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ABSTRACT 

The anticipated use of recycle uranium-233 fuels  in High Temperature 
Gas-Cooled Reactors ( H T G R )  has prompted the need t o  review the radio- 
l o  ica l  implications of t h i s  material .  The recycle uranium i s  primarily 
2 3 Q U ,  b u t  i t  a l so  contains up  t o  1200 ppm 2 3 2 U  . The highly radiotoxic 
2 3 2 U  contributes from 50% t o  90% of the internal dose t o  man from t h i s  
recycle urani um. The INREM, BIORAD, TERMOD, and A I R D O S E  codes devel oped 
by the ORNL Environmental Hazards Study Group are  used t o  predict  
gotential  hazards t o  man and biota from hypothetical exposure t o  recycle 

3 3 U  fuel and LMFBR plutonium fue l .  

From a radiological impact standpoint, LMFBR plutonium fuel i s  
approximately 500 times more radiotoxic t h a n  2 3 3 U  fuel when inhalation 
i s  the exposure pathway. 
doses t o  biota the two fue ls  a re  comparable. I t  i s  concluded t h a t  i f  
atmospheric re lease i s  the only source of e f f luen t ,  LMFBR plutonium fuel 
i s  more hazardous than recycle 2 3 2 U  fuel by a fac tor  of approximately 500; 
however, i f  these fuels  are predominantly present in  the t e r r e s t r i a l  
environment, t h e i r  radiological impact on man i s  s imilar .  

In terms of doses t o  man via ingestion and 

Ir4TRODUCT I ON 

The purpose of t h i s  study i s  t o  compare the r e l a t ive  radiological 

Natural uranium and l i g h t  water 

hazards of LMFBR plutonium fuel and recycle 2 3 3 U  HTGR fue l .  A br ie f  
review of the physical charac te r i s t ics  of uranium and plutonium iso-  
topes in  the fuels  i s  a l so  included. 
reactor  urani um fuel are  chemical toxi cants ; therefore the chemi cal 
vs radiological tox ic i ty  of 2 3 3 U  HTGR fuel and P u  LMFBR fuel i s  d i s -  
cussed. 

Equal amounts (by weight) of each fue l  a re  assumed t o  be released 
t o  the environment o r  ingested by man d i r ec t ly .  All calculated doses 
a re  hypothetical and are  not representative of actual i n su l t  t o  man 
from a nuclear f a c i l i t y  handling 2 3 3 U  or P u  fue l .  Instead, i t  i s  the 
r e l a t ive  magnitude of the doses from each type of fuel t h a t  i s  s ig-  
ni f i  cant. 

An attempt i s  made t o  compare the two types of fuel under normal 
release conditions arid s ingle  quantity intake by man. 
i s  included t h a t  shows industr ia l  containment requirements. 

No comparison 
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ISOTOPIC ACTIVITIES CONTAINED IN ONE GRAM OF R E C Y C L E  
2 3 3 U  HTGR FUEL A N D  LMFBR PLUTONIUM F U E L  

The production and decay of 2 3 2 U  i s  i l l u s t r a t e d  in Figure 1 ;  
Tables 1 and 2 show calculated a c t i v i t y  per gram of fue l .  The 
isotopic  composition of plutonium i s  t h a t  given in the LMFBR 
Environmental Statement.' 
was provided by the General Atomic Company.' 

The i so topic  composition of recycle ' 3 3 U  

For the  purpose of t h i s  study a l l  doses are  derived using 
e uil ibrium recycle f u e l ,  an  assumption which gives s l i g h t l y  higher 

doses a t t r i bu ted  t o  these isotopes a re  small compared t o  the doses 
from 2 3 2 U  and 2 3 3 U .  

9 " U ,  2 3 5 U ,  and 2 3 6 U  a c t i v i t i e s  than in beginning recycle f u e l .  The 

CHEMICAL TOXICITY VS R A D I O L O G I C A L  TOXICITY 
OF URANIUM AND PLUTONIUM 

The environmental impact of pl utoni um and u ran i  urn i s  in f l  uenced 
by chemi cal toxi c i t y  of the 1 ong-1 i ved isotopes and radi ol ogi cal e f f ec t s  
o f  the shorter- l ived isotopes.  Therefore, when one compares the bio- 
logical e f f ec t s  of these elements, the  type of injury (chemical o r  
radiological)  must be distinguished. 

Known pl utoni um bi 01 ogi cal e f f ec t s  a re  primari ly due t o  radio- 

An alpha emi t t e r ,  
tox ic i ty .  This element i s  a bone seeker and deposits on the surface 
o f  the bone ra ther  than moving in to  the t i s sues .  
plutonium has a h i g h  r e l a t ive  biological effect iveness .  Stannard3 
reports  t h a t  the  chemical t ox ic i ty  of plutonium has n o t  been thoroughly 
investigated because there are no s tab le  isotopes;  consequently, 
i nves t i  gati  ons of pl u t o n i  um toxi ci ty  have been conducted w i  t h  one 
isotope and extrapolated t o  other  isotopes.  
unti 1 more information i s  ava i lab le ,  considerable caution must be 
used before applying data obtained with one plutonium isotope t o  
predi c t  t he  b i  ologi cal behavior of o ther  pl utoni urn isotopes . For 
the purposes of th i s  study, however, radiotoxici ty  i s  assumed t o  be 
the l imit ing hazard of plutonium fue l .  

