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EXECUTIVE SUMMARY 

The i n c e n t i v e s  f o r  sepa ra t i  ug and e l  i m i  n a t i  ng va r i ous  elements ( b u t  par -  # 

titularly t h e  t r a n s u r a n i c s )  from r a d i o a c t i v e  waste p r i o r  t o  f i n a l  geo log i c  
4- 

s to rage  were i n v e s t i g a t e d .  Exposure pathways t o  nian were de f i ned  , and poten-  
- F 

t i a l  r a d i a t i o n  doses t o  an i n d i v i d u a l  l i v i n g  w i t h i n  t h e  r e g i o n  o f  i n f l u e n c e  
I .  

o f  t h e  underground s to rage  s i t e  were c a l c u l a t e d .  The accumulated h i g h - l e v e l  

waste ( i  .e., t h e  f i s s i o n  p roduc t  waste produced by reprocess ing  spent  f u e l  ) 

from t h e  U.S. nuc lea r  power economy through t he  Year 2000 was t h e  assumed 

r a d i o n u c l i d e  source, and western U.S. d e s e r t  subso i l  was t h e  assumed geo log i c  

medi um. 

The r e s u l t s  o f  t h e  s t udy  showed t h a t  f o r  reasonable  s to rage  c o n d i t i o n s  

t h e  p o t e n t i a l  incrementa l  r a d i a t i o n  doses would be o f  t h e  same o rde r  as, o r  

l e s s  than, doses f rom n a t u r a l  sources. We t h e r e f o r e  concluded t h a t  f o r  t h e  

s i t u a t i o n s  i n v e s t i g a t e d  t h e  i n c e n t i v e s  f o r  spec ia l  e f f o r t  t o  remove any 

elements, i n c l u d i n g  t h e  t r ansu ran i cs ,  from h i g h - l e v e l  waste a r e  v a n i s h i n g l y  

sma l l .  The s tudy  r e s u l t s  a l s o  showed t h a t  i n c e n t i v e s  e x i s t  f o r  c o n v e r t i n q  

h i g h - l e v e l  c a l c i n e  i n t o  g l ass .  

The s tudy  r e q u i r e d  numerous assumptions concerned w i t h  t h e  t r a n s p o r t  

o f  r a d i o a c t i v i t y  f rom t h e  geo log i c  s t o rage  s i t e  t o  man. The assumptions 

used, on t h e  whole, maximized t h e  es t imated  p o t e n t i a l  r a d i a t i o n  doses. 

Thus i n c e n t i v e s  f o r  removing elements f r o m  t h e  waste tended t o  be maximized. 

I n c e n t i v e s  were a l s o  maximized by assuming t h a t  elements removed f r om t h e  

waste c o u l d  be e l i m i n a t e d  f rom t h e  e a r t h  w i t h o u t  r i s k .  

The conc lus i on  t h a t  p a r t i t i o n i n g  i n c e n t i v e s  a r e  nonex i s t en t - - desp i t e  

assumptions t end ing  t o  maximize them-- is based on comparison o f  p r e d i c t e d  

p o t e n t i a l  r a d i a t i o n  doses w i t h  r o u t i n e  doses f rom n a t u r a l  sources. 'The 

s tudy  found t h a t  t h e r e  a r e  f e a s i b l e  c o n d i t i o n s  o f  geol og i c  empl acement where 
t 

t h e  p r e d i c t e d  inc rementa l  dose t o  man i s  c a l c u l a t e d  t o  be as l o w  as one 
0 

t e n t h  of "background." A l though "background" v a r i e s  w i t h  geographic  
d 

. - 
l o c a t i o n  and consensus s tandards o f  a l l owab le  inc rementa l  dose have n o t  y e t  

been f u l l y  es tab l i shed ,  we concluded t h a t  h i g h - l e v e l  waste i n  a  g l ass  f o rm  
4 

can s a f e l y  be p laced  i n  se l ec ted  geo log i c  media. 



The methods used in t h i s  study can be extended t o  evaluate  any combina- 

t i on  of waste type and geologic medium a t  s i t e s  t h a t  a r e  candidates  f o r  

f i n a l  geol ogic s to rage .  
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1.0 INTRODUCTION 

The p r o j e c t e d  U.S. nuc lear  power economy f o r  t he  20th and 21s t  cen tu r i es  

w i l l  generate wastes which remain r a d i o a c t i v e  t o  some e x t e n t  f o r  m i l l  i ons  of 

years.  Because these wastes a r e  a  r i s k  t o  p resen t  and f u t u r e  man, technology 

f o r  t h e i r  f i n a l  s to rage  i s  c u r r e n t l y  under development. ) The f i n a l  d ispo-  

s i t i o n  a l t e r n a t i v e s  seek e i t h e r  t o  i s o l a t e  t he  waste from man's environment 

u n t i l  t he  nuc l i des  have decayed t o  innocuous l e v e l s  o r  t o  e l i m i n a t e  t he  poten- 

t i a l  l y  hazardous long-1 i ved nuc l  ides  from t h e  waste. The i s o l a t i o n  a1 te rna-  

t i v e s  i n c l u d e  geolog ic ,  seabed, and i c e  sheet f i n a l  storage; t he  e l  i m i n a t i o n  

a l t e r n a t i v e s  i n c l u d e  e x t r a t e r r e s t r i a l  d isposal  and t ransmutat ion.  

For a  g i ven  waste type  (e.g., h i gh - l eve l  , c ladd ing  hu l  l s ,  l ow- leve l  a1 pha, 

o r e  t a i l  ings,  e tc .  ) and any o f  these a1 t e r n a t i v e s ,  there  may be some s a f e t y  

i n c e n t i v e *  f o r  separa t ing  t he  waste i n t o  two o r  more f r a c t i o n s  ( p a r t i t i o n i n g )  

so t h a t  each f r a c t i o n  cou ld  be disposed o f  separa te ly .  For example, two f r e -  

quen t l y  proposed a l t e r n a t i v e s  f o r  h i gh - l eve l  waste would separate t he  u s u a l l y  

l o n g - l i v e d  a c t i n i d e s  f rom the  g e n e r a l l y  s h o r t - l i v e d  f i s s i o n  products.  The 

a c t i n i d e s  would then be e l  im ina ted  by e x t r a t e r r e s t r i a l  d isposa l  o r  r ecyc led  

through an e x i s t i n g  o r  s p e c i a l l y  designed nuc lea r  r e a c t o r  and transmuted t o  

nuc l i des  w i t h  s h o r t e r  h a l f - l i v e s .  The a im o f  such a l t e r n a t i v e s  would be t o  

reduce t he  o v e r a l l  r i s k  f o r  h i gh - l eve l  waste by e l i m i n a t i n g  t he  a c t i n i d e s .  

Th is  document r e p o r t s  work t o  develop a  genera l  method f o r  e s t i m a t i n g  

t h e  sa fe ty  i n c e n t i v e s  f o r  p a r t i t i o n i n g  nuc lea r  power economy wastes and t o  

app ly  t h a t  method t o  a  s i n g l e  waste type  (accumulated high-1 eve1 waste through 

t he  Year 2000 p lus  a l l  t r i t i u m ,  carbon, and i o d i n e  f rom spent  f u e l  ), a  s i n g l e  

geosphere pathway ( l each  i n c i d e n t ) ,  and a  s p e c i f i c  s e t  o f  biosphere pathways. 

The appl  i c a t i o n  o f  t he  method01 ogy r e s u l  t s  i n  an es t imated  50-year accumulated 

dose ( i n  u n i t s  o f  mrem) t o  an i n d i v i d u a l  1  i v i n g  w i t h i n  t he  reg ion  o f  i n f l u -  

ence o f  t he  underground waste d isposa l  s i t e .  A s e n s i t i v i t y  a n a l y s i s  was per-  

formed on t h e  impor tan t  geosphere parameters (pa th  leng th ,  l each  r a t e ,  and 

* Th is  document eva luates p a r t i t i o n i n g  i ncen t i ves  f o r  m in im iz i ng  a  nega t i ve  
aspect  o f  t he  waste ( i t s  r i s k  t o  h e a l t h )  b u t  does n o t  eva lua te  p a r t i t i o n -  
i n g  i n c e n t i v e s  f o r  maximizing a  p o s i t i v e  aspect  o f  t he  waste ( i t s  poten- 
t i a l  resource va l  ue) . 



t ime o f  i n i t i a l  r e l ease )  and on t he  va lue f o r  t he  p u b l i c l y  acceptable 

re l ease  consequences t o  d e f i n e  t he  boundaries o f  the r e g i o n  where incen-  

t i v e s  e x i s t  f o r  var ious s p e c i f i c  p a r t i t i o n i n g  a l t e r n a t i v e s .  Conclusions 

are drawn f rom the  r e s u l t s ,  and recommendations f o r  f u t u r e  work a re  made. 



GENERAL EVALUATION METHOD 

A  complete e v a l u a t i o n  o f  p a r t i t i o n i n g  i n c e n t i v e s  r e q u i r e s  c o n s i d e r i n g  

a1 1  wastes f r o m  t h e  U.S. n u c l e a r  power economy, a l l  a c t i v i t i e s  o f  t h e  waste 

management system, and a l l  pathways by which t h e  waste can r e a c h  man. More 

s p e c i f i c a l l y  such an e v a l u a t i o n  r e q u i r e s  d e f i n i t i o n  and a n a l y s i s  o f  each 

o p e r a t i o n  r e l a t e d  t o  t h e  d i s p o s i t i o n  o f  p a r t i t i o n e d  and u n p a r t i  t i o n e d  wastes 

f r o m  t h e  p o i n t  where p a r t i t i o n i n g  i s  c o n t e n ~ p l a t e d  t o  t e r m i n a l  s torage.  T h i s  

e v a l u a t i o n  r e q u i r e s  ana lyses o f  t h e  p r o b a b i l  i t i e s  o f  a1 1  events  o r  s e r i e s  o f  

even ts  wh ich  c o u l d  r e l e a s e  wastes f r o m  containment,  ana lyses o f  t h e  t r a n s -  

p o r t  o f  t h e  r e l e a s e d  n u c l i d e s  th rough  t h e  geosphere and biosphere,  and a n a l y -  

ses o f  t h e  r a d i a t i o n  doses t o  man. On ly  w i t h  such a  tho rough  a n a l y s i s  does 

one g e t  an e s t i m a t e  o f  t h e  a c t u a l  r i s k  t o  man f r o m  p a r t i t i o n e d  and u n p a r t i -  

t i o n e d  wastes. 

Cons ide r ing  t h e  t o t a l  waste f r o m  t h e  U.S. n u c l e a r  power economy, an 

i n c e n t i v e  f o r  p a r t i t i o n i n g  e x i s t s  o n l y  when t h e  sum o f  t h e  r i s k s  f o r  a l l  

u n p a r t i  t i o n e d  waste t ypes  i s  b o t h  g r e a t e r  t h a n  t h e  publ  i c l y  accep tab le  r i s k  

and g r e a t e r  t h a n  t h e  sum o f  t h e  r i s k s  f o r  a1 1  ' p a r t i t i o n e d  f r a c t i o n s  o f  a1 1  

waste types.  These c o n d i t i o n s  a r e  expressed by t h e  two i n e q u a l i t i e s  shown 

be1 ow: 

a1 1  
waste 
t y p e s  

a1 1  a1 1  
waste waste  a1 1  
t y p e s  t y p e s  f r a c t i o n s  

i i j 

where: Ra = publ  i c l y  a c c e p t a b l e  r i s k  

Ri = r i s k  f r o m  u n p a r t i t i o n e d  waste o f  t y p e  i 

Rij = r i s k  f r o m  p a r t i t i o n e d  waste f r a c t i o n  ij. 



