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ABSTRACT 
To determine the relationship between urinary excretion and plu- 

tonium body content, 18 persons o f  short life expectancy were injected 
with plutonium between 1945 and 1947. Seventeen of these 18 individuals 
have been identified; eight were found to have survived for at least 

eight years and four are still alive today (1975). 
of 13 of these individuals have been determined from death certificates; 

none appear t o  be related to the administered plutonium. Doses to the 
liver and to the cells on the surface of bone have been calculated f o r  

these plutonium cases. The liver doses do not appear to be high enough 

to be carcinogenic, but comparison of the bone-surface doses with radium 

doses that have induced bone tumors indicates that six of these cases 

have received doses high enough to be considered carcinogenic. However, 

no bone tumors have yet appeared. 
INTRODUCTION 

The causes of death 

In order to obtain information relating plutonium body content to 

plutonium excretion in human beings, hospitalized individuals of rela- 

tively short life expectancy were given intravenous injections of plu- 
tonium in 1945-1947, and excreta were collected and measured for as long 

a s  they remained hospitalized (Langham et al. 1950). Following the ini- 
tial discovery by Durbin (1972) that some of these individuals were still 

living, shc and, subsequently, the Center for Human Radiobiology at the 
Argonne National Laboratory made an effort to identify, trace, and learn 

the whereabouts of all of these unique cases. The purpose of  this report 
i s  to detail what is known today about these individuals and their causes 
of death, and to estimate the liver and bone doses accumulated during 

their lifetimes. 
*Work performed under the auspices of the U.S. Energy Research and Devel- 
opment Administration. 

**Argonne National Laboratory, Argonne, Illinois 60439. 
'Lawrence Berkeley Laboratory, Berkeley, California 94720. 
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OOSI~ CALCULATIONS 

The c a l c u l a t e d  r a d i a t i o n  d o s e s  t o  t h e  l i v e r  and t o  t h c  s k c l c t o n  :II.V 

based on t h P  a s sumpt ion ,  i n f e r r e d  from ICKP ( 1 9 7 2 ) ,  t h a t  t h c  1'r;ict 1 0 1 1 ; i l  

r e t e n t i o n  o f  p lu tonium i n  t h e  o r g a n s  o f  in te res t  i s  

- A t  

t lerc  t i s  t h e  t ime a f t e r  a d m i n i s t r a t i o n  of plutonium and X i s  t h c  cft 'cc- 

t i v e  e l i m i n a t i o n  c o n s t a n t ,  o b t a i n e d  from t h e  a p p r o p r i a t e  r a d i o a c t i v e  c l c -  

cay  and b i o l o g i c a l  e l i m i n a t i o n  c o n s t a n t s .  

The  organ  dose  i s  then  g iven  by 

K( t )  = e . 

T D(T) = f I - Q J0  d t  . R ( t ) ,  

where I i s  t h e  

f i s  t h e  

Q i s  t h e  

T i s  t h e  

D(T) i s  t h e  

The v a l u c  o f  

amount of  p lu tonium i , n j e c t e d ,  i n  p C i ,  

S r a c t i o n  of  t h e  i n j c c t e d  i s o t o p e  i n  t h e  o r g a n ,  

a p p r o p r i a t e  dosc r a t 6  per  u n i t  a c t i v i t y ,  i n  rad/pCi -day ,  

time a f t e r  i n j e c t i o n ,  i n  d a y s ,  and 

ave rage  a - r a y  dose  i n  r a d .  

f used f o r  bo th  s k e l e t o n  and l i v e r  i s  0 . 4 5 ,  a s  rcconi- 

mended by ICRP (1972) .  The i n i t i a l  i n j e c t i o n  l e v e l s  were o b t a i n c d  from 

t h e  o r i g i n a l  r e p o r t  on t h e  c a s e s  by Langham e t  a l .  (1950) ,  from [ ) u r b i i i ' s  

rev iews  o f  t h e  d a t a  (1972) and ,  f o r  c a s e  Cal-I, t h e  o r i g i n a l  r e p o r t  l i y  

Crowley e t  a l .  (1946) .  The e x i s t i n g  in fo rma t ion  on t h i s  l a s t  c;isc i s  rc-  

viewed i n  Appendix A .  