Vaughn4 suggests t h a t  

Uranium d i f f e r s  from plutonium in tha t  i t  presents both a chemi- 
cal and a radiological hazard t o  man. The biological e f f ec t s  (and 
c r i t i c a l  organ) are  determined by the  speci f i  c isotope present.  
Chemical t ox ic i ty  i s  the l imi t in  c r i t e r ion  f o r  the longer-lived 
isotopes of uranium ( 2 3 5 U  and ' " U ) ;  the shorter- l ived isotopes of 
uranium ( 2 3 0 U ,  2 3 2 U ,  2 3 3 U ,  2 3 4 U  , 236U,  and 2 4 0 U )  a r e  l imited by 
radi ol ogi cal e f f ec t .  
low enriched uranium or natural uranium. L i t t l e  work has been done 
to  invest igate  2 3 3 U / 2 3 2 U  and t h e i r  daughters. T h u s ,  w i t h  the a n t i c i -  
pated use of these isotopes i n  the  thorium fuel cycle,  more research 
i s  needed t o  evaluate t h e i r  hazards t o  man and o ther  biota .  

Most s tudi es of u r a n i  um toxi ci ty  have used 
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ORNL Dwp 65-550 

23211: (n ,Zn)  233" 
*232U IN RECYCLE FUEL 
-90% FROM 232Th 
- I  0% FROM 233U 

Nuclide 
212Pb 

212Bi 

Gamma 
Energy 
Jmev) Yield 
0.250 0.40 
0.720 0.19 
0.830 0.19 
1.03 0.06 
1.34 0.05 
1.6 I 0.07 
1.8 I 0.07 
2.2 0.035 
0.510 0.25 
0.582 0.80 
0.859 0.15 
2,62 1.00 

a 0.158 s 

2 1; 

p 
2c 'b 

p 64% a 3.04xIO's 

* 1. a54.5 s 

208Pb 
60.6rn (stable) 

"O'O B 3.1 rn i 
TI 

Figure 1 .  Production and decay o f  2 3 2 U  and 228Th.  
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Table l a .  Assumed Activity of Uranium 
Isotopes i n  1 Gram o f  2 3 3 U  Fuel 

Beginning B e g i n n i n g  Equilibrium Ret. Act. Equi 1 i bri u m  
Recycle Act. 

( C i  1 Isotope Recycle Recycle 
Atom fract ion Atom fract ion ( c i  1 

Uranium Fuel 

2 3 2 u  <o. 001000 0.001000 <2.14xlO-' 2 . 1 4 ~ 1 0 - ~  
2 3 3 1 1  0 -91 9575 0.612800 8.7 4x1 0 - 5.82 x10 - 
2 3 4 u  0.073500 0.243000 4.55x10-" 1 . 5 1 ~ 1 0 - ~  
2 3 5 u  0.005680 0.080200 1.22x10-' 1 . 7 2 ~ 1 0 - ~  
2 3 6 1 )  0.000245 0.063000 1 .56x10-' 3 . 9 9 ~ 1  0-6  

Table l b .  Assumed Activity of 2 3 2 U  
Daughters in 1 Gram of 2 3 3 U  Fuel 

Activity 
( c i )  

Isotope 

2 . 1 4 ~ 1 0 - ~  
'Th 1 . 8 3 ~ 1 0 - ~  

224Ra 1 . 7 3 ~ 1 0 - ~  
2 2 0 R n  1 . 7 3 ~ 1 0 - ~  
216Po 1 . 7 3 ~ 1 0 - ~  
2 1 2 P b  1 . 7 3 x W 3  

1 . 7 3 ~ 1 0 - ~  

*T1 6 . 6 2 ~ 1  0 - 4  

2 3 2 u  

2 1 2 B . i  

212Po 1 . 1 1 ~ 1 0 - 3  
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Table 2. Assumed A c t i v i t y  o f  
P luton ium Isotopes i n  1 Gram 

o f  LMFBR Fuel 

Atom A c t i  v i  ty  
I so tope  f r a c t i o n  ( c i )  

P1 u t o n i  um Fuel 

236Pu  4.2x10-’ 2 . 2 4 ~ 1 0 ’ ~  
3BPu 0.012 2 . 0 9 ~ ’ 1 0 - ~  

39Pu 0.647 3 . 9 7 ~ 1 0 ’ ~  
240Pu  0.245 5 . 5 5 ~ 1 0 ’ ~  
241Pu 0.058 6. 52x1Oo 

42Pu 0.038 1 . 4 8 ~ 1 0 - ~  

244Pu  1 . 8 ~ 1 0 - ~  3. 48x10-1 
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The radiotoxici ty  of b o t h  uranium and plutonium fuel allows a 
r e l a t ive  comparison of t h e i r  respective dose potent ia ls  t o  man and 
other biota .  

