i a t i o n  from the  plume and from ground depos i t s  may 

be shown t o  be  n e g l i g i b l e  by comparison. The c o l l e c t i v e  dose equiva len t  

commitment t o  t h e  thyro id  (S ) is ca lcu la ted  using equat ions  ( 3 )  and ( 4 )  f o r  t h e  

S c  has been es t imated  f o r  t h e  

milk pathway tak ing  account of t he  c o l l e c t i v e  dose saved by the  impos i t ion  of a 

C 

T 
’ i n h a l a t i o n ,  m i l k  and g r e e n  v e g e t a b l e  pathways. T 
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ban on the  consumption of dl;k suppl ies  from the c o a s t a l  s t r i p  as descr ibed 

earlier. The c o l l e c t i v e  dose which would have r e s u l t e d  without the imposi t ion of 

a ban has a l s o  been ca lcu la ted .  

The former q u a n t i t y  was est imated by modifying values  i n  the  i n t e g r a t e d  milk 

concent ra t ion  matr ix  i n  the areas from where the d i s t r i b u t i o n  of milk was 

i n t e r r u p t e d .  The condi t ions  f o r  removal of the  milk ban were t h a t  t h e  1311 

a c t i v i t y  should be less than 0.1 pCi 1-1 (3700 Bq l-1)(8). I f  milk w a s  consumed 

immediately after r e s t r i c t i o n s  were removed, the maximum i n t e g r a t e d  a c t i v i t y  of 

1311 which could have been ingested is 
(D 

3700 exp (-0.693t) d t  = 26700 Bq d 1-l 
0 5 

assuming a S d a y  e f f e c t i v e  h a l f - l i f e  on pasture.  The matr ix  of i n t e g r a t e d  1311 

a c t i v i t y  in milk,  C ( I , M ) ,  w a s  m o d i f i e d  s o  t h a t  t h e  segments  w i t h i n  t h e  ban 

a r e a c 8 )  w e r e  a s c r i b e d  t h e  above v a l u e  f o r  E(I,M) while those o u t s i d e  remained 

unchanged. This  assumption allows no delay period between t h e  leve ls  reaching 

0.1 pCi 1-1 (3700 Bq  1-l) and t h e  milk being r e d i s t r i b u t e d  but ,  equal ly ,  no . 

allowance has been made f o r  a c t i v i t y  inges ted  before the  ban could be bought into 

e f f e c t  (19). T h e r e  i s  l i k e l y  t o  be some c o u n t e r b a l a n c i n g  be tween  t h e  two 

assumptions, but i n  any case n e i t h e r  of the assumptions is l i k e l y  t o  have a 

s i g n i f i c a n t  e f f e c t  on the  estimates of c o l l e c t i v e  dose. 

The c o l l e c t i v e  dose t o  the thyroid from 1311 i n  milk t o  European populat ions 

w a s  e s t i m a t e d  on t h e  b a s i s  of the measurements repor ted  by L o u t i t  e t  a1(6) f o r  

i n t e g r a t e d  concentrat ions of 1311 i n  a i r ,  ;(I). A depos i t ion  v e l o c i t y ,  vd( I )  of 

1.0 x loe3 m s-l ( S e c t i o n  3.2(d)) w a s  used t o  obta in  t h e  d i s t r i b u t i o n  of ? ( I , M )  

i n  Europe. Only a f e w  neasurements of :(I) were made i n  Europe and t h e  estimate 

of c o l l e c t i v e  dose from a c t i v i t y  in t h i s  a r e a  is  only approximate. 

D u n s t e r  e t  a l ( 8 )  reported t h a t  the  concentrat ions of 1311 in r e s e r v o i r s  and 

streams c l o s e  t o  Windscale were in the  range 3.7 Bq  1-l t o  37 Bq 1-l i n  t h e  f i r s t  

10 days after t h e  accident .  No measurements appear t o  have been reported f o r  the  

fol lowing months. However, i n  normal circumstances the t i m e  de lays  between 

depos i t ion  on l a k e  and r i v e r  catchments and consumption are of t h e  o r d e r  of w e e k s  

and months (although t h e r e  a r e  except ions)  and when this is considered toge ther  

with the  r e l a t i v e l y  short r a d i o a c t i v e  h a l f - l i f e  of 1311 it 5eems most un l ike ly  

t h a t  t h e  dr inking water  pathway could have cont r ibu ted  s i g n i f i c a n t l y  t o  

c o l l e c t i v e  dose. It has not been considered f u r t h e r  i n  t h i s  assessment. 

Current NRPB models (”) predic t  a r a t i o  between t h e  i n t e g r a t e d  concent ra t ion  

of 1311 i n  meat t o  the  i n t e g r a t e d  concentrat ion of 1 3 1 1  in milk €or  a s i n g l e  

u 

deposit On Pas ture  a s  being 0.21 Bq d k K ’ / B q  d 1-l. Applying a mean de lay  t i m e  

f o r  mi lk  of 2 days  (33)  and f o r  meat of 7 days(16)between milking and s l a u g h t e r  

r e s p e c t i v e l y ,  and t h e  consumption of the foodstuff , and assuming average a d u l t  

i n t a k e  r a t e s  f o r  milk and meat of 150 kg y-’ and 25 kg Y- r e s p e c t i v e l y  , the  
15) 
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r a t i o  of t h e ‘  t o t a l  .1311 i n t a k e  by meat and by milk i s  approximately 0.025. An 
estimate of the c o l l e c t i v e  thyroid dose f r o m  meat is  obtained by s c a l i n g  the  milk 

cont r ibu t ion  t o  c o l l e c t i v e  dose accordingly; i t  i s  2.5% of t h a t  due t o  milk. 
The c o l l e c t i v e  doses from the  consumption of 13’1 i n  g r a i n  and root  crops 

are negl ig ib le .  For g r a i n ,  t h i s  is  because t h e r e  i s  a mean delay of about 1 

year(33) between harves t  and consumption i n  which t i m e  the  1311 would have almost 

t o t a l l y  decayed. For root  crops t h e  main mode by which the e d i b l e  parts become 

contaminated with 1311 is l i k e l y  t o  be due t o  t r a n s l o c a t i o n  from t h e  f o l i a r  p a r t s  

of the  plant .  However, f o r  most root crops there  is  a s u b s t a n t i a l  delay on t h e  

a v e r a g e  between h a r v e s t  and consumption ( 4  months €or p o t a t o e s )  (33) and the  

c o l l e c t i v e  dose due t o  1 3 1 1  i n  t h i s  pathway is again l i k e l y  t o  be i n s i g n i f i c a n t .  

It has t h e r e f o r e  been neglected.  Other foods tuf fs ,  which a r e  considered t o  be 

p o t e n t i a l l y  small c o n t r i b u t o r s  t o  c o l l e c t i v e  dose have a l s o  been neglected i n  

this assessment. 

Tel lur ium-132 (132Te)  ( t  - 78  h )  which decays t o  1321 ( t i  = 2.4  h) a l s o  

c o n t r i b u t e s  t o  t h e  c o l l e c t i v e  thyroid dose, S;, v i a  the i n h a l a t i o n  pathway. The 

c o l l e c t i v e  thyro id  dose due t o  t h i s  nucl ide v i a  the  i n g e s t i o n  pathway cau be 

shown t o  be small i n  comparison t o  t h a t  due t o  1311 and it  has been neglected.  

4 

The cont r ibu t ion  of o ther  nuc l ides  present  i n  the release t o  the  c o l l e c t i v e  

t h y r o i d  dose has been neglected as small s ince they a r e  not concentrated i n  the  

thyro id  gland and most of them w e r e  present  i n  the  r e l e a s e . a t  much lower a c t i v i t y  

concentrat ions than I 3 l I .  
C 

The e s t i m a t e d  c o l l e c t i v e  thyroid dose equivalent  commitments (ST) a r e  given 

i n  Table 5 f o r  the  Cumbrian area, the UK and t h e  remainder of Europe. The 

c o l l e c t i v e  dose estimate f o r  t h e  Cumbrian a rea  is probably an overest imate ,  s i n c e  

t h e  cont r ibu t ion  t o  c o l l e c t i v e  dose from milk r e l a t e s  t o  the  milk produced i n  

Cumbria r a t h e r  than t h e  milk consumed. However, s i n c e  t h e r e  is  no s i g n i f i c a n t  

export  of milk from the  UK as a whole, the UK c o l l e c t i v e  dose es t imate  i s  

considered t o  be more r e a l i s t i c .  

5. CORRELATION BETWEEN PREDICTED AND MEASURED INDIVIDUAL TEIYROID DOSES I N  

LONDON, LEEDS AND CUMBRIA FROM I 3 l I  

In the  period a f t e r  t h e  Windscale f i r e ,  measurements were made of the  1311  

a c t i v i t y  i n  t h e  thyroids  of ch i ldren  and adul t s  i n  London, Leeds and Cumbria. 