The p u b l i c l y  a c c e p t a b l e  r i s k  i s  t h a t  r i s k  va lue  which i s  m a r g i n a l l y  accc t:nl 

t o  t h e  p u b l i c  a t  l a r g e .  The r i s k  f o r  a  g i v e n  u n p a r t i  t i o n e d  waste t y p e  a r  ;..I-; , 

t i o n e d  waste f r a c t i o n  i s  t h e  sum over  a l l  r e l e a s e  pathways o f  t h e  p r o d u r t s  

o f  t h e  r e l e a s e  p r o b a b i l i t y  f o r  each pathway mu1 t i p 1  i e d  by t h e  r e l e a s e  c p , ? ~ r -  

quences f o r  t h a t  pathway. These e q u a l i t i e s  a r e  expressed by t h e  e q u a t i c y -  

waste  a1 1  r e l e a s e  
management p a t h s  f r o m  
a c t i v i t i e s  each a c t i v i  t v  

waste a1 1  r e l e a s e  
management pa ths  f rom 
a c t i v i t i e s  each a c t i v i  t,y 

P .  X C i k l  
l k l  

where: Pikl = p r o b a b i l i t y  o f  r e l e a s e  by p a t h  1  f r o m  a c t i v i t y  k of u r r  . - -  

t i t i o n e d  waste t ype  i 

'i k l  
= consequences o f  r e l e a s e  by p a t h  1  f r o m  a c t i v i t y  k o f  u n :  3 r -  

t i t i o n e d  waste t y p e  i 

' i j k l  
= p r o b a b i l i t y  o f  r e l e a s e  by  p a t h  1  f r o m  a c t i v i t y  k  o f  p a r t . i -  

t i o n e d  waste f r a c t i o n  i j 

' i j k l  
= consequences o f  r e l e a s e  by p a t h  1  f r o m  a c t i v i t y  k  o f  3 %  

. 

t i o n e d  waste  f r a c t i o n  i j. 

The p r o b a b i l i t i e s  f o r  t h e  v a r i o u s  r e l e a s e  paths  (Pikl and Pijkl ) a$-" 

;j'Jt,ained by f a u l t  t r e e  ana lyses o r  o t h e r  s i m i l a r  techn iques  f o r  a l l  rel+-t;1:,e 

~ * ; e : i t s  f r o m  t h e  p a r t i t i o n i n g  o p e r a t i o n  i n  t h e  process scheme th rough  t ~ r - , ~ :  - 

1 s t o r a g e  ( o r  perhaps temporary s t o r a g e  f o r  some wastes) .  F i g u r e  1  c h a i ;  

k . i , ~ Y ~ - l e v e l  waste management schemes f o r  t h r e e  s i t u a t i o n s :  1 ) no p a r t i -  

'.-ii.:.ning, 2 )  p a r t i  t i o n i n g  and t r a n s m u t a t i o n ,  and 3 )  p a r t i  t i o n i n g  and e r t j - a -  

' , : r res t r ia l  d i s p o s a l .  As shown, t h e r e  w i l l  g e n e r a l l y  be more p o t e n t i a l  

-5 iease  p a t h s  f r o m  a  waste management a l t e r n a t i v e  w i t h  p a r t i t i o n i n g  be.:: ::+ 

, ,:n i t i o n a l  p r o c e s s i n g  s t e p s  a r e  i n v o l v e d .  I n  a d d i t i o n  t h e  t r a n s m u t a t i  - 
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a1 t e r n a t i v e  c r e a t e s  new wastes ( t ransmuted a c t i n i d e s )  which do n o t  neces- 

s a r i l y  have a  lower  r i s k  t h a n  t h e  a c t i n i d e s  themselves.  Thus t h e  r i s k  from 

any g i v e n  waste t y p e  can a c t u a l l y  be inc reased  r a t h e r  than decreased by 

p a r t i t i o n i n g .  

The consequences f o r  t h e  v a r i o u s  r e l e a s e  paths  (Cikl and Ci jkl ) a r e  

o b t a i n e d  by mode l ing  t h e  t r a n s p o r t  o f  t h e  r a d i o n u c l i d e s  th rough  t h e  geosphere 

and b iosphere  and c a l c u l a t i n g  t h e i r  r a d i a t i o n  dose t o  man. The consequences 

o f  r e l e a s e  by any g i v e n  pa th  a r e  a f u n c t i o n  o f  such t h i n g s  as  t h e  r a d i o a c . t i v e  

source,  waste form,  weather c o n d i t i o n s ,  remoteness f rom man, r e l e a s e  even t  

s e v e r i t y ,  and man's 1  i v i n g  h a b i t s .  Thus t h e  consequences o f  waste r e l e a s e  

a r e  a  s t r o n g  f u n c t i o n  o f  t h e  c h a r a c t e r i s t i c s  o f  t h e  waste management a l t e r -  

n a t i v e  and an a c c u r a t e  assessment o f  these  consequences can be made o n l y  by 

c o n s i d e r i n g  s p e c i f i c  a l t e r n a t i v e s .  

The genera l  e v a l u a t i o n  method desc r ibed  he re  r e p r e s e n t s  one extreme i n  

the  spectrum o f  p o s s i b l e  methods, i . e . ,  an  assessment o f  t h e  a c t u a l  r i s k .  

A t  t h e  o t h e r  extreme a r e  methods which assess t h e  p o t e n t i a l  hazard f rom 

v a r i o u s  waste  t ypes  and compare t h a t  hazard  t o  some a r b i t r a r y  s tandard  i n  

terms o f  a  hazard i n d e x .  (') For t h e  hazard i n d e x  ana lyses no c o n s i d e r a t i o n  

i s  g i v e n  t o  t h e  p r o b a b i l i t i e s  o f  r e l e a s e  o r  t h e  pa ths  by which t h e  n u c l i d e s  

r e a c h  man. F o r  s o l i d  and l i q u i d  wastes t h e  hazard index  f rom a  g i v e n  waste 

f r a c t i o n  i s  c h a r a c t e r i z e d  by  t h e  q u a n t i t y  o f  wa te r  r e q u i r e d  t o  d i l u t e  each 

n u c l i d e  t o  i t s  R a d i a t i o n  C o n c e n t r a t i o n  Guide v a l u e  (RCG) f o r  u n r e s t r i c t e d  

wa te r  use. For  gaseous wastes t h e  hazard index  i s  c h a r a c t e r i z e d  b y  t h e  

q u a n t i t y  o f  a i r  r e q u i r e d  t o  d i l u t e  each i n d i v i d u a l  n u c l i d e  t o  i t s  RCG v a l u e  

f o r  u n r e s t r i c t e d  use as b r e a t h i n g  a i r .  Us ing t h e  hazard index  o f  n a t u r a l l y  

o c c u r r i n g  o res  o r  h igh -g rade  p i t c h b l e n d e  as a  b a s i s ,  r e l a t i v e  hazards can 

be c a l c u l a t e d  f o r  a  g i v e n  waste t y p e  a t  any t i m e  a f t e r  r e p r o c e s s i n g .  

E v a l u a t i n g  a c t u a l  r i s k  i s  a  b e t t e r  method f o r  assess ing  t h e  i n c e n t i v e s  

f o r  p a r t i t i o n i n g  t h a n  e v a l u a t i n g  p o t e n t i a l  hazard b u t  r e q u i r e s  s i g n i f i c a n t  

t i m e  and manpower and much more d a t a .  T h e r e f o r e ,  t h e  a p p l i c a t i o n  o f  a  

r i s k  method f i r s t  on a  l i m i t e d  s c a l e ,  as  i s  done i n  t h i s  s tudy ,  seems 

warranted.  The r e s u l t s  can then suppor t  t e n t a t i v e  c o n c l u s i o n s  which can i n  

t u r n  g u i d e  more s o p h i s t i c a t e d  e v a l u a t i o n s  o f  p a r t i t i o n i n g  i n c e n t i v e s  and 

e v a l u a t i o n s  o f  concep tua l  p a r t i t i o n i n g  a l t e r n a t i v e s  shou ld  i n c e n t i v e s  e x i s t .  



3.0 SIMPLIFYING AND APPLYING THE METHOD 

The genera l  method can be s i m p l i f i e d  by c o n s i d e r i n g  o n l y  t h a t  waste 

management a c t i v i t y  i n  F i g u r e  1  wh ich  has t h e  g r e a t e s t  r i s k .  T h i s  s t u d y  

assumes t h a t  t h e  r e l e a s e  pathways o f  g r e a t e s t  r i s k  f o r  p a r t i t i o n e d  and 

u n p a r t i t i o n e d  waste o r i g i n a t e  f r o m  t h e  waste i n  i t s  f i n a l  s t o r a g e  s e t t i n g .  

Thus a t t e n t i o n  focuses on t h e  " f i n a l  s t o r a g e "  b l o c k s  i n  t h e  waste management 

a1 t e r n a t i v e s  shown i n  F i g u r e  1, and t h e  r i s k s  f r o m  p r e s t o r a g e  p r o c e s s i n g  

and t r a n s p o r t a t i o n  a r e  assumed t o  be i n s i g n i f i c a n t  r e l a t i v e  t o  t h e  r i s k  

from t h e  s t o r e d  waste.  

The f i n a l  s t o r a g e  r i s k s  r e s u l t  f r o m  v e r y  l o w  f requency  even ts  wh ich  can 

o c c u r  over  g e o l o g i c  t i m e  p e r i o d s  w h i l e  t h e  p r e s t o r a g e  r i s k s  r e s u l t  f rom 

h i g h e r  ( b u t  s t i l l  l ow)  f requency  even ts  wh ich  can occu r  ove r  o n l y  a  v e r y  

s h o r t  t i m e  p e r i o d  (50 t o  100 y e a r s ) .  A t y p i c a l  f i n a l  s t o r a g e  e v e n t  would 

r e l e a s e  a  l a r g e  amount o f  r a d i o a c t i v i t y  f rom conta inment ,  b u t  because t h e  

waste i s  i s o l a t e d  t h e  dose r e c e i v e d  by man can be s m a l l .  A t y p i c a l  p r e s t o r a g e  

e v e n t  wou ld  r e l e a s e  o n l y  a  sma l l  amount o f  r a d i o a c t i v i t y  f rom conta inment ,  b u t  

because t h e  waste i s  l e s s  i s o l a t e d  t h e  dose r e c e i v e d  by man can be l a r g e .  

These v e r y  d i f f e r e n t  c h a r a c t e r i s t i c s  o f  t h e  f i n a l  s t o r a g e  and p r e s t o r a g e  r i s k s  

make compar ison o f  t h e i r  r i s k s  d i f f i c u l t .  Thus, t h e  v a l i d i t y  o f  t h e  assump- 

t i o n  t h a t  f i n a l  s t o r a g e  r i s k s  a r e  much g r e a t e r  t h a n  p r e s t o r a g e  r i s k s  may be 

i n c a p a b l e  o f  una~iibiguous e v a l u a t i o n .  Moreover,  f o c u s i n g  on t h e  waste man- 

agement a c t i v i t y  wh ich  has t h e  l o n g e s t  t i m e  span o f  occu r rence  would seem 

t o  f a v o r  t h e  e x i s t e n c e  o f  p a r t i t i o n i n g  i n c e n t i v e s ,  s i n c e  p a r t i t i o n i n g  f o l -  

lowed by e i t h e r  t r a n s m u t a t i o n  o r  e x t r a t e r r e s t r i a l  d i s p o s a l  e l  i m i  na tes  1  ong- 

l i v e d  n u c l i d e s .  Thus f o c u s i n g  on t h e  f i n a l  s t o r a g e  r i s k s  makes i t  u n l i k e l y  

t h a t  any p a r t i t i o n i n g  i n c e n t i v e  w i l l  be ove r looked .  