COMPARISON O F  PHYSICAL PARAMETERS ASSOCIATED WITH 2 3 3 U  AND PU FUEL 

Tables 3 and 4 show the radioactive half l ives  and MPC, values fo r  
isotopes i n  the uranium and plutonium fuel .6 The most important property 
of uranium fuel i s  t h a t  2 3 2 U  has a very short  h a l f - l i f e  compared t o  the 
other uranium isotopes and  hence a high spec i f i c  a c t i v i t y .  Even t h o u g h  
2 3 2 U  i s  present as an impurity in small amounts by weight, i t  cons t i tu tes  
52% of the to t a l  a c t i v i t y  of the fue l .  

The spec i f i c  a c t i v i t i e s  f o r  several isotopes in uranium and p l u -  
tonium fuel are  shown in Table 5 .  
a b o u t  100 times grea te r  t h a n  240Pu.  
the MPC 
Table 57. 
of isotope i s  an index t h a t  demonstrates the r e l a t ive  radiological haza rd  
assuming t h a t  only t h a t  isotope i s  present.  
isotopic  d is t r ibu t ion  in the fue l .  The d a t a  in Table 5 indicate  t h a t ,  on 
a gram per gram bas is ,  2321J i s  more hazardous than  2 3 9 P u  or 2 4 0 P u .  

Note t h a t  232U spec i f ic  a c t i v i t y  i s  
Dividing the spec i f ic  a c t i v i t y  by 

y ie lds  MPC/g/cc o f  material (shown in the th i rd  column o f  
In each case the most r e s t r i c t i v e  MPC, i s  used. The MPC/g/cc 

I t  does n o t  account fo r  the 

Up t o  now, the discussion has dea l t  with the physical character-  
i s t i c s  of the independent isotopes present in recycle 2 3 3 U  and plutonium 
fue ls .  The following sect ions review the radiological implications of 
these fue ls  when i so topic  composition i s  considered. 

DOSE COMPARISON USIfJG Ir.JREM COMPUTER CODE 

A radiological assessment i s  made using the INREM computer code,7 
which calculates  radiation dose t o  various organs o f  the body as a r e su l t  
of a given intake of radionuclides. In each case i t  i s  assumed t h a t  
ingestion of the isotope i s  proportional t o  i t s  content i n  the fuel and 
1 pg of fuel i s  ingested. 

This assessment does n o t  account f o r  environmental t ransport  of the 
fuel before i t  reaches man. Application of the INREM code alone simulates 
a s i t ua t ion  where the fuel i s  ingested or inhaled d i r e c t l y ,  as might be 
the case in an accident.  

Table 6 shows estimated 50-year dose commitments f o r  t o t a l  body, 
bone, l i v e r ,  a n d  kidneys. The most important value i s  the to t a l  dose 
t o  each o rgan  derived from the uranium o r  plutonium fuel present i n  the 
organ.  Plutonium fuel contributes the maximum dose commitment t o  the 
bone, 0.315 rem. The uranium/plutonium dose r a t io  i s  0.313; t h a t  i s ,  
uranium gives 31.3% as much dose as the plutonium. Total body doses 
for  the two fuel types are  very s imi la r  ( U / P u  = 0 . 9 5 ) .  
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Table 3. Rad ioac t ive  H a l f  L i v e s  o f  Isotopes 
i n  U Fuel and Pluton ium Fuel 2 3 3  

Isotopes 
~ ~ ~~~ ~ ~~ 

Rad ioac t ive  H a l f  L i f e  

2 3 2 u  

2 3 3 u  

34u 
2 3 6 u  
2 3 5 u  

'"Th 
224Ra 
"'Rn 

"Pb 
216Po 

l 2 P 0  

2 1 2 B i  

2 0 8 T h  

Uranium Fuel 

7 . 2 0 ~ 1  O'y 
1 .62xlO 'y 
2 . 4 7 ~ 1 0  5y 
7 . 1 0 ~ 1  0 8 y  
2 . 3 9 ~ 1  0 7 y  

Uranium-232 Daughters 

1.91y 
3.64d 

55.30s 
0.15s 

10.64h 
60.60m 

3 . 0 4 ~ 1 0 - ~ s  
3.10m 

P1 u t o n i  um Fuel 

2 . 8 5 ~  
8 6 . 4 0 ~  

2 . 4 4 ~ 1  0 4 y  
6 . 5 8 ~ 1 0 ~ ~  

1 3 . 2 0 ~  
3.79y 
7 . 6 0 ~ 1 0  7.y 



Table 4. Se lec ted  Nonoccupat ional  MPCa Values6 

I s o t o p e  168 hr/week C r i t i c a l  Organ MPCa(pCi,cc) 

2 3 2 U  ( s o l u b l e )  Bone 3x1 0-l  

2 3 3 U  ( s o l u b l e )  Bone 2x1 0- O 

'Pu ( s o l u b l e )  Bone 6 ~ 1 0 - l ~  

240Pu ( s o l u b l e )  Bone 6x1 0- '  
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Table 5. Specif ic  Activity o f  Several 
Isotopes i n  2 3 3 U  and Plutonium 