The t ime T o v e r  which t h e  d o s e s  were c a l c u l a t e d  was from t h e  d a t c  

o f  i n j e c t i o n  t o  t h e  d a t e  of d e a t h . o r ,  f o r  t h o s e  c a s e s  t h a t  a r e  s t i l l  

a l i v e ,  t o  J u l y  31, 1975. The c a l c u l a t e d  l i v e r , a n d  bone doses  arc' t a b u -  

l a t e d  i n  Tab le  I ;  t h e  comple te  d e t a i l s  of t h e  d o s e  c a l c u l a t i o n s  a r c  

shown i n  Appendix B .  Tab le  I a l s o  l i s t s  t h e  i n j e c t i o n  l e v e l s  and t t ic 

d a t e s  o f  i n j e c t i o n  and d e a t h .  

SURVIVAL AND CAUSES OF DEATH 

S u r v i v a l  time was c a l c u l a t e d  from d a t e  o f  i n j e c t i o n ,  a s  g i v e n  by 

L;lngham e t  a l .  (1950) ,  t o  d a t e  of d e a t h  as  g iven  on t h e  d e a t h  c c r t  i f i ( - ; i t v .  

O f  t h e  18 c a s e s ,  one  remains u n i d e n t i f i e d ,  f o u r  a re  s t i l l  alive (;IS ot' 

7/31/75) ,  and d e a t h  c e r t i f i c a t e s  have  been o b t a i n e d  f o r  t h e  remain ing  

t h i r t e e n  . 
The c a u s e s  o f  d e a t h  as  g i v e n  on t h e  d e a t h  c e r t i f i c a t e s  a r c  l i s t c t l  

i n  T a b l e  11. 
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DISCUSSlUN 

From t h e  l i s t e d  c a u s e s  of d e a t h  it appea r s  t h a t  p lu tonium cannot  

be  cons ide red  t o  b e  a c o n t r i b u t i n g  c a u s e  f o r  any o f  t h e s e  c a s e s .  

i n d i v i d u a l s  were a l l  g r a v e l y  i l l  a t  t h e  time of t h e  plutonium i n j e c t i o n s ;  

some d i e d  i n  t h e  h o s p i t a l  s h o r t l y  a f te r  t h e  i n j e c t i o n s ,  o t h e r s  su rv ived  

o n l y  t o  succumb e v e n t u a l l y  t o  t h e i r  d iagnosed  i l l n e s s e s .  The cases wi th  

long s u r v i v a l  a re ,  o f  c o u r s e ,  more a p t  t o  show t h e  e f f e c t s  o f  t h i s  bone- 

and l i v e r - s e e k i n g  i s o t o p e .  No bone- o r  l i v e r - r e l a x e d  ma l ignanc ie s  appea r  

i n  t h e  l i s t e d  c a u s e s  o f  d e a t h  o r  t h e  c o n t r i b u t i n g  causes  on t h e  d e a t h  

c e r t i f i c a t e s ,  excep t  f o r  t h o s e  c a s e s  i n  which i t  was t h e  d iagnosed  d i s e a s e  

a t  t h e  t i m e  o f  t h e  i n j e c t i o n .  F u r t h e r ,  t o  our  knowledge today  (1375) ,  

t h e  c a s e s  s t i l l  l i v i n g  show no p lu ton ium-re l a t ed  e f f e c t s .  

These 

Bone tumors have  been induced by radium i n  human b e i n g s ,  and t h e  

From t h e  U . S .  r i s k  from plutonium can be e s t i m a t e d  from t h e s e  c a s e s .  

radium c a s e s  who have c a r r i e d  226Ra o r  220Ra or a mix tu re  of  t h e  two i s o -  

t o p e s ,  t h e  lowes t  ave rage  s k e l e t a l  dose  a s s o c i a t e d  wi th  a bone tumor i s  

888 r a d  (Kowland e t  a l .  1973) .  The s h o r t e s t  time between f i r s t  exposure 

and t h e  d i a g n o s i s  o f  a bone tumor was seven y e a r s  (Rowland e t  a l .  1973) .  

From t h e  more r e c e n t  s t u d y  o f  t h e  e f f e c t s  o f  224Ra i n  man, an ave rage  

s k e l e t a l  dose  o f  o n l y  90 r a d  was observed  a s  t h e  lowest  dose  a s s o c i a t e d  

w i t h  a bone tumor,  and f o u r  y e a r s  was t h e  s h o r t e s t  time between a c q u i s i -  

t i o n  and d i a g n o s i s  (Sp ie s s  and Mays 1970) .  