These measurements provide a f u r t h e r  source of d a t a  which can be used t o  examine 

the  r e l i a b i l i t y  of the  data  base described i n  previous sec t ions .  

The procedure descr ibed earlier (Sect ion 3.1) f o r  es t imat ing  c o l l e c t i v e  dose 

does not requi re  a knowledge of the or ig ins  of f o o d s t u f f s  consumed by the  

population; it is necessary only t o  assume t h a t  a l l  or  an a p p r o p r i a t e  f r a c t i o n  of 

food produced i n  t h e  a rea  under considerat ion is consumed. In order  t o  make 

p r e d i c t i o n s  of dose t o  ind iv idua ls  i n  p a r t i c u l a r  l o c a t i o n s ,  however, the  source 

of the contaminated foods tuf f ,  i n  t h i s  case predominantly milk, must be known so  
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t h a t  t h e  l e v e l  of a c t i v i t y  i n  the ingested material can be determined. This  type 

of information i s  a v a i l a b l e  f o r  the  milk suppl ies  t o  London i n  1957; for t h e  

o t h e r  l o c a t i o n s  and f o r  o ther  f o o d s t u f f s ,  however, assumptions have had t o  be 

made about the  source of supply. 

5.1. London 

Maycock a n d  V e n n a r t  ‘ lo )  p u b l i s h e d  measurements of t h e  l3II a c t i v i t y  

concent ra t ion  i n  t h e  thyro ids  of some t h i r t e e n  a d u l t s ,  r e s i d e n t  i n  t h e  Greater 

London area. The ueasurements were made i n  t h e  weeks fol lowing t h e  acc ident ,  t h e  

earliest of which were made on 31 October. The da ta  a r e  reproduced i n  Figure 6. 

The p o i n t s  f i t t e d  by the  upper curve represent  t h e  measurements where t h e  

a c t i v i t y  i n  one person’s thyroid ( subjec t  K) was followed a s  a func t ion  of t i m e  

a f t e r  the  accident .  This  person w a s  reported t o  have had a high milk i n t a k e  

rate, of a t  l e a s t  1.1 litres p e r  day. Maycock and Vennart f i t t e d  an  equat ion  t o  

t h i s  d a t a  using a simple model which enabled them t o  estimate a dose of 1.3 mSv 
t o  K’s thyroid.  On t h e  b a s i s  of the measurements made on the  o t h e r  s u b j e c t s  they 

predic ted  a probable thyroid dose.of  400 5 80 pSv t o  an average a d u l t  i n d i v i d u a l  

l i v i n g  i n  London. Their  model has s e v e r a l  shortcomings; i t  only al lows f o r  

i n t a k e  from dr inking  milk and it does not account f o r  any delay between t h e  

product ion and consumption of the  contaminated milk. I n  a d d i t i o n ,  they  assumed 

t h a t  t h e  a c t i v i t y  concentrat ions of 1311 i n  milk decayed with an e f f e c t i v e  half-  

l i f e  of 7 days. From Booker’s measurements(’’), i t  i s  known t h a t  a s h o r t e r  half-  

l i f e  w a s  observed (5 days).  

The i n t e g r a t e d  c o n c e n t r a t i o n  of 1311 i n  a i r ,  x(I), was measured a t  Harrow, 

Midd les  e x  ( 2 ’ 6 ) ,  and w a s  found t o  be 15.7 Bq d m-3. Assuming an i n h a l a t i o n  rate 

f o r  a d u l t s  of 23 m 3  d-1(15) and a committed dose equivalent  t o  t h e  thyro id  per  

of 2.9 x lo-’ Sv Bq- 1(25),  t h e  average thyroid u n i t  a c t i v i t y  inhaled,  

d o s e  e q u i v a l e n t  t o  p e o p l e  l i v i n g  i n  London from i n h a l a t i o n ,  $ ( I , i n h )  i s  

est imated t o  have been 100 pSv. 

The volumes of milk suppl ied t o  Greater London from var ious  count ies  i n  

England and Wales i n  June 1956 a r e  given i n  Table 3 ( 2 2 ) .  This  information,  taken 

t o g e t h e r  wi th  es t imates  of the mean in tegra ted  concent ra t ion  of 1311 i n  milk, 

C(I,M), f o r  each county from t h e  matrix descr ibed e a r l i e r  enables  an estimate of 

the  average i n t e g r a t e d  concentrat ion of l3lI, %(I,M), i n  consumed milk i n  London 

t o  be derived. The dose equivalent  t o  t h e  thyroid of the  average a d u l t  milk 

consumer i n  London f l r ( I , M )  a s  a r e s u l t  of the  Windscale f i r e  is thus 

,.. 

U 

‘SO, T, inh’  

L 

,., 

u 

%(I,M) = CL(I,M) x I(M) x Hu 50, T , ing  x F1(I,M) 

where I(M) is t h e  p e r  caput milk in take  r a t e  of a d u l t s  = 150 1 y-1(15) 
U 

i s  the a d u l t  thyroid committed dose equiva len t  per u n i t  1 3 1 1  

ingested (4.8 x lo-’ SV Bq- ) 1 (25) 
‘50, T , ing  
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FI(17M)  is  a f a c t o r  t o  account for the .decay of 1311 between 

p r o d u c t i o n  and consumption of t h e  c o n t a m i n a t e d  m i l k  

(F1(I,M) = 0.84) 

%(I ,M) = 1180 Bq d 1-l 

S u b s t i t u t i n g  these  values  i n  t h e  equat ion gives %(I,M) = 180 ~ S V .  

For the green vegetables  pathway i t  i s  assumed t h a t  vegetable  suppl les  in  
London are derived from t h e  whole of England and Wales and i n  proport ion €or  

The i n t e g r a t e d  1311 a c t i v i t y  i n  UK green  vegetables ,  E(I,V), 

i s  es t imated  t o  be -2 Bq y kg-I assuming a 7-day delay between cropping and 

consumption. Assuming t h a t  t h e  p e r  caput adul t  i n t a k e  r a t e  of f r e s h  green 

v e g e t a b l e s  w a s  40 kg y- t h e  average thyroid dose equiva len t ,  $( I ,V ) ,  from 

inges t ion  of 1311 i n  green vegetables  is 40 pSv. 

From these  t h r e e  i n t a k e  routes ,  the  t o t a l  thyroid dose equiva len t ,  q, to an 

. t h e i r  product ion.  

average a d u l t  i n  London is  - 
%(I) - %(I,M) + %(I,inh) + % ( I , V )  - 

The value estimated i n  t h i s  way f o r  5 i s  320 ~ S V .  

The t i m e  d i s t r i b u t i o n  of the 1311 a c t i v i t y  i n  the  thyro id  can be ca lcu la ted  

from these  estimates using a s u i t a b l e  model. For the i n h a l a t i o n  pathway it is 

assumed t h a t  a s i n g l e  i n t a k e  occurred on 12 October. There would then have been 

a delay of roughly two days between t h i s  in take  and the i n t a k e  of contaminated 

milk, because of t h e  t i m e  delay i n  d i s t r i b u t l o n ,  and roughly 7 days’ delay before  

t h e  consumption of contaninated green vegetables.  

Using NRPB (”) models,  the t ime-dis t r ibut ion of a c t i v i t y  i n  milk and green 

vegetables  cons is ten t  with the  thyroid dose estimates can be predic ted  (eg, 

Figure 4 ) .  The lower curve i n  Figure 6 i s  t h e  predicted t i m e  d i s t r i b u t i o n  of 

thyroid a c t i v i t y  f o r  the  average London adul t  as a r e s u l t  of t h e  cont r ibu t ions  of 

t h e  i n h a l a t i o n  and ni lk  and green vegetables  inges t ion  pathways; it i s  considered 

t o  be i n  good agreement wi th  the  measurements, bearing in mind t h e  u n c e r t a i n t i e s  

i n  the  estimate, p a r t i c u l a r l y  with regard t o  the estimate of contamination levels  

in milk and green vegetables .  

The upper curve i n  Figure 6 is a f i t  t o  the measurements made on subjec t  K, 
by varying h i s  milk in take ,  but keeping the i n h a l a t i o n  and green vegetab le  i n t a k e  

f ixed .  It i s  found t h a t  K would have had t o  consume an e q u i v a l e n t  of 2.4 Utres 

p e r  day of milk a t  the  estimated average London milk contamination. From t h e  

preceding d iscuss ion  i t  seems equal ly  possible  t h a t  K consumed milk of higher  

1311 concentrat ion o r  a l t e r n a t i v e l y  t h a t  h i s  metabolism f o r  iodine w a s  

s i g n i f i c a n t l y  d i f f e r e n t  from the average. The spread of measured values  around 

t h e  lower curve supports  these  suggestions.  