Fuel and Resulting MPCa/g/cc 

S p e c i f i c  MPC /g/cc 
L o t  ope Isotope Activity 

(ci/!3) 

2 32u 2.1x101 2 . 4 ~ 1 0 ’  
2 3 3 ~  9.5x10+ 2 . 4 ~  0 1 
2 3 9 P u  6 . 1 ~ 1 0 - ~  1 .ox1017 

4OPU 2 .  3x10-1 3 . 8 ~ 1 0 ~ ~  
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Table 6. Comparison o f  Est imated Doses f rom I n g e s t i o n  o f  Recycled 
2 3 3 U  Fuel and LMFBR P lu ton ium Fuel  Using INREM 

50-Year Dose Commi tmen t ( rems ) 

Bone L i v e r  

Assumed 

K i  dneys T o t a l  I s o t  ope I n t a k e  

( U C i  ) Body 

2 . 1 4 ~ 1 0 - ~  6 . 2 7 ~ 1 0 - ~  8.87x10-' 6 . 2 7 ~ 1 0 ' ~ *  9 . 4 9 ~ 1 0 - ~  
2 2  'Th 1 . 8 3 ~ 1 0 - ~  3 . 0 5 ~ 1 0 - ~  9 . 0 2 ~ 1 0 ' ~  1 . 5 3 ~ 1 0 ' ~  8 . 4 9 ~ 1 0 ' ~  
2 2  4Ra 1 . 7 3 ~ 1 0 - ~  3 . 5 0 ~ 1 0 - ~  2 . 7 7 ~ 1 0 - ~  3.5Ox1Om4* 3.50x10-* 

l 6 P 0  1 . 7 3 ~ 1 0 - ~  No Data No Data No Data No Data 
' l 2 P b  1 . 7 3 ~ 1 0 - ~  5 . 2 3 ~ 1 0 - ~  6 . 5 4 ~ 1 0 - ~  1 . 7 4 ~ 1 0 - ~  1.51xlO-'+ 

1 . 7 3 ~ 1 0 - ~  6.31x10-* 9 . 3 8 ~ 1  O-* 3 . 9 0 ~ 1  0'7 4 . 3 7 ~ 1  0-6  
l 2 P 0  l . l l ~ l O - ~  No Data No Data No Data No Data ' 'T1 6 . 6 2 ~ 1 0 ' ~  No Data No Data No Data No Data 

5 . 8 2 ~ 1 0 - ~  3 . 0 5 ~ 1 0 ' ~  5 . 0 3 ~ 1 0 - ~  3.05x10-'* 1 . 1 7 ~ 1 0 - ~  2 3 3 u  

1 . 5 1 ~ 1 0 - ~  7 . 7 5 ~ 1 0 - ~  1 . 2 5 ~ 1 0 - ~  7 . 7 5 ~ 1 0 ' ~ "  2 . 9 8 ~ 1 0 - ~  2 3 4 u  

1 . 7 2 ~ 1  0 -7  8 . 2 7 ~ 1  O-' 1 . 3 7 ~ 1  0-7 8 . 2 7 ~ 1  r_)-'* 3 . 1 9 ~ 1  O-' 2 3 5 u  

T o t a l  U 7 . 0 4 ~ 1 0 - ~  9 . 8 7 ~ 1 0 - ~  7 . 0 4 ~ 1 0 ' ~  1 . 1 1 ~ 1 0 - ~  

2 3 2 u  

2 1 2 B i  

3 . 9 9 ~ 1 0 - ~  1 . 9 6 ~ 1 0 - ~  3 . 1 7 ~ 1 0 - ~  1 . 9 6 ~ 1 0 - ~ *  7 . 5 6 ~ 1 0 - ~  2 3 6 u  

36Pu 2 . 4 5 ~ 1 0 "  2 . 6 8 ~ 1 0 ' ~  9 . 4 6 ~ 1 0 - ~  8 . 1 2 ~ 1 Q - ~  6 . 1 5 ~ 1 0 - ~  
38Pu 2.09x10-' 3 . 6 0 ~ 1 0 ' ~  1 . 4 3 ~ 1 0 ' ~  2 . 0 2 ~ 1 0 - ~  1 . 5 3 ~ 1 0 - ~  
39Pu 3 . 9 7 ~ 1  0-' 7 . 5 9 ~  1 0-4 3.1 2x1 0-2 4.2 1 x l 0 -  3 . 2 2 ~  1 O m 3  
40Pu 5. ~ ~ x ' I O - ~  1 . 0 6 ~ 1  0-3 4 . 3 6 ~ 1 0 ' ~  5 . 8 9 ~ 1  0-3 4 . 5 0 ~ 1 0 ~ ~  
41Pu 6 . 5 2 ~ 1 0 '  1 . 9 9 ~ 1  0-3 9 . 7 0 ~ 1  Om2 4 . 9 5 ~ 1  0-3 9 . 5 4 ~ 1  0-3 
42Pu 1.48x10-'+ 2 . 7 2 ~ 1 0 - ~  1 . 0 8 ~ 1 0 - ~  1 . 5 1 ~ 1 0 - ~  1 . 1 6 ~ 1 0 - ~  
44Pu 3 . 4 8 ~ 1 0 -  l2 7 . 3 4 ~ 1  0-1 2.97x10-" 7.34x1O-l4* 3.1 1 ~ 1 0 - l ~  