Fol lowing S p i e s s  and Mays (1970) ,  we have conver ted  t h e s e  "lowest" 

a v e r a g e  s k e l e t a l  doses  i n t o  t h e  ave rage  doses  d e l i v e r e d  t o  t h e  10-pm- 

t h i c k  volume of  c e l l s  a d j a c e n t  t o  t h e  bone s u r f a c e s ;  h e r e  w e  w i l l  c a l l  

these t h e  ave rage  e n d o s t e a l  doses .  The r e l a t i o n s h i p s  between ave rage  

s k e l e t a l  dose  and t h i s  ave rage  e n d o s t e a l  dose  a r e  l i s t e d  i n  'Table 111 

(Marsha l l  e t  a l .  i n  p r e s s ) .  S i n c e  a l l  o f  ou r  ave rage  s k e l e t a l  doscs  

f o r  plutonium were c a l c u l a t e d  by use  of  t h e  new I C R P  bone masses--5000 g 

f o r  males ,  3400 g f o r  females  ( ICRP 1974) - - thesc  lowest  ave rage  s k c l c t a l  

doscs a s s o c i a t e d  wi th  bone tumors f o r  226Ra and 7'4Ra must f i r s t  \ I C  r e -  

c .11culated on t h i s  b a s i s .  

The  c a l c u l a t i o n  f o r  226Ra i s  s t r a i g h t f o r w a r d ;  t h e  c a s e  wi th  t h e  

1)onc tumor a t  888 r ad  was female  w i t h  an  assuincd 5-kg s k e l e t o n .  "Thcrc- 

f o r c ,  we r e c a l c u l a t e  t h e  ave rage  s k e l e t a 1  dose t o  bc  

888 r ad  x a = 1310 r a d .  



.. .. ,>.>'l 

'I'hc avc ragc  cndos tcn l  d o s c  is  t h u s  I310 rad x 0 .45 = 5!)0 r: id.  

I 'ablc I 1  I .  R c l a t i o n s h i p s  betwccn averjigc ske l c t a l  dose  and Iwr ic 

s u r f a c c  dosc  f o r  224Ra,  "'Ka, a n d  7 3 ' 3 1 b *  

2 2 4 ~ ~ * *  %261<;;t 2 3 ' 3 1 , ~ ~  1.1. 
-____ 

S u r f a c e  dose  r a t e  
Average s k e l c t a l  dose  r a t e  8 .9  0 .  ill; 1 2 . 8  

*From Marsha l l  e t  a l .  i n  press 
* *  

22'4Ra a n d  100% o f  t h r e e  a - c m i t t i n g  d a u g h t e r s ,  2 0 . 4 h  M e V  p e r  t lcc.ay.  

- t 2 2 6 1 b  and 30% of  th ree  a - e m i t t i n g  d a u g h t e r s ,  10 .53  MeV pcr  d e c a y .  

- t t239Pu, 5 .149 MeV p c r  decay .  

The c a l c u l a t i o n  f o r  2241ia is  somewhat morc complcx. 

w i t h  t h e  lowcs t  d o s e  was male w i t h  an assumcd, 7 -kg  s k e l e t o n ;  t h c  rt-c;iI- 

c i i l a t ed  ave rage  s k e l e t a l  Jose is  t h u s  90 r a d  x 3 = 126 r a d .  

t h e  90- rad  v a l u e  was based  on t h e  assumpt ion  t h a t  20% o f  t h e  i n j c c t c d  

radium decays  i n  t h e  s k e l e t o n ,  whereas  M a r s h a l l ' s  conve r s ion  f a c t o r s  

fo l lowed ICRP (1973) ,  i n  which o n l y  11.5% o f  t h e  i n j e c t e d  dose  decayed 

i n  t h e  s k e l e t o n .  We t h u s  d e t e r m i n e  t h e  a v e r a g e  s k e l e t a l  dosc  f o r  t h i s  

c a s e  t o  be 126 r a d  x + = 72 r a d .  

72 r a d  x 8 .9  = 640 r a d .  