5.2 Leeds 

Measurements o f  the  a c t i v i t y  of i n  the  thyro ids  of some n ine  people 

r e s i d e n t  i n  the Leeds a rea  a t  the  time of the  accident  w e r e  repor ted  by Burch . (9) 
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For two s u b j e c t s  (A and B), the t ime-variation of the a c t i v i t y  was followed i n t o  

mid-November, 1957. These d a t a  a r e  represented by t h e  p l o t s  i n  F igure  7. By 

i n t e g r a t i n g  t h e  a c t i v i t y  under the curves , Burch est imated t h e  average thyroid 

dose equiva len ts  f o r  t h e s e  two a d u l t  Leeds r e s i d e n t s  t o  be 1.0 mSv. H e  used a . 

thyro id  mass of 30 g i n  h i s  c a l c u l a t i o n  r a t h e r  than 20 g recommended by ICRP f o r  

S t a n d a r d  Man(36). When modified f o r  t h e  lower thyro id  mass the  dose is 1.5 mSv. 
The time-dependence of thyro id  a c t i v i t y  a t  s h o r t  times a f t e r  the  acc ident  could 

not. be deduced d i r e c t l y  from t h e  measurements. 

The peak a c t i v i t y  of 1311 i n  milk In  Leeds a s  a r e s u l t  of t h e  Windscale 

f i r e  has been est imated from measurements i n  milk t o  be between 440 and 

810 Bq l-1(19). Applying t h e  models described i n  Sec t ion  3.2.1, t h i s  corresponds 

t o  i n t e g r a t e d  1 3 1 1  c o n c e n t r a t i o n s  i n  n i l k ,  ? ( I , M ) ,  of 3590 and 6590 Bq d 1-l 

r e s p e c t i v e l y .  In t h e  f o u r  annular  segments of t h e  E(I,M) matr ix  about  Leeds t h e  

values  of E(I,M) i n  Bq d 1-1 are as follows: 

125 - 150 km 150 - 200 km 
s e c t o r  8 7040 1480 

s e c t o r  9 3700 2370 

Assuming t h a t  t h e  people of Leeds der ive  t h e i r  milk from t h e  125-150 lan band 

and a 150-170 km band of s e c t o r s  8 and 9 ( i e ,  four  annular  segments equal  in area 

a b o u t  L e e d s ) ,  t h e n  t h e  c a l c u l a t e d  mean v a l u e  of E(I,M) f o r  t h e s e  a r e a s  i s  

4300 Bq d 1-l. This i s  wi th in  t h e  range . of values  obtained from milk 
measurements obtained above, 

The two people in t h e  measurement study were reported t o  consume an average 

of a b o u t  1.2 p i n t s  of mLlk per  day") (250 1 y-l). The dose equiva len t  t o  t h e i r  

thyro ids  f r o m  dr inking  milk with an in tegra ted  a c t i v i t y  concent ra t ion  of 

4300 Bq d 1-1 i s  est inated t o  be 1.1 mSv taking i n t o  account a de lay  of 2 days 

between production and consumption. 

From t h e  r e l a t i o n s h i p  in Sect ion 3.2.2 t h e  i n t e g r a t e d  concent ra t ion  i n  air, 

wh ich  would g i v e  r i s e  t o  a E(I,M) v a l u e  of 4300 Bq d 1-l i n  mi lk  i s  

This r e s u l t s  i n  a 

,-# 

~ ( 1 ) ~  
41 B q  d me3 us ing  a depos i t ion  v e l o c i t y ,  v 

thyro id  dose equiva len t  of 0.27 mSv from inha la t ion .  

of 3 x IOe3 m s-'. d 

The dose from consumption of green vegetables  is est imated us ing  the  s a m e  

assumption as  f o r  London g iv ing  a thyro id  dose equivalent  of t h e  o r d e r  of 0.04 

mSv. The t o t a l  from these  t h r e e  pathways, fir, i s  1.4 mSv, c l o s e  t o  t h e  1.5 mSv 

est imated from t h e  d i r e c t  measurements of Burch. The t i m e  v a r i a t i o n  of the  

a c t i v i t y  i n  t h e  two s u b j e c t s '  thyro ids  can be est imated using a s i m i l a r  model t o  

t h a t  descr ibed I n  Sec t ion  5.1. The predicted curve presented i n  F igure  7 gives a 

good f i t  t o  t h e  measured thyroid a c t i v i t i e s .  

5.3 Cumbria 

- 

. Measurements of the 1 3 1 X  content of thyroids  in the  Windscale a r e a  during 

Clarke(7)  has t h e  t ime when mi lk  was banned were reported by Dunster e t  a l C 8 ) .  
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shown t h a t  t h e r e  is evidence t h a t ,  i n  most cases,  the  thyroid doses can be mainly 

a t t r i b u t e d  t o  i n h a l a t i o n  of 1311, and not t o  contaminated milk  being imbibed i n  

e r r o r .  The mean a d u l t  thyro id  dose equivalent  a t  var ious d i s t a n c e s  from the s i t e  

may a l s o  be est imated by using the matrix of t i m e  in tegra ted  concentrat ion of 

l 3 l I  i n  a i r ,  ~(1). The r e s u l t s  from t h i s  c a l c u l a t i o n  are presented along with 

Clarke ' s (7)  p r e d i c t i o n s  and Dunster ' s  measurements i n  Table 4 .  

- 

The agreement between t h e  r e s u l t s  i s  good and encourages confidence i n  t h e  

models used i n  der iv ing  i n h a l a t i o n  doses from neasurements of l3 l I  i n  m i l k .  The 

r e s u l t s  ca lcu la ted  here  do not take account of any a d d i t i o n a l  dose due t o  milk 

a f t e r  t h e  ban w a s  l i f t e d .  The ind iv idua l  chyroid dose equiva len ts  could have 

been 5 mSv higher  as a consequence. However Dunster 's  measurements of 1 3 1 1  

concentrat ions i n  t h e  thyro ids  of the  l o c a l  population w e r e  made before  the milk 

ban w a s  l i f t e d  and hence do not  show this e f f e c t .  

Overall, the  comparisons of measured and predicted thyro id  lI contents  f o r  

people i n  London, Leeds and Cumbria encourage confidence i n  t h e  models and 

database employed i n  t h e  c o l l e c t i v e  dose assessment. 

6. CALCULATION OF THE COLLECTIVE EFFECTIVE DOSE EQUIVALENT COMMITMENT, SCff 

The c o l l e c t i v e  e f f e c t i v e  dose  equivalent commitment, t o  populat ions 

wi th in  var ious d i s t a n c e  bands from t h e  Windscale s i t e  has been assessed  using t h e  

methodology out l ined  i n  Sect ion 3; the  r e s u l t s  a r e  presented i n  Table 6. The 

nuc l ides  which proved t o  be of s i g n i f i c a n c e  i n  t h e  i n h a l a t i o n  pathway were 1311, 

132Te, 137Cs, lo3Ru; 144Ce,  91Y and 12'mI.e. The nucl ides  of importance f o r  t h e  

i n g e s t i o n  and e x t e r n a l  i r r a d i a t i o n  (ground depos i t s )  pathways were l3II ,  132Te 

and 37Cs. 

C f f  > 

A s  discussed i n  Sect ion 3 . 2 ,  with the exceptions of 1311 and 132Te, the  

nucl ides  were assumed t o  be deposi ted from the plume a t  t h e  same rate as  137Cs. 

The d i s t r i b u t i o n  m a t r i c e s  f o r  1 3 7 C s  i n t e g r a t e d  a i r  concent ra t ion ,  ~ ( C S )  , and 

ground depos i t ,  U(Cs), were scaled i n  proportion t o  -the a c t i v i t i e s  of the  o t h e r  

nucl ides  present  in t h e  release, i n  order  to obta in  t h e i r  d i s t r i b u t i o n  pa t te rns .  

For t h e  i n h a l a t i o n  pathway, no cor rec t ions  were made f o r  r a d i o a c t i v e  decay as t h e  

s h o r t e s t  h a l f - l i f e  of the  nucl ides  considered (o ther  than 1311 and 132Te) was 

34 d f o r  12%e and t h e r e  would have been l i t t l e  decay i n  t h e  time between 

release and in take .  

- 

I n  a s s e s s i n g  the  cont r ibu t ion  t o  Sc from foodchain contamination, account 

has  t o  be taken of the  t r a n s f e r  of long-lived radionucl ides  from s o i l  i n t o  

foods tuf fs .  Those considered were milk, meat and l i v e r  from graz ing  animals, 

green vegetables ,  g r a i n  and root  crops. 

e f f  

C The a s s e s s m e n t  of t h e  c o n t r i b u t i o n  t o  S due t o  d i r e c t  i r r a d i a t i o n  from 

radioac t ive  material i n  the cloud i s  based on t h e  c a l c u l a t i o n s  of cloud-y dose 

made by Clarke"). By examining t h e  resul ts  of these  c a l c u l a t i o n s  and comparing 

e f f  
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them with values  used i n  the  matr ix  of i n t e g r a t e d  concentrat ion of I 3 l I  i n  air an 

empir ica l  approximation can be made t h a t  1 Bq d m-3 corresponds t o  1 x lo-' Sv. 