T o t a l  Pu 7.41 x l  0-3 3 . 1 5 ~ 1  0-1 3 . 5 3 ~ 1  O-' 3 . 2 6 ~ 1  O-' 

l r a n i  um Dose R a t i o  0.95 0.313 0.20 0.34 
'1 u t o n i  urn 

*Tota l  body dose convers ion  f a c t o r  i s  assumed s i n c e  organ va lues a r e  
n o t  p r e s e n t l y  i n c l u d e d  i n  INREM. 
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Dose convers ion f a c t o r s  f o r  severa l  of the  2 3 2 U  daughters a re  n o t  

Uranium-232 
y e t  i n c o r p o r a t e d  i n t o  t h e  INREM da ta  base. Therefore, uranium f u e l  doses 
would be s l i g h t l y  h i g h e r  than those i n d i c a t e d  i n  Table 6 .  
c o n t r i b u t e s  90% o r  more o f  t h e  dose t o  t h e  t o t a l  body, bone , and k idneys .  
The dose f rom p lu ton ium f u e l  i s  more evenly  d i s t r i b u t e d  between severa l  
i so topes  (238Pu,  239Pu,  240Pu and 241Pu). 

regard ing  t h e  h i g h  r a d i o t o x i c i t y  o f  2 3 2 U .  
A comparison o f  2 3 2 U  and 239Pu INREM parameters p rov ides  i n s i g h t  

fW Te 
( E f  f e c t i  ve ( F r z t  i on ( E f f E t i  ve 
Absorbed Absorbed Hal f -Time 

Energy 1 f rom I n g e s t i o n )  i n  Bone) 

2 3 2 u  1 . 2 ~ 1  O3 MeV/di s i . iX10-3 3 . 0 ~ 1 0 ~  d 
239Pu 2 . 7 ~ 1 0 ~  MeV/dis 2 . 9 ~ 1  O e 5  7 . 2 ~ 1 0 "  d 

The e f f e c t i v e  absorbed energy f o r  2 3 2 U  i s  approx imate ly  5 t imes h i g h e r  
than t h a t  o f  239Pu. 
t imes g r e a t e r  f o r  uranium w h i l e  t h e  e f f e c t i v e  h a l f  t ime,  Te, i s  240 t imes 
g r e a t e r  f o r  p lu ton ium. A p p l y i n  these f a c t o r s  t o  t h e  i n t e r n a l  dose com- 
m i  tment equat ion  g ives  a 232U/2'9Pu dose convers ion r a t i o  o f  approx imate ly  
5 f o r  equal i n t a k e s  o f  t h e  two r a d i o n u c l i d e s .  

The f r a c t i o n  absorbed f rom i n g e s t i o n ,  fwl i s  46 

DOSE COMPARISON U S I N G  BIORAD 

The BIORAD' computer code est imates i n t e r n a l  and e x t e r n a l  doses t o  
aquat i  c p l  ants,  i n v e r t e b r a t e s  , f i s h  , and t e r r e s t r i  a1 animal s dependent 
on a q u a t i c  food s u p p l i e s .  
contaminated by atmospher ic f a l l o u t  s ince  no l i q u i d  e f f l u e n t  i s  cons idered 
i n  t h i s  s tudy.  

The a q u a t i c  environment i s  assumed t o  be 

A comparison o f  uranium and p lu ton ium f u e l  i s  made by assuming t h a t  
r a d i  onucl i de concent ra t ions  i n  t h e  w a t e r  a re  p r o p o r t i o n a l  t o  concentra- 
t i o n s  i n  t h e  f u e l .  A f u e l  c o n c e n t r a t i o n  i n  w a t e r  o f  1 pg/ml i s  assumed. 
Uranium-232 daughters o t h e r  than 228Th a r e  n o t  i n c l u d e d  i n  t h e  t o t a l  
dose s i n c e  these iso topes  cannot be handled i n  t h e  BIORAD code a t  t h e  
present  t ime.  

The es t imated i n t e r n a l  doses t o  b i o t a  f r o m  uranium and p l u t o n i u m  
f u e l  a r e  l i s t e d  i n  Tables 7 and 8. The uranium dose i s  25% t o  65% o f  
t h e  p l u t o n i u m  dose even though p lu ton ium f u e l  i s  p resent  i n  much h i g h e r  
concent ra t ions .  The most s i g n i f i c a n t  c o n t r i b u t o r  t o  t h e  uranium dose 
i s  2 3 2 U ,  which g ives  f r o m  49.5% t o  90.0% o f  t h e  t o t a l  dose. 
l i s t s  t h e  U fue l /Pu f u e l  dose r a t i o s  and c l e a r l y  shows t h a t  these two 
f u e l s  a r e  s i m i l a r  t o  each o t h e r  when dose p o t e n t i a l s  t o  b i o t a  o t h e r  
than man a r e  compared. 