'Ihr c a s e  

7 k  
5 kg ilowcvcr, 

11 5% 
20 0 

The a v e r a g e  e n d o s t e a l  dose  i s  thcn  

We t h u s  e x p e c t  t h e  lowes t  a v e r a g e  e n d o s t e a l  dose  a t  which plutoniuni 

might  induce  bone tumors  i n  man t o  b e  of  t h e  o r d e r  of 600 r a d .  Tab le  I V  

l i s t s  t h o s e  c a s e s  s u r v i v i n g .  f o r  a t  least  f o u r  y e a r s ,  t h e i r  a v e r a g e  skclc-  

t a l  doses ,  and t h e i r  a v e r a g e  e n d o s t e a l  d o s e s  c a l c u l a t e d  on t h e  assumpt ion  

t h a t  a l l  of t h e  p lu ton ium r e s i d e s  on t h e  bone s u r f a c e s .  

Tab le  IV. S k e l e t a l  r a d i a t i o n  d o s e s  i n  p lu tonium c a s e s  s u r v i v i n g  

more t h a n  f o u r  y e a r s  
S u r v i v a l  Average s k e l e t a l  d o s e  S u r f a c e  dosc  

Case (days)  ( r a d )  ( r a d )  

Ca l - I  7 ,545  5 80 7 ,420  

Cal- I I I*  10 ,240  11  14 1 

HP- 1 5 ,201  33 4 2 2  

IIP- 3 10,838 IO0 1 , 2 8 0  

IIP-6 10,772 76 9 7 3  

lip- 8 10,736 140 1 ,790  

HP- 10 3,974 34 4 4 8  

HP- 12 2,925 20 256 

*See f o o t n o t e  ( t )  t o  Tab le  I 100003b 



Eigh t  o f  t h e s e  18 cases s u r v i v e d  longe r  t h a n  t h e  f o u r - y e a r  perj .od 

noted  above as  t h e  s h o r t e s t  i n d u c t i o n  i n t e r v a l  f o r  a radium-induced 

bone tumor; i ndeed ,  a l l  of t h e s e  e i g h t  cases a c t u a l l y  s u r v i v e d  a t  l e a s t  

e i g h t  y e a r s  and f o u r  a re  s t i l l  a l i v e  28-29 y e a r s  a f t e r  r e c e i v i n g  p lu -  

tonium. Four of  t h e s e  cases r e c e i v e d  ave rage  endos tea l  doses  c o n s i d e r -  

a b l y  l a r g e r  t han  600 r a d ,  w h i l e  two more r e c e i v e d  doses  n e a r  enough t o  

t h i s  v a l u e  t o  b e  cons ide red  t o  b e  a t  c o n s i d e r a b l e  r i s k .  

c a s e s  one can  g e n e r a l i z e  t h a t  abou t  30% of . t h e  c a s e s  who have accumu- 

l a t e d  ave rage  e n d o s t e a l  doses  g r e a t e r  t han  600 rad  havc a b o n e - r c l a t e d  

malignancy.  S i n c e  a few radium-induced tumors have appeared a s  l a t e  as 

f i f t y  y e a r s  a f t e r  f i r s t  exposure ,  whereas t h e  l o n g e s t  exposures  i n  t h i s  

small p lu ton ium- in jec t ed  group a re  now on ly  approaching  t h i r t y  y e a r s ,  

we would p r e d i c t  t h a t  between a s i x t h  and a t h i r d  o f  t h e  s i x  c a s e s  a t  

r i s k  should now have  bone tumors .  In  view o f  t h e  small  numbe 3f  cases 

a t  r i s k ,  t h e  f a c t  t h a t  no tumors have appeared  i s  c c r t a i n l y  n o t  conclu-  

s i v e  ev idence  t h a t  t h e s e  r a d i a t i o n  doses  from plutonium a r e  n o t  tumor- 

i g e n i c .  

From t h e  226Ra 

One might a rgue  t h a t  b u r i a l  o f  s u r f a c e - d e p o s i t e d  plutonium by ap- 

p o s i t i o n a l  bone growth would p r o t e c t  t h e  l a y e r  o f  c e l l s  on bone s u r f a c e s  

and t h u s  reduce  t h e  r i s k  of bone-depos i ted  p lu tonium.  This  i s  undoubted- 

l y  t r u e ,  b u t  s i n c e  t h e  same p r o c e s s  o c c u r s  i n  t h e  c a s e  o f  225Ra i n  bonc, 

t h e  r i s k  estimate d e r i v e d  from e x p e r i e n c e  w i t h  t h i s  r a d i o i s o t o p c  takcs  

accoun t  o f  t h i s  p r o c e s s .  We conc lude ,  from t h e  lack  of  honc tumors i n  

these c a s e s ,  t h e  bone-tumor r i s k  from plutonium i s  no g r c a t c r  than  t h a t  

from radium, and might b e  l e s s . .  