F i n a l  s t o r a g e  i s  assumed i n  g e o l o g i c  media r a t h e r  t h a n  seabed o r  i c e  

shee t .  The s u p e r i o r i t y  o f  g e o l o g i c  media f o r  t h e  s a f e  f i n a l  s t o r a g e  o f  

n u c l e a r  wastes has n o t  been shown. However, much i n f o r m a t i o n  e x i s t s  t o  

suggest  t h a t  g e o l o g i c  media (as  a  g e n e r i c  c l a s s )  a r e  f a v o r a b l e  media f o r  

waste s t o r a g e .  T h i s  f a c t  p l u s  t h e  r e l a t i v e l y  w e l l  developed emplacement 



technology,  t h e  absence of i n t e r n a t i o n a l  p o l i t i c a l  c o n s t r a i n t s ,  and t h e  

r e l a t i v e l y  l ow  p r o j e c t e d  implementat ion cos ts  make geo log ic  f i n a l  s to rage  

t h e  most l i k e l y  cand ida te .  

F i gu re  2 shows re l ease  pathways f o r  geo log ic  d i sposa l .  O f  t h e  t h r e e  

types o f  geo log ic  format ions shown, non -sa l t  fo rmat ions  surrounded by 

p a r t i c u l a t e  media a re  assumed f o r  t h i s  s tudy .  The s u p e r i o r i t y  o f  non-sal t 

p a r t i c u l a t e  media has n o t  been shown, b u t  t he  h i g h  s o r p t i o n  c a p a c i t y  o f  

such media make them f a v o r a b l e  candidates f o r  waste s torage.  The h i ghes t  

r i s k  pa th  f rom t h e  s to rage  s i t e  through t he  geosphere t o  t h e  b iosphere i s  

assumed t o  be t he  leach  i n c i d e n t  pathway. The r e l a t i v e  r i s k s  o f  t he  

va r i ous  pathways f rom f i n a l  geo log ic  s torage have n o t  been eva luated,  b u t  

t h e  leach  i n c i d e n t  appears t o  be t he  h i ghes t  p r o b a b i l i t y  r e l ease  even t .  

The p rev ious  t ~ o  assumptions r e s t r i c t  cons ide ra t i on  t o  a  geo log ic  f o rma t i on  

and a  r e l ease  pathway f o r  which a  n u c l i d e  m i g r a t i o n  model has been p r e v i -  

ous l  y  devel  oped. ( 3 )  A m i g r a t i o n  model f o r  s a l t  fo rmat ions  i s  s t i l l  under 

development and cannot  be a p p l i e d  a t  p resen t  t o  e v a l u a t i n g  i n c e n t i v e s  f o r  

p a r t i t i o n i n g .  (4,5)  

H igh - l eve l  waste i s  assumed t o  be t h e  t ype  most l i k e l y  t o  have p a r t i -  

t i o n i n g  i n c e n t i v e s .  A1 1  p a r t i t i o n i n g  process a l t e r n a t i v e s  a r e  assumed t o  

be f e a s i b l e ,  and a l l  nuc l i des  p a r t i t i o n e d  f rom t h e  waste a r e  assumed t o  have 

been comple te ly  e l i m i n a t e d  by e x t r a t e r r e s t r i a l  d i sposa l  o r  t ransmuted t o  

o t h e r  nuc l i des ,  w i t h  n e g l i g i b l e  r i s k  i n  e i t h e r  case. Th is  l a t t e r  assump- 

t i o n  c l e a r l y  maximizes t h e  l i k e l i h o o d  t h a t  p a r t i t i o n i n g  i n c e n t i v e s  w i l l  

e x i s t  and thus  tends t o  b i a s  t h e  a n a l y s i s  i n  f a v o r  o f  p a r t i t i o n i n g .  The 

p r o b a b i l i t y  of r e l ease  f r om t h e  s to rage  s i t e  i s  g i ven  t h e  va lue  "1" so t h a t  

t h e  a n a l y s i s  cons iders  o n l y  r e l e a s e  consequences. 

Having made t h e  f o rego ing  assumptions, t he  method a p p l i e d  here e s t i -  

mates "maximum" i n c e n t i v e s  f o r  p a r t i t i o n i n g  h i gh - l eve l  waste d isposed i n  a  

non -sa l t  p a r t i c u l a t e  geo log ic  medium and re leased  by t h e  l each  i n c i d e n t -  

water  t r a n s p o r t  pathway. The a c t u a l  i n c e n t i v e s  would be somewhat l e s s  than 
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t h i s  a n a l y s i s  shows. The ex is tence  cond i t i ons  f o r  p a r t i t i o n i n g  i n c e n t i v e s  

( i n e q u a l i t i e s  1  and 2 )  reduce thus :  

where: C = consequences f rom u n p a r t i  t i oned  high-1 eve1 waste re1 eased 

by t he  l each  i n c i d e n t  pathway 

Ca = publ i c l y  acceptable re l ease  consequences 

C, = consequences f rom the  l o w - r i s k  f r a c t i o n  o f  the p a r t i t i o n e d  

h i g h - l e v e l  waste. 

Eva lua t i ng  t h e  ex i s tence  c o n d i t i o n s  f o r  p a r t i t i o n i n g  i n c e n t i v e s  r e q u i r e s  

knowledge bo th  o f  t he  p u b l i c l y  acceptable re l ease  consequences and t he  con- 

sequences f o r  t he  re l ease  of  p a r t i t i o n e d  and u n p a r t i  t i oned  waste f rom the  

ac tua l  d isposa l  s i t e .  A t  present  n e i t h e r  the  publ  i c l y  acceptable re l ease  

consequences no r  the c h a r a c t e r i s t i c s  of the  waste management system a re  

known. However, t he  absence o f  t h i s  c r u c i a l  i n f o rma t i on  need n o t  d e t e r  

a p p l i c a t i o n  of a  method f o r  c a l c u l a t i n g  re l ease  consequences. A f t e r  the  

re l ease  consequences have been es t imated  f o r  a  range o f  va lues f o r  t he  

impor tan t  unknowns, "reasonable" values f o r  those unknowns can be assumed 

and a  "bes t "  es t ima te  o f  p a r t i t i o n i n g  i ncen t i ves  can be made. Furthermore, 

when needed i n fo rma t i on  i s  known w i t h  more c e r t a i n t y ,  t h e  c a l c u l a t i o n s  

necessary f o r  the  p a r t i t i o n i n g  d e c i s i o n  w i l l  a l ready  have been made. 

* Using t he  p resen t  method, t h i s  i n e q u a l i t y  w i l l  always be s a t i s f i e d  i n  
t h e  s t r i c t  sense s ince  t he  h i gh  r i s k  f r a c t i o n  has been e l i m i n a t e d  w i t h o u t  
r i s k .  What i s  r e a l l y  meant here i s  t h a t  t he  consequences o f  t h e  u n p a r t i -  
t i o n e d  waste a r e  s i g n i f i c a n t l y  g r e a t e r  than those o f  the  p a r t i t i o n e d  
waste. Thus t h i s  inequal  i t y  i s  s a t i s f i e d  un less t h e  element p a r t i t i o n e d  
has a n e g l i g i b l e  c o n t r i b u t i o n  t o  the  re l ease  consequences. We c l e a r 1  y 
do n o t  want t o  remove an element which does n o t  c o n t r i b u t e  s i g n i f i c a n t l y  
t o  t h e  consequences. 



3.1 GEOSPHERE TRANSPORT MODEL 

The h igh - l eve l  waste* f rom the  U.S. nuc lear  power economy through t he  

Year 2000 (see Appendix A f o r  a  complete nuc l  i d e  source i n v e n t o r y )  i s  

assumed t o  be i n  an underground f i n a l  s torage s i t e  i n  some geo log ic  f o rma t i on  

w i t h  a  su r f ace  water body nearby. The geo log ic  f o rma t i on  cou ld  be subso i l ,  

porous rock ,  o r  f a u l t e d  rock;  b u t  subso i l  i s  assumed here because t he  r e t a r -  

d a t i o n  o f  nuc l i des  by subso i l  i s  apparen t l y  much g rea te r  than t h a t  by o t h e r  

types o f  geo log ic  fo rmat ions .  (See Appendix A f o r  l i s t i n g  o f  t he  s o r p t i o n  

e q u i l i b r i u m  constants .  ) Thus t he  presence o f  o ther  geo log ic  fo rmat ions  a t  

t he  s i t e  can be accounted f o r  by shor ten ing  t he  e f f e c t i v e  d i s tance  between 

t he  t e rm ina l  s to rage  s i t e  and man's environment. 

Impo r tan t  phenomena o f  t h e  t r a n s p o r t  process through s o i l  i n c l ude :  

1  ) convect ion,  2 )  a x i a l  and t ransverse  d i spe rs i on ,  3 )  r a d i o a c t i v e  decay, 

4) adsorp t ion ,  5 )  i o n  exchange, 6)  c o l  l o i d  f i  1  t r a t i o n ,  7 )  r e v e r s i  b l  e  p r e c i  p- 

i t a t i o n ,  and 8 )  i r r e v e r s i  b l  e  m inera l  i za t i on .  Because s tud ies  o f  groundwater 

f l ow i n  s o i l s  suggest t h a t  a x i a l  convect ion and d i s p e r s i o n  a r e  much g r e a t e r  

than t ransverse  convec t ion  and d ispers ion ,  a  one-dimensional t r a n s p o r t  pa th  

( s o i l  column) between t he  f i n a l  s torage s i t e  and t h e  sur face  water body i s  

assumed. Fu r the r ,  because p resen t  methods f o r  measuring t h e  r e t a r d a t i o n  o f  

nuc l i des  f o r  a  g i ven  s o i l  t ype  combine t he  e f f e c t s  o f  t he  l a t t e r  f i v e  phe- 

nomena i n t o  one emp i r i ca l  cons tan t  f o r  each n u c l i d e ,  these e f f e c t s  a r e  con- 

s i de red  toge ther  under t h e  term " so rp t i on . "  

A t  some a r b i t r a r y  t ime a f t e r  t he  waste i s  deposi ted,  t h e  con ten ts  o f  

t he  s i t e  a re  re l eased  a t  s s p e c i f i e d  r a t e  t o  an underground water stream 

which f l ows  a t  a  cons tan t  v e l o c i t y  d i r e c t l y  through t he  s o i l  column t o  t he  

sur face  water  body. A l l  nuc l i des  a r e  assumed t o  be so lub le ,  t o  be p resen t  

a t  a l l  t imes i n  the  same chemical species, and t o  be i n  s o r p t i o n  e q u i l i b r i u m  

a t  a l l  p o i n t s  i n  t h e  s o i l  column. The l a t t e r  assumption should be desc r i p -  

t i v e  o f  most nuc l i des  s i nce  t he  groundwater moves so s l ow l y  (<1 f t / d a y )  t h a t  

t he  r a t e s  o f  s o r p t i o n  and deso rp t i on  a r e  very  l a r g e  r e l a t i v e  t o  t h e  r a t e  o f  

* Inc ludes  a l l  t r i t i u m ,  carbon, and i o d i n e  f rom the  spent f u e l  l e a v i n g  t he  
r e a c t o r s  as w e l l  as t he  a c t i v a t i o n  products  p resen t  i n  t h e  c l add ing .  



convec t i ve  t r a n s p o r t .  The nuc l i des  decay bo th  w h i l e  adsorbed on t h e  s o i l  

and w h i l e  i n  s o l u t i o n .  A cons tan t  a x i a l  d i s p e r s i o n  c o e f f i c i e n t  i s  assumed. 