Assuming a f a c t o r  of 0.5 (34) t o  account f o r  s h i e l d i n g  by bui ldings from a cloud 

source and t h e  mean t i m e  spent  outdoors,  the  t o t a l  cloud-y c o l l e c t i v e  dosa 

equiva len t  is  est imated t o  be about 50 man Sv. The approximate n a t u r e  of t h i s  

estimate i s  recognised but s i n c e  t h e  cont r ibu t ion  i s  small compared wi th  the 

t o t a l  c o l l e c t i v e  dose a more d e t a i l e d  assessment does not seem t o  be j u s t i f i e d .  

Considerat ion has been given t o  the  cont r ibu t ion  of the c o l l e c t i v e  dose t o  

t h e  w o r k e r s  a t  Windscale during the accident  t o  t h e  t o t a l  Seff.  In t h e  attempts 

to clear the damaged channels some of the  workers a t  the  Windscale r e a c t o r s  were 
exposed t o  h igh  e x t e r n a l  dose r a t e s  and t o  s i g n i f i c a n t  a i r  concent ra t ions  of 

radionucl ides .  P r o t e c t i v e  measures were taken t o  c o n t r o l  the  exposure of t h e  

workers, including t h e  wearing of r e s p i r a t o r s  and t h e  monitoring of external 

r a d i a t i o n .  Measurements of 1311 i n  t h e  thyroids  of 96 workers i n  the  p l a n t  

showed t h a t  t h e  l a r g e s t  doses t o  t h i s  organ were 95 mSv and 21  mSv, Kith an 

a v e r a g e  of 4 mSv, due t o  i n h a l a t i o n  of 1311(6). The e x t e r n a l  r a d i a t i o n  doses of 

14 workers were i n  excess of the maximum permissible  q u a r t e r l y  dose of 30 mSv 

which e x i s t e d  a t  the  time, the  h ighes t  dose being 47 ~ S V ' ~ ) .  The c o n t r i b u t i o n  of 

t h e  workers' doses t o  t h e  t o t a l  c o l l e c t i v e  dose w a s  nevertheless  n e g l i g i b l y  small 
( l e s s  than 1 man Sv t o  t h e  thyroid and less than 1 man Sv e f f e c t i v e  dose) .  

C 

The cool ing water used t o  ex t inguish  t h e  f i r e  i n  t h e  reac tor  w a s  u l t i m a t e l y  

discharged t o  sea. On the  basis of an approximate estimate of t h e  q u a n t i t i e s  

f rom t h e  mar ine  d i s c h a r g e d  , an  a s s e s s m e n t  o f  t h e  c o n t r i ' b u t i o n  t o  S 

e x p o s u r e  pathways h a s  been madet37). ef  f 
is est imated t o  be less than 2 man Sv. 

C ( 2 7 )  
e f f  

The cont r ibu t ion  from t h i s  source  t o  Sc 

7. DISCUSSION OF TRE RESULTS 

The r e s u l t s  of t h e  c a l c u l a t i o n s  of the c o l l e c t i v e  dose equivalent  commitment 

t o  t h e  t h y r o i d  (Sc)  and o f  t h e  c o l l e c t i v e  e f f e c t i v e  dose equivalent  commitment 

(Szff) f o l l o w i n g  t h e  Windsca le  r e l e a s e  of 1957 a r e  g i v e n  i n  Tables  5 and 6, 

respec t ive ly .  The c o l l e c t i v e  doses cor rec ted  f o r  t h e  age d i s t r i b u t i o n  of the 

exposed populat ion are given i n  Tables SA and 6A.  The cont r ibu t ions  by pathway, 

nuc l ide  and reg ion  a r e  i n d i c a t e d  i n  Figures  8 and 9. 

7.1 Col lec t ive  dose equivalent  commitment t o  the thyroid 

T 

C 
The t o t a l  c o l l e c t i v e  d o s e  e q u i v a l e n t  commitment t o  the  thyro id ,  ST, w a s  

e s t i m a t e d  t o  be 1.9 x lo4  man Sv. The main cont r ibu t ions  t o  the  c o l l e c t i v e  dose 

were from i n g e s t i o n  of milk (62%); i n h a l a t i o n  of a c t i v i t y  in t h e  plume (29%) and 

c 

L 

i n g e s t i o n  of o t h e r  foods (9%) .  These es t imates  were made assuming a populat ion 

made up of a d u l t s  only. When allowance is made f o r  the  age d i s t r i b u t i o n  of the 

p o p u l a t i o n  (Appendix A)  t h e  c o l l e c t i v e  thyroid d o s e ,  ST is 2.6 x I O 4  man Sv, 
C '  
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( t h a t  is 37X higher than f o r  an a d u l t  populat ion) .  Of t h i s  70% i s  cont r ibu ted  by 

t h e  milk pathway, 22% by i n h a l a t i o n  of a c t i v i t y  i n  &he plume, and 8% by o t h e r  

foods tuf fs .  Of t h e  2.6 x lo4  man Sv i t  i s  estimated t h a t  952 w a s  de l ive red  i n  

t h e  t h e  UK and-approximately 12% of t he  t o t a l  dose would have a r i s e n  from wi th in  

50 lan of t h e  Windscale si te.  However, since milk and o the r  f o o d s t u f f s  a r e  not 

necessa r i ly  inges ted  where they are produced, t h i s  f i g u r e  does no t  imply t h a t  t h e  

l o c a l  population rece ived  t h a t  dose. 

The most important nuc l ide  cont r ibu t ing  t o  t h e  c o l l e c t i v e  thyro id  dose 

It w a s  respons ib le  f o r  almost t he  e n t i r e  dose from t h e  milk equiva len t  w a s  1 3 1 1 .  

p a t h a y .  The only o the r  nuc l ide  t o  make a no t i ceab le  c o n t r i b u t i o n  t o  t h e  

c o l l e c t i v e  thyro id  dose w a s  132Te via t h e  inha la t ion  pathway; i t s  daughter 1321 

i s  concentrated i n  t h e  human thyro id  gland. Both 1 3 1 1  and 13*Te have r e l a t i v e l y  

s h o r t  r ad ioac t ive  ha l f - l i ves  (8.02 d and 78 h r e spec t ive ly )  and t h u s  almost a l l  

of  t h e  dose would have been received wi th in  a few weeks of t h e  acc ident .  

It is i n t e r e s t i n g  t o  no te  t h a t  t h e  i n h a l a t i o n  pathway is p red ic t ed  t o  have 

b e e n  r e l a t i v e l y  more important than  assumed by Baverstock and Vennart'''). This  

i s  mainly because of t h e  comparatively lower ground depos i t  t o  milk t r a n s f e r  of 

1 3 1 1  observed by Booker (11) and used i n  t h i s  assessment. 

It is  estimated t h a t  t h e  imposit ion of t he  ban on t h e  m i l k  d i s t r i b u t i o n  from 

t h e  region around Uindscale i n  the  weeks following t h e  acc iden t  saved 

3.5 x l o 3  man Sv of t h e  age-corrected c o l l e c t i v e  dose t o  t h e  thy ro id ,  ST ; t h a t  

is, t h e  c o l l e c t i v e  dose a r i s i n g  from t h e  Cumbrian area w a s  approximately halved 

by the ban although t h e  t o t a l  c o l l e c t i v e  dose w a s  only reduced by 12%. 

C '  

It i s  of i n t e r e s t  t o  examine the  d i s t r i b u t i o n  of i n d i v i d u a l  thyro id  dose 

equiva len ts  in t h e  exposed population as a func t ion  of d i s t ance  from Windscale. 

However, s ince  most of the  dose is  predic ted  t o  have a r i s e n  from t h e  i n t a k e  of 

m i l k  which' i s  no t  necessa r i ly  consumed in t h e  a r e a  where i t  is produced ( see  

Table 3 ) ,  any estimate made in t he  absence of comprehensive d a t a  on UK m i l k  

d i s t r i b u t i o n  pa t t e rns  i n  1957 i s  necessa r i ly  approximate. I n  F igure  10 estimates 

are presented of t h e  mean a d u l t  thyro id  dose equiva len ts  i n  England and Wales due 

t o  the  i n h a l a t i o n  and milk i nges t ion  pathways. Milk is assumed t o  be der ived  

from t h e  s e c t o r  i n  which t h e  exposed person l i v e s  and s i n c e  the s e c t o r s  are 

chosen t o  be f a i r l y  l a r g e  t h e  e r r o r s  a s soc ia t ed  with real  m i l k  d i s t r i b u t i o n  

p a t t e r n s  are t o  some ex ten t  reduced. For Cumbria i t  is assumed t h a t  those people 

w i t h i n  t h e  a rea  i n  which milk w a s  r e s t r i c t e d  obtained n i l k  from o t h e r  p a r t s  of 

t h e  north-westem region. It i s  clear from Figure 11 t h a t  the h i g h e s t  doses were 

rece ived  i n  the  north-west of England: doses i n  the  s o u t h  and w e s t  of t he  

country and i n  Wales were lower by more than an order  of magnitude. 