Human c x p e r i e n c e  wi th  l i v e r - d e p o s i t e d  a l p h a - e m i t t i n g  i s o t o p e s  swms 

t o  be  l i m i t e d  t o  t h e  r a d i o l o g i c a l  c o n t r a s t  medium, T h o r o t r a s t .  I t  

appea r s  t h a t  i n t r a v e n o u s l y  i n j e c t e d  T h o r o t r a s t  induces  t t i rce  d i s t i n c t  

typcs of 1 i v e r  tumors:  hemangioendothel iomas,  h i  I c -duc t  tumors ,  a n d  

h c p n t i c - c e l l  tumors (Swarm 1968; da  S i l v a  I ior ta  1973) .  S p c c i f i c  d o s i -  

iiicttry 011 ;I cnsc -by-case  b a s i s  i s  no t  avtii I a b l c ,  b u t  some gcncr;iI  conclir- 

sion.; reK:irdiiig I i v c r  Jose can be drawn froin thc c l a t ; i .  Liver ~ I O S C .  r:ltcs 

i r i  '1horotr;ist c a s e s  range from 13 t o  4 1  rad/yc:ir ( K a ~ l  1973) ;  th r  : l V c r -  

: i gv  I i vc r  d o s e  i n  t en  c a s e s  of  l i v c r  cance r  was 509 r a d ,  w h i l e  t h c  a v c r -  

,'ij:c> I i v e r  closc i n  t e n  c a s e s  of hemnngiocndothcl iomas w a s  A 0 9  r ad  [l,.;itwr 

1 0 0 0 0 3 1  



1 9 7 3 ) .  S i n c e  on ly  one o f  t h e  c a s e s  l i s t e d  i n  Tab le  I had ;I l i v e r  dose  

g r e a t e r  than  t h e s e  v a l u e s ,  i t  is  pe rhaps  n o t  s u r p r i s i n g  t h a t  l i v e r  

tumors have not  been s e e n  i n  t h e s e  p lu tonium cases. 

T h e r e f o r e ,  these cases serve t o  demons t r a t e  t h a t  p lu tonium docs  not  

appear  t o  be more c a r c i n o g e n i c  t h a n  expec ted  and ,  a s  f a r  as  bone i s  con-  

ce rned ,  may a c t u a l l y  be less c a r c i n o g e n i c  t h a n  expec ted .  
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APPENDIX A 

The Plutonium I n j e c t i o n  f o r  C a l - i  

There  i s  u n c e r t a i n t y  about  bo th  the amount and i s o t o p i c  composi- 

t i o n  of  t h e  plutonium i n j e c t i o n  o f  p a t i e n t  Ca l -1 .  

( a )  Langham e t  a l .  (1950) quoted  a c a l c u l a t i o n  by J . G .  Hamil ton:  

t h e  i n j e c t e d  dose  o f  2 3 8 P u  and 230Pu was e q u i v a l c n t  t o  103 vg o f  2391)u 

( 6 . 3  p C i  o f  t o t a l  a lpha  a c t i v i t y ) .  Hamilton had used an  i n j e c t e d  a l p h a  

a c t i v i t y  of  120,000 c o u n t s / s e c  as o r i g i n a l l y  r e p o r t e d  by Crowlcy e t  ; 1 1 .  

(1946) ,  an unknown a l p h a  coun t ing  e f f i c i e n c y  (probably 0 . 5 ) ,  and  ;I 

238Pu  h a l f - l i f e  of  50 y r ,  t h e  b e s t  e s t i m a t e  a v a i  l a b l e  ;it t h e  t ime  

(Scaborg e t  a l .  1942) .  