Ti-ace concen t ra t i ons  o f  t h e  d i s s o l v e d  n u c l i d e s  a r e  assumed i n  o r d e r  t h a t  

t h e  s o r p t i o n  e q u i l i b r i u m  cons tan ts  w i l l  be independent o f  concen t ra t i on .  

For  reasonabl  e  so i  1  c o l  umn c ross - sec t i ona l  areas t h i  s  assuniption may be 

i n v a l i d  ve r y  near  t h e  s o i l  column i n l e t  ( i . e . ,  near  t h e  t e rm ina l  s t o rage  

s i t e )  b u t  should have negl  i g - i  b l e  e f f e c t  on t h e  p r e d i c t e d  n u c l i d e  m i g r a t i o n  

r a t e s  f o r  s o i l  column l eng ths  o f  0.1 m i l e  and g r e a t e r .  

Radionuc l ides decay i n  f i r s t  o rde r  cha ins.  There fo re  t h e  d e s c r i p t i o n  

o f  t h e  m i g r a t i o n  o f  any g i ven  cha in  member r e q u i r e s  t h e  s imultaneous d e s c r i p -  

t i o n  o f  t h e  m i g r a t i o n  o f  a1 1  p recursors  t o  t h a t  cha in  member. A model f o r  

cha in  m i g r a t i o n  which embodies a1 1  of t he  preceding assumptions has been 

developed and so lved  f o r  bo th  impulse and band re leases  a t  t h e  t e rm ina l  

s to rage  s i t e  f o r  two and three-member cha ins .  ( 3 )  s o l u t i o n s  were a l s o  

ob ta i ned  f o r  t h e  s p e c i a l  cases when a x i a l  d i s p e r s i o n  i s  n e g l i g i b l e  and two 

o r  more cha in  members have t h e  same s o r p t i o n  e q u i l i b r i u m  cons tan t .  

The model used f o r  t h i s  s tudy  assumed band r e l e a s e  w i t h  a x i a l  d i s p e r -  

s i o n  f o r  i n i t i a l  i n v e n t o r y  c o n t r i b u t i o n s  on l y .  Thus d i s p e r s i o n  i s  a p p l i e d  

o n l y  t o  those n u c l i d e s  which were a t  t h e  s i t e  a t  t h e  t ime  o f  t h e  r e l e a s e  

i n c i d e n t .  Band r e l e a s e  assumes t h a t  a l l  n u c l i d e s  a r e  re leased  a t  t h e  same 

cons tan t  r a t e  f r om  the  s i t e .  Th i s  assumption imp1 i e s  t h a t  t h e  waste fo rm 

r e t a i n s  i t s  o r i g i n a l  shape (a l t hough  t h e  waste f o rm  ge ts  p r o g r e s s i v e l y  

sma l l e r ) ,  and t h e  waste fo rm m a t r i x  remains i n t a c t  as t h e  nuc l  i des  a r e  

leached ou t .  Thus t h e  r e s i s t a n c e  t o  n u c l i d e  d i f f u s i o n  through t h e  waste- 

dep le ted  m a t r i x  near t h e  waste f o rm  su r f ace  i s  so l a r g e  t h a t  t he  l each  r a t e  

o f  t h e  waste f o r m  m a t r i x  i t s e l f  c o n t r o l s  t h e  leach  r a t e  o f  t h e  con ta ined  

nuc l i des .  Neg lec t i ng  a x i a l  d i s p e r s i o n  f o r  n u c l i d e s  c rea ted  by decay o f  

p recursors  a f t e r  t h e  p recursors  have l e f t  t he  d i sposa l  s i t e  g r e a t l y  reduces 

t h e  numer ica l  d i f f i c u l t i e s  d u r i n g  computer so l  u t i o n  o f  a n a l y t i c a l  r e s u l  t s  

(see Reference 3, p. 20).  Th i s  assumption has a  n e g l i g i b l e  e f f e c t  on t h e  

n u c l i d e  d ischarge  r a t e s  a t  t h e  e x i t  o f  t h e  s o i l  column because t h e  d i f f e r -  

ences i n  m i g r a t i o n  r a t e s  between cha in  members spread t h e  d ischarge  peaks 

much more than  does a x i a l  d i spe rs i on .  The d i f f e r e n t i a l  equat ions,  boundary 



cond i t i ons ,  and a n a l y t i c a l  r e s u l t s  f o r  s i n g l e  nuc l ides ,  two-member chains,  

and three-member chains used i n  t h i s  s tudy a r e  g iven  i n  Appendix B. 

. r .  
The nuc l i des  o f  i n t e r e s t  t o  geosphere m i g r a t i o n  s tud ies  f o r  h i g h - l e v e l  

waste i n c l u d e  f o u r  l a r g e  branched, b u t  n o n i n t e r a c t i n g  a c t i n i d e  decay systems. 
a" 

The m i g r a t i o n  o f  these complex chains was modeled us ing  combinations of 
- J  ' 

s i n g l e  nuc l  ide ,  two-member chain,  and three-mel~~ber cha-in c a l c u l a t i o n s .  

. The simp1 i f i c a t i o n s  used f o r  each of t he  a c t i n i d e  decay chains a r e  discussed 

i n  Appendix C. 

The BASIC 1  anguage computer program GETOUT (GEosphere Transpor t  [ ou t ]  

Of Underground [waste] T reasur ies )  was used t o  per form the  m i g r a t i o n  ca l cu -  

l a t i o n s .  A  general  d e s c r i p t i o n  i s  p rov ided  i n  Appendix D and a  sample ou tpu t  

f o r  a  complete r u n  i s  g iven i n  Appendix I. The d e t a i l s  o f  t h i s  program w i l l  

be repo r ted  i n  t h e  near f u t u r e .  

F igure  3 shows t h e  r a d i o n u c l i d e  d ischarge f rom the  s o i l  column f o r  a  

t y p i c a l  case. Because the  physicochemical  nuc l  i d e - s o i l  i n t e r a c t i o n s  vary  

f o r  t he  nuc l i des ,  t he  s i n g l e  n u c l i d e  d ischarges a r e  separated i n t o  sharp 

chromatographic peaks. The peaks f o r  nuc l i des  i n  t he  a c t i n i d e  decay cha ins  

a r e  more compl icated. F i gu re  4 shows the  p lu ton ium peak i n  d e t a i l .  I n  

a d d i t i o n  t o  t he  c o n t r i b u t i o n s  f rom the  i n i t i a l  i n v e n t o r i e s  o f  p lu ton ium 

isotopes,  t h e r e  a r e  c o n t r i b u t i o n s  from the  decay o f  p lu ton ium precursors ,  

c o n t r i b u t i o n s  f rom p l  utonium descendents, c o n t r i b u t i o n s  fronl t he  descendents 

o f  o t h e r  nuc l ides ,  and a  c o n t r i b u t i o n  f rom the  i n i t i a l  i nven to ry  o f  another 
9 3 

n u c l i d e  ( Z r )  which mig ra tes  w i t h  t h e  same v e l o c i t y  as p lu ton ium.  The 

b iosphere m i g r a t i o n  c a l c u l a t i o n s  and dose r e s u l t s  a r e  ob ta ined  by l o o k i n g  

a t  t he  maxima o f  t he  peaks, one a t  a  t ime, and assuming t he  biosphere 

rece i ves  t he  i n v e n t o r y  o f  nuc l i des  d i scha rg ing  a t  t he  t ime o f  t he  peak 

maximum. The d o t t e d  l i n e  i n  F igu re  4 shows t h i s .  
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3.2 BIOSPHERE TRANSPORT MODEL 

The b iosphere t r a n s p o r t  model f o l  lows the  pathways of  the  n u c l i d e s  from 

the  sur face water body t o  man and c a l c u l a t e s  t h e  r a d i a t i o n  dose. The n u c l i d e s  

a r e  assumed t o  be d i l u t e d  by the  sur face water body (a 10,000 c f s  r i v e r  i n  

t h i s  case) and a r e  assumed t o  reach man by t h e  pathways shown i n  F i g -  

u r e  5. (637) As shown, these  pathways i n c l u d e  e x t e r n a l  exposure f rom 

s h o r e l i n e  a c t i v i t i e s  and r e c r e a t i o n  on and i n  t h e  r i v e r  and i n t e r n a l  expo- 

sures f rom d r i n k i n g  t h e  water,  consumption o f  aqua t i c  food, and consumption 

o f  foods grown o r  r a i s e d  us i ng  r i v e r  wa te r  f o r  i r r i g a t i o n .  

The doses a r e  c a l c u l a t e d  f o r  a  so-ca l  1  ed "maximum" i n d i v i d u a l  whose 

d i e t a r y  and l i v i n g  h a b i t s  as w e l l  as h i s  p r o x i m i t y  t o  t he  d ischarge  f rom 

t h e  s o i l  column maximize those  doses. Table  1  summarizes t h e  assumed s tan-  

dard usages o f  t h i s  "maximum" i n d i v i d u a l .  When c a l c u l a t i n g  t h e  dose t o  t h e  

"maximum" i n d i v i d u a l  f o r  each d ischarge  peak, t h e  n u c l i d e s  a r e  assumed t o  

accumulate i n  t h e  b iosphere f o r  50 years  a t  those peak d ischarge  r a t e s .  

The i n d i v i d u a l  i s  then  assumed t o  be exposed t o  t he  accumulated n u c l i d e s  

f o r  the 50 years  f o l l o w i n g  t h a t  i n i t i a l  50-year b u i l d u p  pe r i od .  Thus t h e  

b iosphere model l i k e n s  t he  su r f ace  wa te r  body and l o c a l  b iosphere t o  a  l a r g e  

tank w i t h  a  100-year holdup t ime  (50-year accumul a t i o n  and 50-year exposure) .  

A t  t h e  end of  t h i s  100-year per iod ,  the  con ten ts  o f  t h i s  t ank  a r e  assumed 

t o  be d ispersed  i n t o  the  r eg iona l ,  n a t i o n a l  and i n t e r n a t i o n a l  b iosphere i n  

a  manner such t h a t  dose consequences a r e  n e g l i g i b l e .  The long- term accumu- 

l a t i o n  and d i s p e r s i o n  o f  n u c l i d e s  i n  t h e  b iosphere has n o t  been i n v e s t i q a t e d .  