Recently Taylor (28) has estimated the  c o l l e c t i v e  thy ro id  dose r e s u l t i n g  from 

t h e  Windscale f i r e  by ex t r apo la t ing  t h e  feu measurements on i n d i v i d u a l s  i n  t h e  UK 
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t o  o b t a i n  the  populat ion dose. €lis method, though approximate, g ives  r e s u l t s  

which are i n  reasonable  agreement with those of t h i s  assessment ( T a b l e  7).  Only 

t h e  c o l l e c t i v e  thyro id  doses i n  the 0-50 km zone are appreciably d i f f e r e n t  and 

this i s  not unexpected s i n c e  the  c o l l e c t i v e  dose ,cont r ibu t ion  from milk 
contamination i n  t h i s  assessment r e f e r s  t o  milk produced but  no t  n e c e s s a r i l y  

consumed i n  the area.  

7 - 2  Col lec t ive  e f f e c t i v e  dose equivdient  commitment 

The c o l l e c t i v e  e f f e c t i v e  dose equivalent  commitment , assuming an a d u l t  

p o p u l a t i o n ,  Se f f ,  has been est imated t o  be 9.9 x lo2 man Sv. The main contribu- 

t i o n s  t o  t h i s  value were from i n g e s t i o n  of foods tuf fs  (47%) ,  i n h a l a t i o n  of 
a c t i v i t y  from t h e  plume ( 2 6 4 )  and from e x t e r n a l ' i r r a d i a t i o n  ( 2 7 4 )  due t o  the  

C 

cloud and deposi ted a c t i v i t y .  Again, because roughly three-quarters  of t h e  dose \ 

i s  due t o  internal  i r r a d i a t i o n  of organs,  cor rec t ion  f a c t o r s  f o r  c h i l d r e n ' s  

r e l a t i v e l y  higher  doses per  u n i t  i n t a k e  have been appl ied  (Appendix A ) ,  and the  

c o l l e c t i v e  e f f e c t i v e  d o s e  e q u i v a l e n t  commitment i s  r e - e v a l u a t e d  t o  be 

1.2 x l o3  man Sv, allowing f o r  the  age-dis t r ibut ion of the population. Of t h i s  

t h e  milk inges t ion  pathway is the  s i n g l e  l a r g e s t  cont r ibu tor  of c o l l e c t i v e  dose 

( 4 8 % ) ,  represent ing  t h e  contamination of milk by 1311. I n h a l a t i o n  and e x t e r n a l  

i r r a d i a t i o n  c o n t r i b u t e  e q u a l l y  t o  t h e  S ( r o u g h l y  22% each) ,  t h e  remainder 

coming from t h e  i n g e s t i o n  of o t h e r  contaminated foods tuf fs .  

C '  

e f  f 

The most important nuc l ides  cont r ibu t ing  t o  c o l l e c t i v e  e f f e c t i v e  dose a r e  

I 3 l I ,  13'C6 and lo6Ru (Figure 9) .  Other l e s s  important nucl ides  are i44Ce,  

129qe,  lo3Ru, 13*Te and 91P. Because 137Cs has a r e l a t i v e l y  long h a l f - l i f e  

( t i  = 30.1 y e a r s )  t h e  c o l l e c t i v e  e f f e c t i v e  dose commitment w a s  d e l i v e r e d  over a 

cons iderable  period a f t e r  t h e  accident.  An es t imat ion  of t h e  annual  c o l l e c t i v e  

e f f e c t i v e  dose equiva len t  r a t e  a s  a func t ion  of t i m e  has been made and is  given 

i n  F igure  11. Thus approximately 82% of the  c o l l e c t i v e  e f f e c t i v e  dose equivalent  

c o d t m e n t  w a s  de l ivered  wi th in  the  f i r s t  year fol lowing t h e  release and the  

remaining 18% over t h e  next few decades. 
C 

(28 )  d i d  not  es t imate  S T a y l o r  but he evaluated the c o l l e c t i v e  whole body 

dose equiva len t  from e x t e r n a l  i r r a d i a t i o n .  This may be compared wi th  the  

estimates of the  cont r ibu t ion  t o  c o l l e c t i v e  e f f e c t i v e  dose from e x t e r n a l  

e f f  

i r r a d i a t i o n  from t h i s  study i n  Table 7 .  Again, t h e  r e s u l t s  are of the  same 

order .  

8. HEALTH EFFECTS I N  TRE EXPOSED POPULATION 

The rates of r a d i a t i o n  induced e f f e c t s  i n  the thyroids of t h e  most highly- 

exposed members of t h e  p u b l i c  can be est imated from published data .  The 

ex tens ive  l i t e r a t u r e  on t h e  s u b j e c t  of the risks of l a t e  e f f e c t s  from exposure t o  

i o n i s i n g  r a d i a t i o n s  h a s  been summarised by C l a r k e  and Smi th  . The r i s k  

c o e f f i c i e n t s  which can be obtained from t h i s  source have considerable  uncer ta in ty  

(31) 
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assoc ia ted  with them and care  has therefore  t o  be exercised i n  t h e i r  w e .  They 

are mainly obtained from observation6 of hea l th  e f f e c t s  a t  high l e v e l s  of dose 

and t h e i r  a p p l i c a t i o n  t o  the lower dose ranges which are mostly of concern i n  
r a d i a t i o n  pro tec t ion  i s  based on extrapolat ion.  The r i s k  c o e f f i c i e n t s  used i n  

t h i s  repor t  f o r  t h e  r a d i a t i o n  types and l e v e l s  of dose are considered t o  

represent  an Upper limit of risk. 

The h e a l t h  e f f e c t s  expected as a result of thyroid i r r a d i a t i o n  are cancers; 

a few of them lead t o  f a t a l i t y  but  the .major i ty ,  being capable of treatment,  are 

termed non-fatal. Their  appearance a f t e r  i r r a d i a t i o n  is not immediate but occurs 
over a few decades. The r i s k s  of cancer induct ion may be therefore ,  b e s t  

expressed in terms of a time-integrated risk. POK a standardised population 

group of young a d u l t s  which lives long enough f o r  the risk t o  be expressed, t h e  

time-integrated risks of thyroid cancer incidence are 1 x Sv-l, of which 5% 

are assumed t o  cause f a t a l i t y .  

The l i f e t i m e  r i s k  t o  t h e  most exposed ind iv idua ls  i n  t h e  l o c a l  Windecale 

populat ion of developing a radiation-induced thyroid cancer may then be 

conservat ively expressed using t h i s  c o e f f i c i e n t  a s  L x 10'3 (or L i n  1,000). 

L 

J 

These risks are based on the  h ighes t  measured c h i l d  thyroid doses of around 

100 d v ;  t h e  h ighes t  a d u l t  exposures were l e e s  by a f a c t o r  of about f i v e  and t h e  

assoc ia ted  cancer risks a r e  proport ionately less. I f  it is assumed t h a t  t h e  

i n t e g r a t e d  r i s k  of thyroid cancer were spread uniformly over the  remaining 

l i f e t i m e  of t h e  exposed ind iv idua ls  ( say  60 years)  an appropr ia te  estimate of t h e  

annual r i s k  of radiation-induced cancer incidence may be made (2 x loe5 y- l ) .  

The n a t u r a l  r i s k s  of thyroid cancer incidence i n  t h e  population ate 

r e l a t i v e l y  low compared wlth some o ther  types of cancer and are v a r i a b l e  

depending upon age and sex. I n  the  age range 15 - 25 the  rates of newly- 

diagnosed thyroid cancer i n  1968 i n  England and Wales were 2 x y-l and 

8 x y-1 f o r  m a l e s  and f e m a l e s ,  T h e s e  rates increase 

throughout l i f e  and f o r  people Over 75 the  r a t e s  are, respec t ive ly ,  3 x f 1  

ami 7 x 10-5 y-1. 

The c o l l e c t i v e  thyroid dose t o  the  UR population when cor rec ted  f o r  t h e  

populat ion age d i s t r i b u t i o n  is estimated t o  be 2.5 x lo4 man Sv. The majori ty  of 

t h i s  dose w a s  del ivered v i t h i n  t h e  f i r s t  few months a f t e r  t h e  r e l e a s e  but t h e  

predicted h e a l t h  e f f e c t s  i n  t h e  population would be d i s t r i b u t e d  in t i m e  over a 

few tens  of years.  Using the  previous risk c o e f f i c i e n t  derived f o r  a group of 

young a d u l t s  but recognising t h a t  i n  a real population the  r i s k  would not be 

f u l l y  expressed i n  t h e  o lder  exposed ind iv idua ls  in the  populat ion,  t h e  t o t a l  

number of expected thyroid cancers i s  250 (13 of which would be f a t a l ) .  I f  t h e  

mean l i f e  expectancy of the  ' s tandard '  population i s  40 years ,  and t h e  r a d i a t i o l r  

induced thyroid cancers a r e  assumed t o  be manifested uniformly over the period 

(which would not be t h e  case) the  annual incidenck r a t e  would be 6.5. To obta in  

some perspect ive on these  numbers they may be compared with the  n a t u r a l  incidence 
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rate i n  England and Wales of newly-diagnosed thyroid cancer,  which was 666 i n  

1968 (180 males and 486 females) and has tended t o  be f a i r l y  constant  i n  r e c e n t  

years'30). This  comparison does not ,  however, revea l  t h e  geographic d i s t r i b u t i o n  

which might be expected i n  t h e  radiation-induced cancers  nor t h e  pred ic ted  

t h y r o i d  cancer incidence wi th in  d i f f e r e n t  age groups and t h e i r  r e l a t i o n s h i p s  wi th  

t h e  geographic and age v a r i a t i o n s  of n a t u r a l  thyroid cancer incidence.  A more 

d e t a i l e d  study of t h e s e  a s p e c t s  i s  being undertaken a t  the Board and t h e  r e s u l t s  

w i l l  be published i n  due course. 