(b )  Durbin (1972) r e c a l c u l a t e d  t h e  Cal-1 dose  and o b t a i n c d  a va lue  

o f  5 . 2  VCi of a l p h a  a c t i v i t y  (Ca l - I  weighed 58 k g ,  so t he  v a l u e s  re- 

po r t ed  were 0.0896 p C i / k g  o f  238Pu and 0.002 p C i / k g  o f  2391’u). 

t i o n  o f  t h e  o r i g i n a l  d a t a  s h e e t s ,  which were s t i l l  i n  t h e  Lawrence 

Berkeley Labora tory  f i l e s ,  r e v e a l e d  t h a t  t h e  i n j e c t e d  dose had been  

68 ,000  coun t s / sec .  E v i d e n t l y ,  t h e  o r i g i n a l  r e p o r t  o f  Crowley e t  a l .  

(19;:5) had e r r o n e o u s l y  shown t h e  dose  i n  u n i t s  o f  c o u n t s / s e c  r a t h e r  than  

d i s i n t e g r a t i o n s / s e c .  However, Durb in ’ s  c a l c u l a t i o n  a l s o  con ta ined  some 

f a l s e  assumpt ions- - the  v a l u e s  used f o r  t h e  238Pu h a l f - l i f e  (86 .4  y r )  

and f o r  a lpha  coun t ing  e f f i c i e n c y  (0.35)  were modern v a l u e s  and n o t  t h o s e  

a p p r o p r i a t e  t o  t h e  time t h e  o r i g i n a l  s t u d y  was done (1945-1946) ,  and i t  

w 3 s  e r r o n e o u s l y  assumed t h a t  t h e  i s o t o p i c  composi t ion  o f  t h e  p lu tonium 

s o l u t i o n  as s t a t e d  by Crowley e t  a l .  (1946) had been measured d i r e c t l y  

and was a c c u r a t e l y  known. 

Consu1t;i- 

A r e -examina t ion  o f  t h e  o r i g i n a l  d a t a  s h e e t s  and an i n q u i r y  i n t o  t h e  

rncthods used a t  t h e  time o f  t h e  s t u d y  f o r  p r e p a r a t i o n  of  238Pu  and f o r  

a lpha  measurement r e v e a l  t h e  f o l l o w i n g :  

[ I )  ‘I’hc i n j e c t e d  dosc  is  most l i k e l y  t h a t  s t a t e d  on t h e  o r i g i n : l l  

t l a t ; i  shee t s - -68 ,000  c o u n t s / s e c .  

( 2 )  A t  t h e  t i m e  of t h e  s t u d y ,  a l p h a  a c t i v i t y  was measured a t  t h e  

( : rocke r  1 ,aboratory wi th  a p a r a l l e l - p l a t e  i o n i z a t i o n  chamber which has  



a coun t ing  e f f i c i e n c y  o f  0 . 5  ( J a f f c y  1954) .  Samplcs wcrc mountcd on 

p l a t inum d i s k s  from which t h e r e  i s  b a c k s c a t t e r ,  so  t h a t  t h e  t o t a l  n l p h . 1  

coun t ing  e f f i c i e n c y  was p robab ly  0 .517  as  c a l c u l a t e d  b y  . Jn f f cy  (1!)S4). 

The 238Pu had most l i k e l y  been  p repa red  i n  t h e  6 0 - i n .  c y ~ ~ l ~ o -  ( 3 )  

t r o n  a t  t h c  Crocker  Labora tory  by d e u t e r o n  bombardment o f  n a t u r a l  ur:Jn- 

ium ( 1 I . E .  Connick,  p r i v a t e  communicat ion) .  The cnergy  o f  t h c  d c u t c r o n  

beam was p robab ly  c l o s e  t o  16 M e V ,  because  t h a t  beam energy  produccs  

t h e  most 238Pu wi th  t h e  l ea s t  con tamina t ion  by o t h e r  p lu tonium i s o t o p c s  

( . Ja f fey  1949) .  