Thus, a l though  t h e  assumption made here seems conserva t i ve ,  a d d i t i o n a l  research 

i s  needed i n  t h i s  area.  The b iosphere  t r a n s p o r t  model i n  t h e  p resen t  con- 

t e x t  i m p l i c i t l y  assumes t h a t  man's d i e t a r y  and l i v i n g  h a b i t s  remain con- 

s t a n t  th roughou t  geo log i c  t ime .  Appendices E, F, G, and H  c o n t a i n  d e t a i l s  

o f  t h e  b iosphere  t r a n s p o r t  model, dose f a c t o r s ,  t r a n s f e r  f a c t o r s ,  and a  

d e s c r i p t i o n  o f  t h e  BASIC language computing scheme used f o r  t h e  dose c a l c u l a -  

t i o n s ,  r e s p e c t i v e l y .  The d e t a i l s  o f  t h e  codes used i n  t he  computing scheme 

a r e  r e p o r t e d  elsewhere. ( 7 8 )  
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TABLE 1 .  Standard Usages o f  t h e  Maximum I n d i v i d u a l  

Pathway Annual Usage 

R i v e r  Fish,  kg 18 

R i  ver I nve r t eb ra tes ,  kg 18 

D r i n k i n g  Water f rom R i ve r ,  l i t e r  7 30 

Sho re l i ne  Sediments, h r  500 

Water Recreat ion,  h r  200 

I r r i g a t e d  Produce 
Fresh Leafy Vegetables, kg  3 0 

Other  Fresh Aboveground 
Vegetables, kg 

Potatoes, kg  

Root Vegetables, kg 

B e r r i e s ,  kg 

Melons, kg 

Orchard f r u i t ,  kg 

Wheat, kg 

Other Grain, kg 

Eggs, kg 

M i l k  & Products,  1 i t e r  

iklea t 

Beef, kg 

Pork, kg 

Poul t r y ,  kg 

Remarks 

D iv ided  e q u a l l y  between 
mol luscs and crustaceans 

D i v i ded  e q u a l l y  between 
swimming and boa t i ng  

On bas i s  o f  72 kg / y r  over  
5-month growing season 

On bas is  o f  72 kg / y r  over  
5-month growing season 

On bas i s  o f  20 kg / y r  over  
5-month growing season. 

On bas is  o f  1 R/d over  
9-month g raz i ng  season 



RESULTS AND DISCUSSION 

GEOSPHERE-B IOSPHERE TRANSPORT CALCULATIOriS 

Ca l cu la t i ons  us ing  t h e  i n t e g r a t e d  geosphere-biosphere t r a n s p o r t  model 

were performed f o r  a  base case and paramet r i c  v a r i a t i o n s  f rom t h a t  base case. 

The base case assumed: 1 )  h i gh - l eve l  waste f rom the  U.S.  nuc lea r  power 

economy through t he  Year 2000 ( i n c l u d i n g  a l l  t r i t i u m ,  carbon, and i o d i n e  f rom 

the  spent f u e l  and t h e  a c t i v a t i o n  products  f rom the  c l add ing ) ,  2 )  underground 

d isposa l  i n  western U.S. dese r t  s o i l  w i t h  no s a l t  present ,  3) t he  re l ease  

begins i n  t h e  yea r  2100, 4 )  a  10 m i l e  pa th  l eng th ,  5) a  0.3 wt%/y r  l each  r a t e ,  

6 )  a  water  v e l o c i t y  o f  1  f t / d a y ,  and 7 )  an a x i a l  d i spe rs i on  c o e f f i c i e n t  o f  
2  

0.008 cm /min. Assumptions 3, 5, and 6  a r e  a l l  conserva t i ve  by o rders  o f  mag- 

n i  tude f rom values expected ( i  .e., t he  re l ease  would n o t  1  i k e l y  occur f o r  a t  

l e a s t  1000 t o  10,000 years  a f t e r  t he  Year 2000, a  l each  r a t e  o f  0.001%/yr 

would be expected f o r  a  m o n o l i t h i c  b o r o s i l i c a t e  g l ass  waste form, and a  

0.1 f t / d a y  water  v e l o c i t y  i s  t y p i c a l  o f  western U.S.  dese r t  a q u i f e r s ) .  The 

s o r p t i o n  e q u i l i b r i u m  constants  assumed here ( i m p l i e d  by Assumption 2 )  a re  

bes t  es t imates  f rom e x i s t i n g  l a b o r a t o r y  data f o r  western U.S.  dese r t  s o i l s  

(see Appendix A) .  These data a r e  1  i m i t e d ,  p a r t i c u l a r l y  f o r  t h e  a c t i n i d e s ,  

and research i s  needed i n  t h i s  area. Assumption 4 may n o t  be conse rva t i ve  b u t  

i s  near t he  upper l i m i t  o f  pa th  leng ths  t h a t  would reasonably be expected.* 

The va lues o f  the  parameters used f o r  t he  geosphere t r a n s p o r t  c a l c u l a -  

t i o n s  a r e  summarized i n  Table 2. The t h r e e  parameters va r i ed  a r e  measures 

o f  v a r i a b l e s  over which man has some degree o f  s e l e c t i o n  o r  c o n t r o l  when 

des ign ing  a  management system f o r  nuc lear  wastes, and i t  i s  app rop r i a te  t o  

cons ider  i n c e n t i v e s  f o r  p a r t i t i o n i n g  i n  t h a t  con tex t .  The t ime o f  i n i t i a l  

r e l ease  f rom the  d isposa l  s i t e  a f t e r  t he  Year 2000 i s  a  measure o f  c a n i s t e r  

i n t e g r i t y  and s i t e  s t a b i l i t y  f rom water pene t ra t ion ;  t he  leach  r a t e  i s  a  

measure o f  waste form e f f ec t i veness ;  and t h e  pa th  l e n g t h  i s  a  nieasure o f  

geosphere i s o l a t i o n .  

* Note t h a t  geospheric path l e n g t h  i s  n o t  n e c e s s a r i l y  equal t o  geographic 
sur face  d i s tance .  The l e n g t h  o f  t h e  subso i l  column separa t ing  t he  under- 
ground s i t e  f rom the  su r f ace  water body can be sma l le r  than t he  sur face  d i s -  
tance because o f  subterranean open channels o r  l a r g e r  because o f  an i n d i -  
r e c t  pa th  of m ig ra t i on .  



TABLE 2. Parameter Values o f  Geosphere T ranspor t  C a l c u l a t i o n s  

Time o f  I n i t i a l  Release 
a f t e r  Year 2000, y r  Leach Rate, %/yr Path  Length,  m i l e s  

100 0.3 10 

100 0.3 3 



4.2 DOSE RESULTS 

Tables 3  through 18 d e t a i l  dose r e s u l t s  f o r  t he  parametr ic  v a r i a t i o n s .  

They present  t he  50-year accu~nul a ted  sk in ,  body, and incremental  organ doses* 

f o r  the  var ious  peaks shown i n  F igure  3. The t ime t h a t  each peak occurs 

( s t a r t i n g  from Year 2000) i s  shown a long  w i t h  t h e  c r i t i c a l  organ and t h e  

c o n t r o l  1  i n g  nuc l i des  f o r  t h a t  organ. Background dose (120 mrem/yr x 50 yr  = 

6000 mrem) and the  IVational Counci l  on Rad ia t ion  P r o t e c t i o n  and Measurement 

(NCRP) dose 1  i m i t  f o r  organs (1  500 mrem/yr x 50 y r  = 75,000 mrem) a re  1  i s t e d  

f o r  compari'son. As shown, t h e  c r i t i c a l  organ i s  usual l y  bone, bu t  occa- 

s i o n a l l y  t he  GI-LLI, t h y r o i d ,  o r  l i v e r  dose i s  g rea te r .  

For  t h e  base case (Table 3)  the  doses a r e  above background o n l y  f o r  

"TC and a t  250 years, 14c a t  1550 years, and 2 3 7 ~ p  a t  14,600 years.  - - -  
Nucl ides which a re  s l i g h t l y  below background l e v e l s  a r e  Izbsn a t  161,000 

years  and 2 2 6 ~ a  a t  2,070,000 years .  The 14c dose i s  t h e  most s i g n i f i c a n t  

a t  about 50 t imes background. The combined e f f e c t s  o f  so rp t ion ,  decay, and 

d i spe rs i on  reduce t he  doses f rom a c t i n i d e s  o t h e r  than 2 3 7 ~ p  and from f i s s i o n  

products  1  i ke ' O S ~  t o  be1 ow background 1  eve1 s. 

4.3 EFFECTS OF IMPORTANT PARAMETERS 

F igu re  6, a  graph of  the  r e s u l t s  f rom Tables 3, 5, 7, and 8  shows t he  

e f f e c t  o f  pa th  l e n g t h  on the  incremental  bone dose versus t ime curve 

Resu l ts  a r e  shown f o r  0, 0.1, 1, and 10 m i l e  pa th  l eng ths .  To make t he  

graph more readable,  r e s u l t s  f o r  0.3 and 3  m i l e s  (Tables 4  and 6 )  have n o t  

been p l o t t e d .  The background and NCRP dose l i m i t  l i n e s  a r e  superimposed 

f o r  comparison. For a  zero  pa th  1  ength (a  d isposa l  s i t e  1  ocated i n  the  

sur face  water body i t s e l f )  , a1 1  nuc l  i des  d ischarge  simul taneously w i t h  a  

bone dose o f  600,000 t imes background, c o n t r o l l e d  by ' O S ~ .  For a  pa th  

l e n g t h  o f  0.1 m i l es ,  incrementa l  doses a r e  a t  o r  above background over  most 

o f  t he  100,000-year p e r i o d  r e q u i r e d  f o r  complete d ischarge o f  a l l  nuc l i des  

t o  the  biosphere. The l a r g e s t  dose r e s u l t s  f rom a t  250 years  

* The doses c a l c u l a t e d  i n  t h i s  s tudy  and discussed i n  t h i s  r e p o r t  a re  i n c r e -  
mental  doses; i .e . ,  they a r e  i n  a d d i t i o n  t o  n a t u r a l  background dose. Thus 
a c t u a l  doses a r e  ob ta ined  f rom the  r e s u l t s  i n  Tables 3  through 18 by 
adding t h e  background dose t o  the t a b l e  e n t r i e s .  