Table 9 



Table 7. Estimated I n t e r n a l  Doses t o  B io ta  from 2 3 3 U  Fuel 

Aquatic P1 a n t s  I n v e r t e b r a t e s  Fish Muskrats Concentrat ion 
(0 /ml) (mrads/year)  

I so t o p e  

Uranium Fuel I n t e r n a l  Dose 

2.1x10-2 1 .1X1O1l 1 . l x l o l  1 .1x109 1 .2x108 2 3  2u 

23311 
2 3  4 u  

2 3  5 u  

2 3  6 u  

2 2 8 T h  1 . 8 ~ 1 0 ’ ~  1 .2X1O1* 3 . 9 ~ 1 0 ’  2 . 4 ~ 1 0 ~  1 .2x108 
5 . 8 ~ 1  0-3 5 . 4 ~  1 0 5 . 4 ~  1 0’ 5 . 4 ~ 1 0 ~  7 . 6 ~ 1 0 ~  
1 . 5 ~ 1 0 ’ ~  1 .4x109 1 .4x108 1 .4x107 1 .9x106 
1 . 7 ~ 1  O F 7  1 .5x105 1 .5xl O4 1 .5x103 2 . 1 ~ 1 0 ~  
4 . Ox 1 0- 3 . 5 ~  1 0 3 . 5 ~ 1 0 ~  3 . 5 ~ 1 0 ~  4 . 9 ~ 1 0 ~  

To t a  1 3 . 0 ~ 1  O F 2  1 .2X1O1l 1 . 5 ~ 1 0 ’  1 .4x109 2 . 4 ~ 1 0 ~  

Percent o f  Dose from 2 3 2 U  90.0 73 .O 8 1 . 5  49.5 



Table 8 .  Estimated Internal Doses to Biota from Plutonium Fuel 

Aquatic Plants Invertebrates Fish Muskrats Concentration 
(vCi/ml) (mrads/year ) 

Isotope 

Plutonium Fuel Internal Doses 

2 3  6Pu 2.2~10-5 5.0~1 O 7  1 .4x107 5.0~10~ 1 .1x105 
238Pu 2.1 xl 0-1 7.8~1 O1 2.2X1O1 O 7.8~10' 3.3~1 O B  
2 3  9Pu 4. Ox 1 0- 1 .4x101 ' 3.9~10~ 1 .4x108 5.9~10' 

OPU 5.6~ 1 0-2 1 .9x101 O 5 . 5 ~  1 0 1 .9x108 8.3~10~ 
241Pu 6 . 5 ~  1 0 ' 9.8~1 O1 2.8~10~' 9.8~10' 4.2~10' 

244Pu 3.5~10" No Data No Data No Data No Data 
242Pu 1.5x10-" 4.9~10~ 1 .4x107 4.9xio5 2.1~105 

Total 6.8~10' 2.1x101 5.9~10'~ 2.1~10~ 8.9~10~ 
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Table 9 .  Uranium/Plutonium Dose Rat ios  
f rom BIORAD Computations 

Aquatic I n v e r t e b r a t e s  F ish  P l a n t s  Muskrats 

I n t e r n a l  Dose (U/Pu) 0.59 0.25 0.65 0.27 
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DOSE COMPARISON BASED ON ATMOSPHERIC RELEASES 

Table 10 shows hypothetical release rates  of isotopes from HTGR 
uranium fuel and LMFBR plutonium f u e l ,  assuming t h a t  1 ug/sec of each 
fuel escapes. 
coeff ic ient  of 2x10-' ~ e c - m - ~  used in the HTGR Fuel Refabrication P i lo t  
Plant Draft Environmental Statement.' A deposition velocity of 
m/sec i s  used f o r  a l l  isotopes.  

Atmos her ic  concentration i s  calculated with a dispersion 

Estimated doses resul t i  ng  from these atmospheric concentrati ons are 
l i s t e d  in Table 11 fo r  submersion in a i r ,  ground exposure, and  various 
body organs f o r  inhalation and ingestion. 
inhalation of plutonium fue l .  
bone i s  1 . 8 ~ 1 0 - ~ .  

The highest doses are from 
The U/Pu  inhalation dose r a t i o  fo r  the 

The ingestion pathway resu l t s  from consumption of food products 
contaminated with urani um or pl utoni um or i  gi nal ly deposi ted on the 
t e r r e s t r i a l  surface.  These doses are comparable f o r  uranium and plu- 
tonium fue l .  
The to t a l  body dose from uranium fuel i s  higher t h a n  t ha t  from plutonium 
fue l .  
and 1.18. 

Both fuel types contribute the highest dose t o  the bone. 

The respective U/Pu dose r a t io s  f o r  bone and t o t a l  body a re  0 .4  

External body exposure from a i r  and ground surface contaminated 
w i t h  uranium fuel was found t o  be approximately 100 times l e s s  t h a n  
inhalation exposure. Thalium-208, which emits several very energetic 
gammas a t  high in t ens i t i e s  contributes 77% of the external dose. 

Several aspects of the data in Table 11  are important. 