( 4 )  According t o  , Ja f fey  (1949) ,  who r e c a l c u l a t e d  t h c  y i e l d  d a t a  

o f  Seaborg e t  31. (1949)  and Kennedy e t  a l .  (1949) f o r  t h e  r e a c t i o n  of  

lh-MeV dci i te rons  on uranium, t h e  r a t i o  o f  a l p h a  a c t i v i t i e s  o f  t h c  iso- 

t o p e s  2391’u and 238Pu i s  0 .013 .  

s e p a r a t i n g  t h c  p lu tonium i s o t o p e s ,  so t h e  i s o t o p j c  composi t ion  of the 

p lu tonium i n  t h e  C a l - I  i n j e c t i o n  s o l u t i o n  would have  bcen  t h a t  o f  t h c  

i r r a d i a t e d  t a r g e t .  Fur thermore ,  a t  t h a t  t ime t h e  i s o t o p i c  compos i t ion  

o f  t h e  p lu tonium c o u l d  have  been c h a r a c t e r i z e d  on ly  by a n a l y s i s  o f  t h e  

r a d i o a c t i v i t i e s - - t h e i r  k i n d s ,  c n e r g i e s ,  i n t e n s i t i e s ,  and h a l f - l i v e s - -  

and any v a l u e s  g iven  f o r  t h e  masses of plutonium i s o t o p e s  i n  t h c  i n j c c -  

t i o n  s o l u t i o n  must have  been o b t a i n e d  from c a l c u l a t i o n s  i n v o l v i n g  t h c  

a l p h a  a c t i v i t i e s  and t h e  e s t i m a t e s  o f  t h e  h a l f - l i v e s  t h e n  i n  u s e  (50 

and 24,000 y r ,  r e s p e c t i v e l y ,  f o r  238Pu and 239Pu) .  

A t  t h a t  time t h c r c  was no method o f  

Using t h e  a v a i l a b l e  f ac t s  and some as sumpt ions  t h a t  wc b e l i e v e  arc 

c o n s i s t e n t  w i th  t h e  h i s t o r y  and c i r c u m s t a n c e s  o f  t h e  p r o d u c t i o n  o f  t h e  

i n j e c t e d  238Pu-239Pu sample,  we have r e c a l c u l a t e d  t h e  C a l - I  d o s e  a s  

f o l l o w s .  

The i n j e c t e d  a l p h a  a c t i v i t y  was 68,000 c o u n t s / s e c  measured w i t h  

an o v e r a l l  e f f i c i e n c y  o f  0 .517 ,  so t h e  t o t a l  i n j e c t e d  d o s e  was 

(68,000 c / scc ) / (O .S17  x 3 . 7  x l o 4  d / sec /pCi )  = 3.55 p C i  of  a l p h a  a c t i v i t y .  

I f  t h e  r a t i o  o f  t h e  a lpha  a c t i v i t i e s  was 239Pu/23BPu = 0.013. t h e n  t h c  

i n j e c t i o n  was 3 .5  p C i  o f  238Pu and 0 .046  p C i  o f  2 3 9 P u .  
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APPENDIX B 
Dose Calculation 

The organ doses were calculated by assuming an exponential re- 
-At 

tention function R(t) = e and that the dose is given by D(T) = 

f . I . Q 
T Io dt * R ( t ) ,  as indicated in the text. 

The appropriate dose rate per unit activity is calculated from 

the expression 

where Q is the average alpha-ray dose rate per unit activity (in 
rnd/day-uCi) , 

m is the organ mass (in g), and 

- 
E is the appropriate average alpha-ray energy (in MeV/disinte- 

gration). 

The values employed for the relevant quantities are as follows. 

( 1 )  Organ masses (ICRP 1974) 
Organ mass ( g )  

For males For females 
Skeleton 5000 3400 
Liver 1800 1400 

( 2 )  Alpha energies 

Isotope Alpha energy (MeV) Branching ratio (%) 

7 38pu  5.499 72 
5.456 28 

- 
E = 5.487 

5.157 7 8 . 3  

5.145 15.1 
5.107 1 1  . s  

E = 5.149 



S k e l e t o n  M a l e  
I 1  rema; e 

0 .05b2  

0 .  (1827 

I) . 0 5 2 7 

0 . 0 7 7 h  

Live r  M a  1 e 0 .  i s h  0 .147  
II 0.189 Fema 1 e 0.201 

( 4 )  

. B i o l o g i c a l  

t la 1 f - 1 i ves 

. Rad i o t i ve h a l f - l i f e  ( y r )  1: f f c c  t i v c  
h a l f - l i f e  ( y r )  I s o  t o p  h a l f - l i f e  ( y r )  (ICRP 1972) - 

238Pu 8 7 . 7  1.i v e r  3 0 2 7 . 5  

S k c l e t o n  100 40.7 

239Pu 24,390 L i v e r  40 39.9 

S k e l e t o n  100 99.6 
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