Years S i n c e  
B u r i a l  

TABLE 3 .  Summary o f  50 Year Accumulated Dose t o  Maximum I n d i v i d a a l *  
Time o f  I n i t i a l  Re lease  A f t e r  Yr-2000: 100 Yr 
Leach Rate:  0.3%/Yr Pa th  Length:  10 Mi le  

Dose, mrem 
Peak N u c l i d e s  Sk in  Body G I -LL I  T h y r o i d  Bone L i v e r  Lung K idney  ~- ~ 

Remarks 

3 ~ ,  "TC, 1.3E1 2.3E2 2.6E4 1.4E4 5.4E2 8.OE2 7.5EO 1.7E1 G I -LL I :  100% "TC 

4~ 8.OE-3 6.3E4 3.8E4 6.2E4 3.1E5 6.2E4 6.2E4 6.2E4 Bone: 1 0 0 % 1 4 ~  

93bb  4.4E-7 3.5E-1 2.1EO 2.5E-7 2.5E-7 1.3E1 2.5E-7 2.5E-7 L i v e r :  100% 9 3 ~ o  

4 1 ~ a .  7 9 ~ e ,  2 3 7 ~ p ,  3.1E2 1.3E3 2.OE3 2.7E2 1.2E4 3.5E3 2.7E2 2.7E2 Bone: 9 6 % 2 3 7 ~ p + ~  

1 ° ~ e ,  6 0 ~ o ,  59~ i  1.OE-2 4.5E1 2.OE1 8.6E-3 2.7E2 9.5E1 8.6E-3 2.2E-2 Bone: 1 0 0 % 5 9 ~ i  

8 7 ~ b ,  2 2 6 ~ a  6.2E-3 9.1E-2 7.1E-2 5.1E-3 5.7E-1 1 .2E-1 5.1E-3 1.7E-2 Bone: 58% 2 2 9 ~ h ,  31: 2 2 5 ~ a + ~  

3 5 ~ s  6.7E-3 3.5E2 2.OE1 3.8E-3 9.4E2 8.4E2 6.5E2 1.2E-2 Bone, L i v e r ,  Lung: 100% 1 3 5 ~ s  

l o7pd ,  12%n 7.5E2 8.2E2 2.4E3 7.2E2 4.6E3 8.6E2 7.OE2 7.OE2 Bone: 1 0 0 C 1 2 6 ~ n + ~  

1 66MHo 
1 .BE-3 2.1E-2 7.7E-2 1.5E-3 2.3E-1 5.5E-3 1.5E-3 4.8E-3 Bone: 61% '"Th, 33% 2 2 5 ~ a + ~  

2 4 7 ~ m  1.3E-3 1.3E-2 1.7E-2 1 . l E - 3  1.4E-1 7.5E-3 1 . lE -3  3.1E-3 Bone: 56% '"Th, 315 2 2 5 ~ a + ~  

9 3 ~ r ,  1 1 3 M ~ d ,  2 4 3 ~ m ,  2 4 4 ~ u  3.5E-3 7.5E-1 6.6E2 4.4E-4 7.5EO 1.8EO 4.4E-4 2.8E-1 G I -LL I :  lOOZ 9 3 M ~ b ;  

Bone: 56% 9 3 M ~ b .  34';; 2 4 2 ~ u  

238" 
8.9E-1 1 . l E 3  ?.9E1 7.5E-1 2.4E3 2.9E2 7.5E-1 1.2E1 Bone: 86% 2 2 6 ~ a + ~ ,  7; 2 1 0 ~ b + ~  

231 pa 2.4E-2 3.4E1 7.3E-1 2.1E-2 6.8E1 8.7EO 2.1E-2 2.1E-2 Bone: 88tc 2 2 6 ~ a + ~ ,  7% 2 1 0 ~ ~ + ~  

*LST008 Dose I n p u t  F i l e  

Background:  6000 mrem 

NC2P R a d i d t i c n  L i m i t  f o r  Org3ns: 75,000 mrem 
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TABLE 6. Summary o f  50 Year Accumulated Dose t o  Maximum I n d i v i d u a l *  
Time o f  I n i t i a l  Release A f t e r  Yr-2000: 100 Y r  
Leach Rate: 0.3%/Yr Path Length: 0.3 M i l e  

Years S i n c e  Dose, mrenc 
B u r i a l  Peak N u c l i d e s  S k ~ n  Body G I - L L I  T h y r o i d  Bone L i v e r  Lung Kldney Remarks 

1.OE2 3 ~ ,  "TC, 1 2 9 ~  1.3E1 2.5E2 2.6E4 1.4E4 5.4E2 8.2E2 2.7E1 3.7E1 G I - L L I :  ~ O O I ~ ~ T C  

1.4E2 I 4 C  1.3E1 7.4E4 7.OE4 8.8E4 3.7E5 7.5E4 7.5E4 7.5E4 Bone: 1 0 0 $ 1 4 ~  

2.1E2 93b 1.3E1 7.4E4 7.OE4 8.7E4 3.7E5 7.4E4 7.4E4 7.4E4 Bone: 100% 14C 

5.4E2 9 0 ~ r , 4 1 ~ a , 7 9 ~ e , 2 3 7 ~ p  3.1E2 2.5E4 4.5E3 2.7E2 1.1E5 3.9E3 2.7EZ 2.7E2 Bone: 8 9 i 9 0 ~ r , 1 1 X 2 3 7 ~ p + ~  

1.6E3 l 0 ~ e ,  59~i  6.5EO 8.5E1 6.5E1 6.OEI 6.6E2 1  .7E2 6.OEO 6.OEO Bone: 61% 59~i ,  387; 2 3 7 ~ p + ~  

4.6EO 7.9E1 5.4E1 4.OEO 5  8E2 1.6E2 4.OEO 4.OEO Bone: 70% 59r4i, 30% 2 3 7 ~ p + ~  

2.2CO 4.2E1 1.2E1 1.9EO 1.3E2 1.5E1 1.9EO 1.9EO Bone: 64F 2 3 7 N p + ~ ,  31:; 2 2 6 ~ a + ~  

1.9EO 2.9E2 1.3E1 1  .7E@ 6.5E2 5.4E1 1.7EO 1.7ED Bone: 842 2 2 6 ~ a + ~ ,  99 2 3 7 ~ p + ~  

4.5'3 1 3 5 ~ s  3.4EO 5.OE3 9.OE1 2.9EO 1  .OE4 1.7E3 7.3E2 2.9ED Bone: 8 3 '  2 2 6 ~ a + ~ ,  117, 1 3 5 ~ s  

5.OE3 1 0 7 ~ d , 1 2 6 ~ n  2.7E; 8.3E3 7.1E3 2.4E3 2.6E4 3.6E3 2.4E3 2.4E3 Bone: 58 1 2 6 ~ n + ~ , 3 8 ~ 2 2 6 ~ a + ~  

1.5E4 2 4 7 ~ ~  1.5E2 2.6E4 2.6E3 1  2E2 6 . 5 t 4  1  .1E4 1.2E2 3.3E3 Bone. 71 2 2 6 ~ a + ~ ,  12,' 2 4 5 ~ r n + ~ ,  
gut 241Am 

4.4E4 9 3 ~ r ,  1 ' 3 p i d  , 2 4 3 ~ n 1 ,  -""?u 2 .  l i c  2.1E4 1 . 5 t 4  1  . o t i  6 . 7 i 4  1  . i l t 4  I . ~ L L  2 . l E 3  Done: 5 6 .  "'ka+", 2 6  2 3 9 ~ u ,  

1 2 ,  2 4 3 ~ m + ~  

6.2E4 
238" 3.9E2 3.3E5 1.OE4 3.3E2 7.1E5 5.3E4 3.1E? 1  .9E3 Bone: 86 226~a+L l ,  5 2 2 9 ~ h  

7.3E4 2 3 1 ~ a  4.2E2 5.6E5 7.7E3 3.FE2 1.1EO 8.7E4 3.5EL 3.5E2 Bone: 92 2 2 6 R a + ~ ,  4 ,  210pb+D 

2.2E5 2 3 2 ~ h  8 .7E-2  8.7E1 1.4EO 7.5E-2 1.7E2 1.4E1 7.5E-2 7  5E-2 Bone: 92; 2 2 6 ~ a + ~ ,  4 "  2 1 0 ~ b + ~  

- -- -- - - - - 

*LST018 Dose I n p u t  F ~ l e  

Backqround :  6000 mrem 

NCRP Radiation L i n ~ i  t f o r  Organs:  15,000 mrem 



TABLE 7 .  Sumnary of  50 Year Accumulated Dose t o  Maximum Individual* 
Time of I n i t i a l  Release After Yr-2000: 100 Yr 
Leach Rate: 0.3%/Yr Path Length: 0.1 Mile 

Y e a r s  S i n c e  Dose, mrem 
B u r i a l  Peak Nuc l  i d e s  S k i n  Body G I - L L I  T h y r o i d  Bone Liver Kidney Remarks 

1.OE2 3 ~ ,  "TC. 1 2 9 ~  1.3E1 2.5E2 2.6E4 1.4E4 5.4E2 8.2E2 2.7E1 3.7E1 G I - L L I :  100% "TC 

1 .ZE2 14c  1.3E1 7.4E4 7.OE4 8.8E4 3.7E5 7.5E4 1 .8E1 2.8E1 Bone: 100% 14c 

1 .4E2  9 3 ~  1.3E1 7.4E4 7.OE4 8.8E4 3.7E5 7.5E4 l .OE1 2.OE1 Bone: 100% 14c 

2.5E2 4 1 ~ a , 7 9 ~ e , 9 0 ~ r , 2 3 7 ~ p  3.2E2 2.6E7 2.6E6 8.8E4 1.OE8 7.8E4 2.6E2 2.7E2 Bone: 1 0 0 % 9 0 ~ t -  

5 .8E2 6 0 ~ o  1.8E1 1.5E2 1.4E2 1.5E1 2.6E3 3.OE2 1.5E1 1.5E1 Bone: 64% 63~i, 25% 2 3 7 ~ p + ~  

6.OE2 ' O B ~ ,  59~ i  1.7E1 1.8E2 1.5E2 1 .5E1 3.1E3 3.6E2 1 .5E1 1.5E1 Bone: 66% 63~i, 21% 2 3 7 ~ p + ~ .  

13% 59~i 

1.2E1 1.9E2 9.8E1 1.OE1 1.3E3 2.3E2 1 .OE1 1.OE1 Bone: 33% 2 3 7 ~ p + ~ ,  31% 59~i, 

29% 63~i  

9.9E2 B 7 ~ b  9.8EO 6.1E2 5.6E1 8.3EO 1.6E3 1.3E2 8.3EO 8.4EO Bone: 684  2 2 6 ~ a + ~ ,  22% 2 3 7 ~ ~ + ~  

1.6E3 3 5 ~ s  6.9EO 5.2E3 1.2E2 6.OEO l . l E 4  1.7E3 7.3E2 6.OEO Bone: 83% 2 2 6 ~ a + ~ ,  10% 1 3 5 ~ s  

1.8E3 1 2 6 ~ n ,  l o 7 p d  2.7E3 9.1E3 7.3E3 2.5E3 2.9E4 4.7E3 3.1E3 2.4E3 Bone: 562 1 2 6 ~ n + ~ ,  37% 2 2 6 ~ a + ~  

3.8E3 1 66MHo 1.5E1 2.OE4 2.9EZ 1.3E1 4.1E4 3 .2E3  1.3E1 1.3E1 Bone: 92% 2 2 6 ~ a + ~ ,  4% 2 1 0 ~ b + ~  

3.OE2 3.1E4 5.5E3 2.4E2 9.4E4 2.OE4 2 . 4 i 2  7 .2E3 Bone: 59% 2 2 6 ~ a + ~ ,  19% 2 4 5 ~ m + ~ ,  

15% 2 4 1 ~ m  

1 .5E4 93~r ,  2 4 3 ~ m ,  2 4 4 ~ u ,  1 1 3 M ~ d  3.8E3 1.2E5 6.9E4 3.2E3 4.3E5 1.1E5 3.2E3 9.5E3 Bone: 41% 2 4 3 ~ m + ~ ,  43% 2 2 6 ~ a + ~ ,  

9% 2 3 9 ~ "  

1.4E2 B.2E4 1.8E3 1.2E2 1.7E5 1.3E4 1.2E2 2.3E3 Bone: 87% 2 2 6 ~ a + ~ .  5 % p 2 3 4 ~  

l . l E 2  7.5E4 2.5E3 9.1E1 1.5E5 1.2E4 9.1E1 9.1E1 Bone: 88% 2 2 6 ~ a + ~ ,  4% 2 1 0 ~ b + ~  