1 .  When a l l  pathways are considered, the plutonium fuel 
presents the highest dose when inhaled. Bone i s  the 
c r i t i c a l  organ fo r  b o t h  types of fuel and U/Pu  inhala- 
t ion dose r a t i o  f o r  bone i s  1 . 8 ~ 1 0 - ~ .  

2. If the ingestion pathway i s  most important (which 
would be the case a f t e r  the plant shuts down), 
uranium fuel has almost the same radiotoxici ty  as 
plutonium fue l .  Bone i s  s t i l l  the c r i t i c a l  o rgan .  

3 .  2 3 2 U  i s  the primary contributor t o  the to ta l  dose 
from uranium fuel fo r  each organ .  

INTAKE RATE BY MAN COMPUTED WITH TERMOD 

The TERMOD computer code" cal culates radi onucl i de i ntake t o  man 
based on a mu1 ticompartment model t h a t  considers consumption of mi 1 k , 
beef,  and  crops. Assuming a deposition ra te  fo r  each isotope based on 
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Table 10. Hypo the t i ca l  Release Rates and Atmospheric 
Concentrat lons o f  Uranium233 and P1 utonium Fuel  

Assuming a D ispe rs ion  C o e f f i c i e n t  of ZxIO-’ sec-m3 

Release Rate Concentrat ion Depos i t i on  Rate 
Isotope (uCi /sec)  (uCi/day) ( uci /m ’) ( uci /m2  /day) 

2 . 1 4 ~ 1 0 - ~  1 .85x103 4 . 2 8 ~ 1 0 - ~  3 . 7 0 ~ 1 0 - ~  
2 3 3 u  

1 . 5 1 ~ 1 0 - ~  1. 3Ox1O2 3.01x10-’ ’ 2 . 6 0 ~ 1 0 ‘ ~  2 3 4 u  

2 3  % 1 . 7 2 ~ 1 0 - ~  1 . 4 9 ~ 1 0 - ~  3 . 4 5 ~ 1 0 - l ~  2.98xlO-” 
3 . 9 9 ~ 1  0-6  3 . 4 5 ~ 1 0 -  7 . 9 9 ~ 1 0 - l ~  6.91x10-”+ 

‘Th 1 . 8 3 ~ 1 0 - ~  1 . 58x102 3 . 6 6 ~ 1 0 - ’  ’ 3.16x10-’ 
36Pu 2 . 2 3 ~ 1 0 -  1 .93~10 ’  4 . 4 7 ~ 1 0 - l ~  3.86xlO-’ 

2.09xlO-1 1 .8Ox1O4 4 . 1 8 ~ 1 0 ’ ~  3 . 6 1 ~ 1 0 -  3’PU 

39Pu 3 . 9 7 ~ 1  0-2 3. 43x103 7 . 9 4 ~ 1  O m 9  6 . 8 6 ~ 1  0 - 6  
40Pu 5 . 5 5 ~ 1 0 - ~  4 . 8 0 ~ 1 0  1.11x10-8 9 . 5 9 ~ 1 0 - ~  
41Pu 6 .52~10 ’  5 . 6 4 ~ 1 0  1 . 3 1 ~ 1 0 - ~  1 . 1 3 ~ 1 0 - ~  
42Pu 1 . 4 8 ~ 1 0 - ~  1 .28x101 2 . 9 6 ~ 1 0 - 1  ’ 2 . 5 6 ~ 1  0 - 8  
44Pu 3 . 4 8 ~ 1 0 - l ~  3.01 x l  0-7 6 . 9 6 ~ 1 0 - ’ ~  6.01 x10- l  

2 32u 

5 . 8 2 ~ 1  0-3 5 . 0 3 ~ 1  O2 1 . 1 6 ~ 1 0 ’ ~  1 .01x10-6 

2 3 6 u  
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' Tota l  Body 6 . 7 3 ~ 1 0 ~  94  5 . 6 9 ~ 1 0 '  1 .18x10a 
Bone 9 . 6 8 ~ 1  €I6 93 2 . 4 2 ~ 1  O 7  4 . 0 0 ~ 1  0-1 
L i  ver 6 . 7 2 ~ 1  O5 94 2.71 x l  O6 2 . 4 8 ~ 1 0 - '  
K i  dney 1 .1  1x106 86 2 . 5 0 ~ 1  O6 4 . 4 4 ~ 1  0-1 
GI ( S o l . )  2.11 x i  05 66 2 . 4 8 ~ 1  O6 8.51 x l  O - *  
GI ( I n s o l . )  2 . 1 1 ~ 1 0 5  66 2 . 4 8 ~ 1  O6 8.51 xl0" 

Table 11. Comparison of Estimated Doses t o  Man From 
2 3 3 U  Fuel Y S  Pu Fuel Assumtng 1 pg/sec  