Since t h e  thyro ids  of members of the  IJK population are a l s o  s u b j e c t  t o  

continuous i r r a d i a t i o n  from n a t u r a l  background r a d i a t i o n  sources ,  f o r  example, 

cosmic rays ,  terrestrial r a d i a t i o n ,  and i r r a d i a t i o n  from natural ly-occurr ing 

m a t e r i a l s  in t h e  d i e t ,  i t  i s  p o s s i b l e  to.make an estimate of t h i s  c o n t r i b u t i o n  t o  

t h e  n a t u r a l  thyro id  cancer incidence i n  the  populat ion by usirrg t h e  same r i s k  

c o e f f i c i e n t s .  The average annual thyro id  dose equivalent  from n a t u r a l  sources  i s  

about 0.9 mSv; this corresponds t o  an annual incidence of 360 thyro id  cancers per  

year  (with 18 expected f a t a l i t i e s )  in a population of s i z e  comparable t o  t h a t  of 

England and Wales. This  p r e d i c t i o n  w i l l  be an overest imate ,  however, s i n c e  t h e  

r i s k  c o e f f i c i e n t  a p p l i e s  t o  a young adul t  population and not t o  one wi th  a rea l  

age d i s t r i b u t i o n .  

Due t o  the  predominance of radioiodine i n  t h e  release, t h e  expected 

incidence of h e a l t h  e f f e c t s  o t h e r  than thyroid cancer i n  the  exposed populat ion 

i s  comparatively small. The t o t a l  number of f a t a l  cancers  p lus  h e r e d i t a r y  

d e f e c t s  i n  t h e  f i r s t  two generat ions may be est imated by using t h e  c o l l e c t i v e  

e f f e c t i v e  dose  e q u i v a l e n t  commitment, Sc , together  with a r i s k  c o e f f i c i e n t  of 

1.65 x lo'* S v - I  recommended by ICRP(f'f. T h i s  method implies  a t o t a l  of 20 

h e a l t h  e f f e c t s  (cancer  deaths  p lus  heredi ta ry  e f f e c t s ) ;  13 of the h e a l t h  e f f e c t s  

are due t o  thyroid cancer f a t a l i t i e s  as discussed previously.  - No account is 

taken i n  t h i s  estimate of f a t a l i t i e s  due t o  skin  cancer nor of h e r e d i t a r y  d e f e c t s  

beyond the  second generat ion.  The same u n c e r t a i n t i e s ,  r e f e r r e d  t o  e a r l i e r ,  

concerning t h e  r i s k  c o e f f i c i e n t  values  apply t o  this estimate, and it is regarded 

as an upper estimate of r a d i a t i o n  induced h e a l t h  e f f e c t s .  

9. ACCURACY OF THE RESULTS 

The assessment i n d i c a t e s  t h a t  t h e  cont r ibu t ions  of t h e  milk i n g e s t i o n  and 

i n h a l a t i o n  pathways dominate t h e  c o l l e c t i v e  thyroid dose equiva len t  commitment 

and t h a t  toge ther  with t h e  dose due t o  e x t e r n a l  i r r a d i a t i o n  from ground depos i t s ,  

they are the main c o n t r i b u t o r s  t o  t h e  c o l l e c t i v e  e f f e c t i v e  dose equivalent  

commitment. The c a l c u l a t i o n s  of c o l l e c t i v e  dose v i a  these  pathways r e l y  both on 

. 
b 

L 

t h e  accuracy of the pred ic ted  s p a t i a l  d i s t r i b u t i o n  of contamination and on t h e  

r e l i a b i l i t y  of the  t r a n s f e r  models used t o  r e l a t e  environmental measurements t o  

dose. 

I 0 0 4 1 0 2  
- 24 - 



The values  of environmental a c t i v i t y  given i n  the  matr ix  of Table 2 f a l l  

i n t o  t h r e e  ca tegor ies ;  those values ,  out t o  a d i s tance  of about 200 km from 

Windscale, which a r e  based i n  the  main on d i rec t  measurements of the  I31I 
concent ra t ion  i n  milk, those which are modelled from measurements made i n  o t h e r  

environmental  media, and those which a r e  estimates made by consider ing t h e  

t r a j e c t o r y  of the  plume and i n t e r p o l a t i n g  between t h e  n e a r e s t  measurements. Of 

t h e  1.2 x l o 4  man Sv t o t a l  adul t  c o l l e c t i v e  thyroid dose from milk (Table 5) ,  
approximately 75% comes from t h e  region out  t o  200 kn, where t h e  estimates of 

i n t e g r a t e d  milk contamination are most r e l i a b l e .  Only about 12% i s  based 04 

values  which are estimates from i n t e r p o l a t i o n .  An e r r o r  of 2 i n  these  estimates 

would change the  c o l l e c t i v e  thyroid dose from milk by only about 10%. I n  

genera l ,  the  sum of t h e  cont r ibu t ions  from a l l  the  segments is more accura te  than 

the  col lec ' t ive dose from an i n d i v i d u a l  segment. 

The. main e r r o r s  l i k e l y  t o  be incur red  i n  any c o l l e c t i v e  dose c a l c u l a t i o n s  

are sys temat ic  e r r o r s .  They may be assoc ia ted  with f a c t o r s  which a r e  appl ied  

equal ly  t o  every segment i n  t h e  g r i d ,  i r r e s p e c t i v e  of i t s  loca t ion .  The most 

important parameters a r e  the  dosimetr ic  ones, which d i r e c t l y  determine t h e  

c o l l e c t i v e  dose. Of lesser importance are the parameters which a f f e c t  p a r t s  of 

t h e  c a l c u l a t i o n  but  not t h e  whole; they include depos i t ion  v e l o c i t i e s ,  dose 

reduct ion f a c t o r s  f o r  e x t e r n a l  i r r a d i a t i o n ,  the r a t i o  of nuc l ides  re leased  from 

t h e  s t a c k ,  and f a c t o r s  used i n  modelling t h e  t r a n s f e r  from grass t o  milk. A l l  of 

t h e s e  parameters a f f e c t  p a r t s  of t h e  c a l c u l a t i o n  but  not  t h e  e n t i r e  estimate. 

S e n s i t i v i t y  analyses  can be performed on the c o l l e c t i v e  dose c a l c u l a t i o n s  t o  

i n v e s t i g a t e  t h e  importance of these  parameters. For example, it can be shown 

t h a t  increas ing  the  deposi t ion v e l o c i t y  by a f a c t o r  of t h r e e  reduces t h e  

c o l l e c t i v e  thyro id  dose by less than 5'6, whereas reducing t h e  d e p o s i t i o n  v e l o c i t y  

by a f a c t o r  of t h r e e  increases  the estimate by about 50%. 

Taking i n t o  account the  poss ib le  ranges of a l l  t h e  parameters i n  t h e  

assessment t h a t  might be var ied,  a s  w e l l  a s  the poss ib le  u n c e r t a i n t i e s  i n  t h e  

s p a t i a l  d i s t r i b u t i o n  of contamination the  t o t a l  c o l l e c t i v e  doses are considered 

t o  be accura te  t o  within a f a c t o r  of two. 

10. CONCLUSIONS 
1. A methodology has been descr ibed and used f o r  es t imat ing  t h e  age-corrected 

c o l l e c t i v e  t h y r o i d  dose  e q u i v a l e n t  commitment, S , and t h e  age-corrected 

fol lowing the r e l e a s e  c o l l e c t i v e  e f f e c t i v e  dose equivalent  commitment, 

on 10 October 1957 from the  No. 1 p i l e  a t  Windscale. It involved t h e  

e s t a b l i s h m e n t  of matrices d e s c r i b i n g  t h e  s p a t i a l  d i s t r i b u t i o n  of 

environmental contamination and t h e  use of t r a n s f e r  models f o r  dose 

e s t i m a t i o n ,  and Sef f  a r e  2.6 x 10' man Sv and 
1.2 x i o 3  man SV, respec t ive ly .  