8.5E-1 7.6E2 1 .1E l  7.4E-1 1.5E3 1.2E2 7.4E-1 7.4E-1 Bone: 92% 2 2 6 ~ a + ~ ,  4% 2 1 0 ~ b + ~  

*LST013 Oose I n p u t  F i l e  

Backg round :  6000  mrem 

nCRP R a d i a t i o n  L iv , ! t  f o r  Organs: 75.000 mrem 
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TABLE 9. Summary of 50 Year Accumulated Dose t o  Maximum Individual* 
Time o f  I n i t i a l  Release After Yr-2000: 100 Yr 
Leach Rate: 0.03%/Yr Path Length: 10 Mile 

Years S i n c e  - Dose, mrem 
B u r i a l  Peak Nuc l i des  3 Body GI-LL7 T h y r o i d  i v e r  Lung KTdney Remarks 

2.5E2 3 ~ ,  "TC, 12'1 1.3EO 2.3E1 2.6E3 1.4E3 5.4E1 8.OEO 7.5E-1 1.7EO G I - L L I :  100% "TC 

1.6E3 4~ 8.OE-4 6.2E3 3.8E3 6.2E3 3.1E4 6.2E3 - - -  --- Bone : 100% 14c 

3.7E3 3 tb  6.5E-4 4.8E3 2.9E3 4.8E3 2.4E4 4.8E3 2.5E-8 2.5E-8 Bone: 100% 

1 .5E4 41 Ca, 79Se, 2 3 7 ~ p ,  "Sr 3.OE1 1.3E2 2.OE2 2.6E1 l . l E 3  3.4E2 2.6E1 2.6E1 Bone: 9 6 % 2 3 7 ~ p + ~  

4.9E4 O B ~ .  59~i, 6 0 ~ o  8.6E-3 4.6EO 2.OEO 7.2E-3 2.7E1 9.4EO 7.2E-3 1.9E-2 Bone: 98% 59~ i  

7.3E4 2 2 6 ~ a ,  8 7 ~ b  5.3E-3 4.2E-2 4.6E-2 4.4E-3 4.OE-1 2.3E-2 4.4E-3 1.5E-2 Bone: 55% 2 2 9 ~ h ,  304 2 2 5 ~ a + ~  

1.4E5 3 5 ~ s  4.2E-3 3.8E1 2.3EO 3.3E-3 1 .OE2 9.7E1 7.2E1 1 . l E - 2  Bone, L i v e r ,  Lung: 100% 1 3 5 ~ s  

1.6E5 l o7Pd ,  126Sn 9.OE1 9.3E1 2.8E2 8.3E1 5.3E2 9.8E1 8.OE1 8.OE1 Bone: 100% 12'5n+0 

3.6E5 1 66MHo 1.5E-3 1.6E-2 2.OE-2 1.3E-3 1 - 1  4.3E-3 1.3E-3 4.2E-3 Bone: 60% 2 2 9 ~ h .  33% 2 2 5 ~ a + ~  

4.8E5 2 4 7 ~ m  9.9E-4 9.8E-3 1.2E-2 7.9E-4 1.1E-1 3.7E-3 7.9E-4 2.5E-3 Bone: 59% 2 2 9 ~ h ,  32% 2 2 5 ~ a + ~  

1.4E6 93zr, 1 1 3 M ~ d ,  243~,, 2 4 4 P ~  2 . 5 ~ - 3  5.5E-1 4.3E2 3.4E-4 5.1EO 1.2EO 3.4E-4 1.9E-1 G I - L L I :  100% 9 3 M ~ b ;  gone 55;; 

9 3 M ~ b ,  36% Z 4 2 ~ U  

2.1E6 2 3 8 ~  9.OE-1 1.2E3 2.4E1 7.3E-1 2.4E3 2.2E2 7.3E-1 7.9EO Bone: 9OX 2 2 6 ~ a + ~ ,  5% 2 1 0 ~ b + ~  

2.4E6 231 Pa 2.4E-2 3.3E1 5.7E-1 2.1E-2 6.5E1 6.2EO 2.1E-2 2.4E-2 Bone: 9 1 % 2 2 6 ~ a + ~ , 5 % 2 1 0 P b + ~  

2.5E-4 6.2E-3 3.7E-2 2.2E-4 9.5E-2 3.1E-3 2.2E-4 2.2E-4 Bone: 44? 2 3 2 ~ h + ~ ,  35% 

2 2 4 ~ a + ~ ,  21 5 2 2 8 ~ h + ~  

*LST009 Dose I n p u t  F i l e  

Backqround: 6000 Illrem 

NCRP R a d i a t i o n  L i m i t  f o r  O r ~ 3 n 5 :  75,000 crem 



TABLE 10. Sumnary o f  50 Year Accumulated Dose t o  Maximum I n d i v i d u a l *  
Time o f  I n i t i a l  Release A f t e r  Yr-2000: 100 Y r  
Leach Rate: 0.003%/Yr Path Length: 1 0 M i l e  

Years S i n c e  - Dose, mrem 
B u r i a l  Peak N u c l i d e s  S k i n  Body GI -LL I  T h y r o i d  Bone L i v e r  Lung Kidney Remarks 

2.5E2 3 ~ .  "TC, 1 2 9 ~  1.3E-1 2.3EO 2.6E2 1.4E2 5.4EO 8.OEO 7.5E-2 1.7E-1 G I - L L I :  1005 "TC 

8.OE-5 6.1E2 3.7E2 6.1E2 3.OE3 6.1E7 --- --- Bone: 100% 14C 

6.OE-5 4.7E2 2.9E2 4.7E2 2.4E3 4.7E2 2.4E-9 2.4E-9 Bone: 100% 14C 

1.5E4 4 1 ~ a ,  7 9 ~ e ,  2 3 7 ~ p  3.3EO 1.4E2 9.7E1 1.3E2 7.5E2 1.6E2 2.9EO 2.9EO Bone: 83% 14C, 16': 2 3 7 ~ p + ~  

3.1E4 gost- 2.9EO 2.9E1 2.9E1 2.OE1 2.2E2 4.8E1 2.5EO 2.5EO Bone: 5 4 ~ ~ ~ ~ ~ p + ~ , 4 4 % ~ ~ ~  

4.8E4 ''Be, 59~ i  7.7E-3 5.OE-1 2.6E-1 6.4E-3 3.2EO 9.6E-1 6.4E-3 1.8E-2 Bone: 8 3 %  59~i, 8% 2 2 9 ~ h  

6.5E4 6 0 ~ o  6.2E-3 4.4E-1 2.3E-1 5.1E-3 2.8EO 8.3E-1 5.1E-3 1.6E-2 Bone: 83s 5J~i,  9" 2 2 9 ~ h  

7.3E4 2 2 6 ~ a  5.7E-3 4.1E-1 2.2E-1 4.7E-3 2.7EO 7.8E-1 4.7E-3 1 .6E-2 Bone: 82' 5 9 ~ 1 ,  10: 2 2 9 ~ h  

8.9E4 8 7 ~ b  5.1E-3 4.3E-2 5.2E-2 4.1E-3 4.5E-1 1.3E-2 4.1E-3 1.4E-2 Bone: 57: 2 2 9 ~ h ,  32:: 2 2 5 ~ a + ~ ,  

10" 233u  

1.4E5 1 3 5 ~ s  4.OE-3 3.9EO 2.7E-1 3.3E-3 I . ] E l  9.7EO 7.2EO 1 . l E - 2  Body, Bone, L i v e r ,  Lung: ..loo. 1 3 5 ~ s  

1.6E5 lo7pd,  12'5n 9.OEO 1 .3E1 2.8E1 8.3EO 6.4E1 1 .9E1 1 .5E1 8.OEO Bone: 2 3 -  1 2 6 ~ n + ~ ,  16 :  1 3 5 ~ ~  

3.8E5 lbbMHO 1.4E-3 1.5E-2 1.8E-2 1.2E-3 1 .6E-1 3.9E-3 1.2E-3 4.OE-3 Bone: 60, 2 2 9 ~ h ,  32" 2 2 5 ~ a + ~  

4.8E5 2 4 7 ~ m  9.1E-4 9.3E-3 1 . l E - 2  7.8E-4 9.9E-2 2.6E-3 7.8E-4 2.6E-3 Bone: 60 2 2 9 ~ h .  32 2 2 5 ~ a + ~  

1.5E6 9 3 ~ r .  1 1 3 M ~ d ,  2 4 3 ~ m ,  2 4 4 ~ u  4.3E-4 2.8E-1 4.9E1 1 .RE-4 1 .OEO 1.8E-1 1.8E-4 2 . l E - 2  G I - L L I :  100- 9 3 M ~ b ;  Bone: 45' 

2 2 6 ~ a + ~ .  31 9 3 M ~ b .  

2.1E6 2 3 8 ~  7.1E-1 l.OE3 1.7E1 6.3E-1 2.0E3 1.9E2 6.3E-1 1.6EO Bone: 9 1  2 2 6 ~ a + ~ ,  5" 2 1 0 ~ b + ~  

2.4E6 2 3 1 ~ a  2.2E-2 3.2E1 5.3E-1 1.9E-2 6.3E1 5.8EO 1.9E-2 2.2E-2 Bone: 91 2 2 6 ~ a + ~ ,  5 ,  2 1 0 ~ b + ~  

9.3E-5 2.3E-3 1.4E-2 8.2E-5 3.6E-2 1.2E-3 8.2E-5 8.2E-5 Bone: 45 2 3 2 ~ h + ~ ,  35. 2 2 4 ~ a + ~ ,  

21 2 2 8 ~ h + ~  
-- 

*LSTO10 Dose I n p u t  r i l e  

Background:  6000 mrem 

NCSP . ? a d l a t i o n  L i n i t  f a r  3 rqans :  ii.OOO mrec  



TABLE 11. Sumnary o f  50 Year Accumulated Dose t o  Maximum I n d i v i d u a l *  
Time o f  I n i t i a l  Release A f t e r  Yr-2000: 100 Y r  
Leach Rate: 0.0003%/Yr Path Length: 10 M i l e  

Years Since Dose, mrem 
B u r l a l  Peak Nuc l ides  S k i n  Body GI-LLI T h y r o i d  Lung Kidney Remarks 

Z.5tZ 3 ~ .  9 9 ~ c .  '''1 1.3E-2 2.3E-1 2.6E-1 1.4E-1 5.4E-1 8.OE-1 7.5E-3 1.7E-2 GI -LL I :  100% " lc  

1.3E-2 5.9E1 6.1E1 7.3E1 3.OE2 6.OE1 7.5E-3 I .7€-2 Bane: 100% I 4 c  

I . )€-2 4.5E1 5.3E1 5.9E1 2.2E2 4.6El 7.5E-3 1.7E-2 Bone: 100% 14c 

1.6E4 4 1 ~ a ,  79Se, Z 3 7 ~ p  3.OE-1 1.2E1 3.3E1 2.5E+I 6.4E1 1.5E1 2.6E-1 2.7E-1 Bone: 82% I 4 c ,  17% 2 3 7 ~ ~ + ~  

5.OE4 lo&, " ~ 1  3 . 0 i - I  1.5EO 2.5E1 1 .5Et l  1.3El 3.7EO 2.6E-1 2.7E-I Bane: 8 4 1 2 3 7 ~ p + 0  

2 . 9 ~ - 1  1 . 3 ~ 0  2.4E1 1.4E1 1 . 2 ~ 1  3 . 1 ~ 0  2 . 5 ~ - I  2 . 6 ~ - I  Bone: 905 2 3 7 ~ p + n  

2.9E-1 1.4EO 2.OE1 1.4E1 1.2El 3.2EO 9.6E-1 2.6E-1 Bone: 84% 2 3 7 ~ ~ + ~ ,  8% I3'cs 

1.6E5 lo7pd, 1 2 6 ~ n  1.2EO 2.3EO 2.2El 1.5EO 1.7El 4.1EO 1.8EO 1.1EO Bone: 59% 2 3 7 ~ p + 0 .  