Release Rate and 1 pg/rn2 Depos i t ion  

p u  U/Pu  Dose 2 3 3 U  Fuel Percent 
Dose o f  Dose Dose 

( m e m l y e a r )  from 3 2  u (mrem/year) R a t i o  
Exposure Pathway 

or Organ 
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isotopic  content i n  the fuel , TERMOD determines the subsequent intake 
by man. Once i n p u t  values are  obtained, the resul t ing dose r a t e s  a re  
calculated separately wi t h  INREM (TERMOD does not predict  dose r a t e s ) .  
The use of TERMOD provides a r e l a t i v e  comparison of t e r r e s t r i a l  environ- 
mental t ransport  of each f u e l .  

man 
a c t  

Table 1 2  compares intakes of uranium fuel and plutonium fuel by 
, assuming surface deposition r a t e s  l i s t e d  i n  Table 9 .  The t o t a l  
i v i t y  intake of plutonium by man i s  1 .73x102 grea te r  than t h a t  of 

uranium because more plutonium a c t i v i t y  i s  i n i t i a l l y  deposited on the  
s o i l .  
i s  greater  by a f a c t o r  of about 1 .3  (1.61/1.22). 

Transport of uranium through d i f f e r e n t  compartments of the model 

CONCLUSIONS 

A comparison of the potential  radiologi cal hazards associated 
with recycle 2 3 3 U  HTGR fuel and LMFBR plutonium fuel yields  several 
concl usi ons : 

1 .  Althou h the chemical t ox ic i ty  of plutonium i s  unknown, 
both 2 Q 3 U  fuel and LMFBR plutonium fuel are considered t o  
be radi ologi cal hazards. 

Based on MPCa values and spec i f i c  a c t i v i t y ,  pure 232U i s  
about 15 times more hazardous than 2 3 9 P u .  

2. 

3. If  equal amounts a re  ingested,  2 3 3 U  and LMFBR plutonium 
fuel give s imi la r  doses t o  the bone and to t a l  body. More 
than 90% of  the uranium fuel dose r e su l t s  from 2 3 2 U ,  which 
i s  accounted f o r  by a h i g h  e f f ec t ive  absorbed energy and 
f r ac t ion  absorbed from i nges t i  on. 

4. Doses t o  biota a re  approximately the same from 2 3 3 U  fuel  
and plutonium f u e l .  Again the most s ign i f icant  contr i -  
butor t o  the uranium fue l  dose i s  232U which gives from 
50% t o  90% of the t o t a l .  

5.  When atmospheric t ransport  of recycle 2 3 3 U  HTGR fuel  and 
pl utoni um LMFBR fuel i s  considered , pl utoni um gives hi gher 
doses from inhalation than uranium by a f ac to r  of about 500. 
Ingestion of contaminated foods gives comparable doses f o r  
urani um and pl utoni um. 

If  atmospheric re lease i s  t he  only source of e f f l u e n t ,  plutonium 
fuel  i s  about 500 times more hazardous than 2 3 3 U  HTGR f u e l ;  inhalation 
i s  the c r i t i c a l  pathway and bone i s  the c r i t i c a l  organ. When f u e l s  are  
released i n  l i qu id  o r  gaseous e f f l u e n t s ,  the  concentration of fuel  
present determines which i s  the  most hazardous t o  man. 
biota  a r e  s imi la r  regardless of the method of entry in to  the environment. 

Doses t o  aquatic 
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Table 12. Comparison of TERMOD Values 
f o r  2 3 3 U  and Pu Fuel 

TERMOD Calcu la ted  
D a i l y  

I n t a k e  Rate 
h C i / d a y )  

Deposi I n t a k e  Rate 
(UC i /day I /  
d e p o s i t i o n )  

Rate I so topes 
( U C i  /m2/day) ( llci /m 

A B C=AxB 

2 3  2 u  3 . 7 0 ~ 1  0-6 1.60 5 . 9 2 ~ 1 0 - ~  
2 3  3 u  1 .O lx l  o-6 1.61 1 . 6 3 ~ 1  0-6 
2 3  4 u  2 . 6 0 ~ 1  0-7 1.61 4 . 1 9 ~ 1  0-7 
2 3  5 u  2 . 9 8 ~ 1  0-1 1.61 4 . 8 0 ~ 1  0-1 

228Th 3.1 6x1 O m 7  1.22 3 . 8 6 ~ 1 0 - ~  
T o t a l  8 . 3 5 ~ 1 0 ~ ~  

2 3  6u 6 . 9 1 ~ 1  0-1 1.61 i.11X10-13 

23 6Pu 
238Pu 
23 9Pu 

4 OPU 
241  Fu 
242Pu 
244Pu 

T o t a l  

3 . 8 6 ~ 1 0 - ~  1.20 4 . 6 3 ~ 1  0-9 
3.61x10-’ 1.22 4 . 4 0 ~ 1 0 ”  
6 . 8 6 ~ 1  0-6 1.22 8 . 3 7 ~ 1  0’6 
9 . 5 9 ~  1 0- 1.22 1.17x10-’ 
1 . 1 3 ~ 1 0 - ~  1.22 1 . 3 8 ~ 1 0 - ~  
2 . 5 6 ~ 1 0 ”  1.22 3 . 1 2x 1 O-’ 
6 . 0 1 ~ 1 0 - ~ ~  No Data No Data 

1 . 4 4 ~ 1 0 - ~  
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