C' 

T 
s,'f f , 

C '  C '  

T The values  ca lcu la ted  f o r  S 
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2. The pathway which cont r ibu ted  t h e  most t o  t h e  c o l l e c t i v e  dose w a s  the  

i n g e s t i o n  of contaminated milk. It is est imated t h a t  the banning of milk i n  

t h e  Windscale area, which w a s  introduced t o  l i m i t  the  doses t o  i n d i v i d u a l s  

most a t  r i s k  in t h e  populat ion,  saved approximately 3.5 x io3 man SV of the  

a g e - c o r r e c t e d  c o l l e c t i v e  t h y r o i d  dose equivalent  commitment, ST , and 108 

man Sv of t h e  age-corrected c o l l e c t i v e  e f f e c t i v e  dose equivalent  commitment, 

C '  

S:ff' ' 
3. 1311 was  the  most important radionucl ide,  cont r ibu t ing  near ly  a l l  of t h e  

c o l l e c t i v e  dose t o  t h e  thyro id  and the  l a r g e s t  p a r t  of the  c o l l e c t i v e  

e f f e c t i v e  dose. In t h e  longer term following the  r e l e a s e  t h e  cont r ibu t ion  

of t h e  long-lived 13'Cs t o  the  c o l l e c t i v e  e f f e c t i v e  dose v i a  e x t e r n a l  dose 

from ground d e p o s i t s  and t h e  inges t ion  of contaminated f o o d s t u f f s  became 

s i g n i f i c a n t .  

4. The most exposed group i n  the  population were young c h i l d r e n  dr inking  milk 

produced i n  t h e  northern counties.  The m a x i m u m  i n d i v i d u a l  thyro id  dose 

measured w a s  160 mSv t o  a c h i l d  i n  t h e  Windscale area.  

5 .  The methodology used i n  t h e  study has been v a l i d a t e d  by comparing t h e  

pred ic ted  l e v e l s  of i n d i v i d u a l  thyro id  dose and those measured d i r e c t l y  i n  

t h e  w e e k s  fol lowing t h e  accident  i n  London, Leeds and Cumbria. 
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J 

Nuclide 

85Kr 
8 9 ~ r  
90Sr 
9% 
9 1 ~ r  
91Y 
9% 
9 5 ~ r  
95Ni 
9 7Zr 

'Mto 
3Ru 

1 0 5 a  
06Ru 
106a 
lllAg 
1 1 5 ~  
123sn 
1255, 
127Sb 
129q, 
12'Te 
131nr~e 
1311 
132Te 
133~e 
134c.s 
135xe 
136CS 
137cs 

14ke 
143ce 
144ce 
14'Nd 
147b 
149b 
1 5 1 b  

lS6Eu 

140Ba 
1 . 4 0 ~  

153sl.n 

Table 1 

Estimates.of radionuclides released 

' (7)  Clarke 
(x 10l2 Bq) 

5.9 x 101 

2.2 x 10-1 
2.2 x 10-1 
3.7 x 10-2 

5.9 x 10-2 
7.5 x 100 
7.5 x 100 

5.1 x 10' 

6.4 x 10' 

3.6 x 10-1 
3.6 x lo1 
4.0 x lo1 
5.2 x 10-1 
5.9 x 100 
5.9 x 100 
5.2 x 10-1 
1.6 x 10' 
2.4 x 10-1 
2.5 x 10-1 

2.5 x lo1 
2.5 x lo1 
6.5 x lo1  
6.0 x l o 2  
6.0 x LO2 

3.3 x 10-2 

1.2 io4 
1.2 x 100 
3.5 x 101 
1.5 x 10' 
4.6 x lo1 
6.4 x l o o  
6.4 x l o o  
7.1 x l o o  
1.6 x l o o  
4.0 x l o o  
2.3 x 10' 
2.3 x l o o  
5.9 x 10-1 
1.0 x 10-1 
7.8 x 
2.6 x 10-1 

( 6 )  Loutit et a1 

3.0 x l o o  
7.4 x 10-2 

3.0 x l o o  

7.4 x 102 
4.4 x 102 

2.2 x 101 

3.0 x l o o  

Ratios used 
in this study 

relative 1311 = 1.0 
~ 

9.8 x 10-2 
4 . 1  10-3 
1.0 10-4 
1.0 10-4 
6.2 10-5 
1.1 x 10-2 
9.8 x 10-5 

6.0 ' 

8.7 10-4 
4.1 10-3 
4 . 1  10-3 
8.7 10-4 
2.7 10-3 
4.0 10-4 
4.2 10-4 
5.6 10-5 

. 4.2 x 10-2 
1.1 x 10-1 
1.0 x 100 
5.9 x 10-1 
2.1 x 101 
2.0 10-3 
5.9 x 10-2 
2.5 10-3 

1.1 x 10-2 
1.1 x 10-2 
1.2 x 10'2 
2.6 10-3 
4.1 10-3 
3.8 10-3 
3.8 10-3 
9.9 10-4 
1.7 10-4 
1.3 10-4 
4.3 10-4 

1.3 x 
1.3 x 

6.0 x 
6.7 x 

4.2 x 

3.0 x loe2 
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Table 3 

The origins of contaminated milk distributed to Grea 

Volume of milk 
Counties (June 1956) (22)  

(x lo3 1 d - l )  

Cube rland 14 1 
Westmorland 205 
Yorkshire (North Riding) 27 
Derbpshire 27 
Staffordshire 14 
Cambridgeshire 50 
Huntingdonshire 23 
Norfolk 141 
East Suffolk 141 

Gloucestershire 105 
Mnnmouth 59 

Leicestersbire 55 

Worces tershire 23 
Shropshire 173 
Cardiganshire 18 
Carmarthenshire . 584 
Radnorshire 23 
Berkshire 73 
Buckinghamshire 146 
Hampshire 278 
Oxf ordshire 68 
Isle of Wight 9 
Dorset 41  
Somerset 333 
Wil tshire 296 
Devonshire 109 
C o r n w a l l  219 
Essex 109 
Hertf ordshire . 100 
Kent 41 
Middlesex 18 
Surrey 87 
East Sussex 91 
West Sussex 8 2  

3909 Totals 1 

Mean milk 
contamination 
(Bq d I-.') 

3.6 103 
7.5 103 
4.5 x 102 
3.5 103 
3.7 103 

3.3 x 102 
3.3 x 102 
1.5 103 

1.3 103 
2.0 103 

1.9 x 102 
3.7 x 102 
9.3 x 102 
1.0 103 
1.0 io3 

1.0 103 
9.0 x 102 
7.4 x 102 

7.8 x lo2  
8.0 x l o2  

7.0 x l o 2  
3.0 x l o2  

1.5 x lo2 

7.2 x l o 2  

8.5 x l o 2  
6.0 x l o 2  
1.9 x l o 2  
8.0 x l o 2  

4.0 x l o2  
1.6 103 

1 . 0 . ~  103 
9.0 x 102 

9.3 x 102 
4.0 x lo2 

I 

er London 

Total activity 
(X lo6 Bq) I 
5.1 x 102 
i..5 x 103 

-1.2 x 101 
9.5 x 101 

3.9 x 101 

4.7 x 101 
4.7 x 101 

7.4 .x 101 

3.5 x 102 

1.1 x 102 

5.2 x 101 

1.8 x lo1 

8.3 x lo1 
1.8 x 101 
3.0 x 101 

2.7 x 100 

8.5 x loo  
6.8 x LO1 
1.5 x lo2  
2.8 x l o2  
4.9 x 101 
9.0 x 100 
3.7 x 101 
2.5 x lo2 
2.5 x lo2 
6.5 x lo1 
4.2 x 101 
8.7 x 101 
1.6 x lo2 
1.6 x lo1 
1.8 x lo1 
7.8 x 101 
3.6 x 101 
7.6 x 101 

4.6 103 

Assuming m i l k  distributed in Greater London is uniformly mixed, mean'millc 

= 1180 Bq d 1-l contamination = 
4.6 109 
3909 x los  
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Table--4 

Comparison between measured and predic ted  thyro id  doses 

~ 

Thyroid do'se 
from i n h a l a t i o n  

( T h i s  s tudy)  
(mSV) 

Distance from 
Winds cale 

(km) 

Distance from 
Winds cale 

(km) 

0 - 10 

3.1 

10 - 20 

31 

37 
38 

20 - 30 

5 

2 

2 

30 - 40 

4 

5 

3 

t o  i n d i v i d u a l s  l i v i n g  i n  t h e  Windscale a rea  

18 

3 l 6  
7 

1 3  

5.5 I -  

Thyroid dose 
from i n h a l a t i o n  

(Clarke) 
(mSV) 

Measured thyro id  
dose (Dunster) 

(msv 1 

18 

21 

i a  
16 

5 

14 

14 
18 

9 14 

L 
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Table 5 

(0. - 50 km) 
Cumbr l a  

. 

UK I cont inent  I 

Col lec t ive  dose equivalent  commitment t o  t h e  thyroid (S;L 
(man Sv) 

I Pathway \ I 
L a l a t i o n  I 4.8 x LO2 I 5.2 x lo3 I 5.5 x l o 3  I 

o t h e r  foods 

Tota ls  
1 I I I I 

TBble 5A 

Col lec t ive  dose equivalent  commitment t o  t h e  thyro id  (ST 1 
correc ted  for t h e  age d i s t r i b u t i o n  of the  population (man Sv) 

C' 

(0 - 50 km) cont inent  

1. 

2. 

3. 

other  foods 

Notes : 

The milk ban is  estimated t o  have saved 2.3 x l o 3  man Sy of t h e  
S$ f o r  the  Cumbria region. ( 3 . 5  x lo3 man Sv of the  Si ) 

Other foods inc lude  green vegetables and meat. 

The f i g u r e s  f o r  i n g e s t i o n  show the c o l l e c t i v e  doses a r i s i n g  from 
t h e  consumption of contaminated foods tuf fs  produced i n  each area ,  
and not n e c e s s a r i l y  t o  t h e  population within t h a t  area.  : . . 

L: 
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Table 6 
Collective effective dose equivalent commitment ( Sc ) eff- 

(man Sv) 

External 
ground deposit 
cloud y 

TOtd.6 

Region 
(0 - 50 b) continent 

1.2 x lo1 1.9 x lo2 2.1 x lo2 
4.9 x 100 5.4 x 101 5.7 x 101 

1.0 x 102 9.4 x 102 9.9 x 102 

5.4 x 101 3.5 x LO2 3.6 x lo2 I 8.7 x loo I 1.0 x lo2 I 1.1 x lo2 I Ingestion 1 milk 
other foods 

Cumbria 
(0 - 50 h) UK 

Inhalation 1.9 x l o 1  2.5 x LO2 

Inges tion 
milk 8.5 x 101 5.5 x lo2 
other foods 1.1 x 101 1.2 x 102 

cloud y 4.9 x 100 5.4 x 101 

External 
ground deposit 1.2 x l o 1  1.9 x LO2 

Totals 1.3 102 1.2 103 

Total inc. 
continent 

2.7 x lo2 

5.7 x lo2 
1.4 x 102 

2.1 x lo2 
5.7 x 101 

1.2 103 - 

1 1 1 

Table 6A 

Collective effective dose equivalent commitment (SfLf)- 

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

Notes: 

1. The milk ban is estimated to have saved 70 man Sv of the 
SG for the Cumbria region. (108 man Sv of the S;') 

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. 

- 34 - 
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Windsc 

d s  

I M a nc hes te r 

i 

Figure 1 Deposition of 131 I in NW England 
y Ci m-2 ( Chamber l a in  ( 3 )  ) 



Figure 2 The radial co-ordinate grid adopted f o r .  
representation of t h e  s p a t i a l  -dis t r ibut ion ‘of  
envi ronmenta l  materials a n d  the i r  degree  of 
contaminat ion following t h e  Windscale accident  
1957 

1 0 0 4 1 1 5  



Figure 3 The r a d i a l  c o - o r d i n a t e  grid adopted for  
the r e p r e s e n t a t i o n  of t h e  spatial 
d i s t r i b u t i o n  of e n v i r o n m e n t a l  materials 
and their  deg ree  of c o n t a m i n a t i o n  for  
F, rvnnn 
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APPENDIX A 

Factors  t o  be appl ied  t o  t h e  co l l ec t ive  dose est imates  t o  c o r r e c t  € o r  t h e  

increased s e n s i t i v i t y  of ch i ldren  t o  i n t e r n a l  i r r a d i a t i o n  

It has been shown t h a t  the  pathway which contr ibuted the  most t o  t h e  

c o l l e c t i v e  t h y r o i d  d o s e ,  ST and c o l l e c t i v e  e f f e c t i v e  dose, Seff following t h e  

Windscale accident  w a s  t he  inges t ion  of contaminated milk. In ca lcu la t ing  

c o l l e c t i v e  doses, adu l t  consumption r a t e s  and committed doses pe r  u n i t  i n t ake  

have been assumed impl i c i t l y .  However, i t  i s  recognised t h a t  young ch i ldren  w e r e  a . 

p a r t i c u l a r l y  a t  r i s k  following the  r e l ease  because of t h e i r  r e l a t i v e l y  high milk 

consumption rate and committed dose per  un i t  in take  compared wi th  adul t s .  I n  

t h i s  appendix, f a c t o r s  a r e  derived f o r  appl ica t ion  to  the  previous estimates of 

c o l l e c t i v e  dose, t o  take  account of the  age d i s t r i b u t i o n  of the  population at  t h e  

t i m e  of t h e  accident .  

CORRECTION FACTORS FOR INGESTION DOSES 

C C 

The co l l ec t ive  dose-from inges t ion  of a nuclide, j ,  i n  a given foodstuff may 

be expressed, assuming a uniform adul t  population as: 

(j 1 .... ( A l )  
C U 

'ing") a A H50,ing 

consumed by the  e n t i r e  population 

where A i s  t h e  t o t a l  a c t i v i t y  in a given foodstuff t h a t  is ava i l ab le  t o  be 

U 
(j) is t he  committed dose equivalent p e r  u n i t  i n t a k e  of nuc l ide  

j f o r  adul t s .  
and '50,ing 

Consider now the  exposed population being composed of t h ree  age-groups wi th  

n people i n  each: nl people i n  1st group aged 0-5 years i 
n2 people i n  2nd group aged 5-15 years  

n3 people i n  3rd group aged 15+ years. 

For a given pathway l e t  t he  respec t ive  mean in take  rates be 11, I2 and Is; 
and t h e  mean committed dose equivalents  per un i t  in take  of nucl ide,  j, f o r  each 

-u . -u 
age group be Ey(j),  H 2 ( J ) ,  H 3 ( j ) .  

Of the  t o t a l  a c t i v i t y ,  A ,  in a given foods tuf f ,  t h a t  is ava i l ab le  t o  be 

consumed by the  e n t i r e  population, the f r ac t ion  ingested by t h e  i t h  group is 
n I  
-, assuming a f i x e d  age  d i s t r i b u t i o n  over t he  e n t i r e  country. Hence, t h e  

i 
co l l ec t ive  dose t o  t h a t  group may be wr i t ten :  

i i  

vi 

The co l l ec t ive  dose corrected f o r  the age d i s t i i b u t i o n  may then be w r i t t e n  -.. 
.... (A31 
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CORRECTION FACTOR FOR INYALATION DOSES 

The co l l ec t ive  dose due t o  inha la t ion  of a nucl ide,  j, assuming an adu l t  

population, may be expressed as 

P a t  hw ay 

where I., is t he  mean adul t  breathing r a t e  

is t h e  t o t a l  population = nl -t- n2 + n3 

represents  an appropriate mean in t eg ra t ed  a i r  concentration. 

N 

x 
#w 

The c o l l e c t i v e  dose t o  a p a r t i c u l a r  age-group may be expressed a s  - C 
si , i nh  ( j )  = q , i n h ( j )  Ii ni x .  

Thus, t h e  age-corrected c o l l e c t i v e  dose due t o  inha la t ion  may be w r i t t e n  a s  

c '  c 
Effec t ive  (Seff/Seff) 

CALCULATION OF THE CORRECTION FACTORS 
'U 

I n  order  t o  eva lua te  Equations (A3) and (Ab) the  q u a n t i t i e s  ni, Ii and H i ( j )  

have t o  be determined. I n  the  ca l cu la t ions  it w a s  assumed t h a t  t h e  mean i n t a k e  

r a t e s ,  Ii, and t h e  mean committed doses p e r ' u n i t  in take  f o r  a nuc l ide ,  j, H.(j) 

f o r  t h e  age-group 0 - 5-year olds  and for 5 - 15-year o lds  can be represented by 

t h e  respec t ive  parameters f o r  a 1-year o ld  in fan t  and a 10-year old c h i l d  

It is  a l s o  assumed t h a t  any reg iona l  va r i a t ion  i n  t h e  age d i s t r i b u t i o n  of t h e  

population can be ignored,  and the  mean age d i s t r i b u t i o n  of England and Wales in 

1958 has been assumed t o  apply uniformly across  the  country . 

'U 

1 

(15,38) 

( 2 4 )  

The expressions i n  equations (A3) and (A41 have been evaluated,  and t h e  

co r rec t ion  f a c t o r s  to allow f o r  t h e  increased s e n s i t i v i t y  of ch i ld ren  t o  i n t e r n a l  

i r r a d i a t i o n  a r e  given below f o r  the  most important pathways and nuc l ides .  

Milk 

Green vegetable 

Age cor rec t ion  f a c t o r s  

1311 1311 

1.54 1.57 

1.25 1.26 

Inha la  ti on I 0.97 I 1.02 I 
C 

137cs 

1.46 

1.22 

1.02 

6Ru 
- 
- 

1.05 

b 

h 

f 

p 
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