30% 1 2 6 ~ n + ~  

1.OEO 2.2EO 2.OE1 1.5E1 1 .7E l  3.9EO 1.7EO 9.6E-1 Bone: 62% 2 3 7 ~ ~ + ~ .  

27% l Z 6 ~ n + 0  

8.8E-1 1.9EO 1.8E1 1.5E1 1.5E1 3.5EO 1.5EO B.1E-l  Bone: 65% 2 3 7 ~ p + ~ ,  

24% 1 2 6 ~ n + 0  

7.7E-1 1.7EO 3.3EO 7.1E-1 1.5E1 2.8EO 1.4EO 7.1E-1 Bone: 69% 2 3 7 ~ p + 0 ,  

21% 126Sn+0 

9.7E-Z 1.2E-I 7.9E-1 8.9E-2 7.6E-1 1 .8E- I  8.7E-2 9.OE-2 Bone: 7 5 % 1 2 6 ~ n + 0  

8% 2 2 5 ~ a + o  

1.5E-3 1.5E-2 1.8E-2 1.2E-3 1.6E-1 4.OE-3 1.2E-3 4.1E-3 Bone: 59% 2 2 9 ~ h ,  331 2 2 5 ~ a + 0  

1.4E6 93~r.  2 4 4 ~ u  9.8E-5 7.2E-2 4.9EO 6.4E-5 2.OE-1 2 6 E - 2  6.4E-5 2.2E-3 GI -LL I :  1 0 0 % g 3 n ~ b  

Bone: 667 2 2 6 ~ a + ~ .  16 '  g 3 n ~ b  

1.6E6 113n~d, 243Pm 4.2E-4 5.4E-1 4.4EO 3.5E-4 1.IEO 1.1E-l 3.5E-4 1.9E-3 GI -LL I :  l W %  'InNb 

Bone: 88; 2 2 6 ~ + ~  

2.1E6 2 3 8 ~  1.8E-l  Z.5EZ 4.3EO E l  5.OE2 4.7E1 1.5E-1 2.5E-1 Bone: 911  226Ra+0 

2.4E6 2 3 1 ~ a  1.2E-1 1.BE2 2.9EO 1.1E-l 3.5E2 3.2E1 I . 1 E - l  1.1E-l  Bone: 9 1 4 2 2 6 ~ a  

7.3E6 2 3 2 ~ h  9.3E-6 2.4E-4 1.4E-3 8.ZE-6 3.6E-3 1.2E-4 8.2E-6 8.2E-6 Bane: 4 5 T 2 3 2 ~ h + 0 ,  3 5 % 2 2 4 R a + ~ .  

212 2 2 8 ~ h + ~  

.LSTO11 Dose I n p u t  F i l e  

Background: 6000 m r w n  

NCRP R a d i o t i o n  I . l m i t  f o r  Organs. 75,000 m r e m  



TABLE 12. Summary of 50 Year Accumulated Dose t o  Maximum Individual* 
Time of I n i t i a l  Release After Yr-2000: 100 Yr 
Leach Rate: 0.03%/Yr Path Length 0.1 Mile 

Years S ince  Dose, mrem 
B u r i a l  Peak Nuc l i des  S k i n  Body GI-LLI  T h y r o i d  Bone Lung Kidney - Remarks 

1 .OE2 3 ~ ,  "TC, 1.3EO 7.4E3 7.OE3 8.8E3 3.7E4 7.5E3 7.5E3 7.5E3 Bone: 1 0 0 % 1 4 ~  

1.4E2 14c, 93b 1.3EO 7.4E3 7.OE3 8.8E3 3.7E4 7.5E3 7.5E3 7.5E3 Bone: 100% 14c 

2.6E2 4 1 ~ a ,  7 9 ~ e ,  gost-, 2 3 7 ~ p  3.1E1 2.OE6 2.OE5 8.8E3 7.8E6 7.8E3 7.8E3 7.8E3 Bone: 9 9 % 9 0 S r  

6.2E2 ''Be, 59~i 3.OE1 7 . 6 i 3  7.OE3 8.4E3 3.8E4 7.5E3 7.5E3 7.5E3 Bone: 92% 14c 

8.6E2 2 2 6 ~ a  3.OE1 7.OE3 6.9E3 8.2E3 3.5E4 7.3E3 7.3E3 7.3E3 Bone: 9 6 % 1 4 c  

1.6E3 3 5 ~ s  3.1E1 6.9E3 6.5E3 7.6E3 3.3E4 6.9E3 6.9E3 5.9E3 Bone: 93% 14c 

1 .8E3 126Sn, l o7pd  3.OE2 7.2E3 7.2E3 7.8E3 3.5E4 7.1E3 7.1E3 7.1E3 Bone: 8 8 % 1 4 c  

3.OE2 7.8E3 7.OE3 7.4E3 3.7E4 7.OE3 7.OE3 7.OE3 Bone: 78% 14c,  13% 2 2 6 ~ a + ~  

3.OE2 8.1E3 6.9E3 7.3E3 3.7E4 6.9E3 6.9E3 6.9E3 Bone: 765: 14c, 16% 2 2 6 ~ a + ~  

3.8E3 
1 66MH0 

2.7E2 8.5E3 8.3E2 2.5E2 1 .8E4 1.7E3 3.2E2 2.4E2 Bone: 84% 2 2 6 ~ a + ~ ,  9% lZ6Sn+D 

5.1 E3 2 4 7 ~ m  3.3E1 6.8E3 6.OE2 2.5E1 1 i E 4  2.6E3 2.5E1 7.2E2 Bone: 73% 2 2 6 ~ a + 0 ,  11T 2 2 5 ~ m + ~ ,  

8' 2 4 1 ~ m  

1.5E4 2 4 3 ~ m ,  9 3 ~ r ,  244?d, 1 1 3 M ~ d  4.3EP 4 7E4 8.OE3 3 . 7 E ?  1 1E5 1 .YE4 3.7E2 1 .OE3 Bone. 72" 2 2 6 ~ a + ~ ,  18 2 4 3 ~ m + ~  

6.9E1 8.1E4 1.3E3 5.9E1 1 .6E5 1.2E4 5.9E1 3.2E2 Bone: 92% 2 2 6 ~ a + ~ ,  4% 2 1 0 ~ b + ~  

6.OE1 6.9E4 1.3E3 5.1E1 1.4E5 1.1E4 5.1E1 5.1E1 Rone: 9 1 " 2 2 6 ~ a + ~ , 4 ' j ' 2 1 0 ~ b + ~  

7.4E4 2 3 2 ~ h  7.1E-1 9.4E2 1.4E1 6.2E-1 1.9E3 1.5E2 6.2E-1 6.2E-1 Bone: 922 2 2 b ~ a + ~ ,  4% L i u ~ b + ~  

*LSTnl4 Dose I n p u t  F i l e  

Background: 6000 mrem 

NCRP R ~ d i a t i s n  i l v r  t for- O r g a o - :  '5,C'CC n r e n  



Years S i n c e  
B u r i a l  

TABLE 13. Summary of 50 Year Accumulated Dose t o  Maximum Individual* 
Time of I n i t i a l  Release Af ter  Yr-2000: 100 Yr 
Leach Rate: 0.003%/Yr Path Length: 0.1 Mile 

Dose, mrem 
- Peak N u c l i d e s  S k i n  Body GI -LL I  T h y r o i d  Bone L i v e r  Lung Kidney Remarks 

3 ~ ,  "TC, 12'1 3.OEO 7.3E2 7.1E2 8.6E2 3.7E3 7.6E2 7.6E2 7.6E2 Bone: 9 6 % 1 4 c  

3.2EO 2.6E5 2.6E4 8.4E2 1 .OE6 7.5E2 7.5E2 7.5E2 Bone: 99% 'O.Sr 

3.OEO 1.4E3 7.7E2 8.5E2 6.5E3 7.6E2 7.6E2 7.6E2 Bone: 5 5 % 1 4 ~ , 4 3 % 9 0 ~ r  

6 0 ~ o ,  7 9 ~ e ,  4 1 ~ a ,  2 3 7 ~ p ,  3.OEO 7.7E2 7.1E2 8.4E2 3.8E3 7.5E2 7.5E2 7.5E2 Bone: 91% 14C, 6% 

''Be, 59~i 

2 2 6 ~ a ,  8 7 ~ b  3.1EO 6.9E2 6.7E2 7.9E2 3.4E3 7.OE2 7.OE2 7.OE2 Bone: 9 5 % 1 4 C  

3 5 ~ s  3.OE1 7.3E2 7.2E2 7.8E2 3.5E3 7.2E2 7.2E2 7.2E2 Bone: 8 7 % 1 4 ~ , 5 % 1 2 6 ~ n + 0  

lo7Pd,  l Z 6 5 n  3.OE1 7.4E2 7.1E2 7.6E2 3.6E3 7.OE2 7.OE2 7.OE2 Bone: 8 4 % 1 4 ~ , 8 % 2 2 6 ~ a + ~  

5% 1 2 6 ~ n + ~  

1 66MH0 3.OE1 1.5E3 6.4E2 6.4E2 4.6E3 7.1E2 7.1E2 7.1E2 Bone: 5 1 % 1 4 ~ , 3 9 % 2 2 6 ~ a + ~  

2 4 7 ~ m  3.4E1 2.7E3 6.7E2 6.6E2 7.OE3 9.8E2 3.7E1 9.9E1 Bone: 58% 2 2 6 ~ a + 0 .  29% 14C 

9 3 ~ r ,  243h, 2 4 4 ~ u  8.5E1 2.3E4 1.4E3 3.3E2 4.7E4 4.7E3 2.8E1 1.8E2 Bone: 86% 2 2 6 ~ a + 0 ,  4% 2 1 0 ~ b + ~ .  

4% 2 4 3 ~ m + ~  

238" 
8.1E1 4.4E4 1.5E3 2.6E2 9.2E4 7.7E3 6.9E1 1 .8E2 Bone: 90% 2 2 6 ~ a + 0 ,  4% 2 1 0 ~ b + ~  

231 pa 8.5E1 5.6E4 1.5E3 2.4E2 1 . l E 5  9.3E3 8.1E1 1.8E2 Bone: 91% 2 2 6 ~ a + 0 ,  5% 2 1 0 ~ b + ~  

11 3MCd 
9.6E1 8.2E4 1.8E3 2.2E2 1.7E5 1.3E4 9.OE1 1.5E2 Bone: 9 2 % 2 2 6 ~ a + ~ , 5 % 2 1 0 P b + ~  

2 3 2 ~ h  1.2E1 1.6E4 2.2E2 1 .OE1 3.2E4 2.5E3 1 .OE1 1 .OE1 Bone: 92% 2 2 6 ~ a + ~ ,  4% 2 1 0 ~ b + 0  

*LST015 Uose I n p u t  F i l e  

Background:  6000 mrem 

NCRP R d d i d t i o n  L i m i t  f o r  Organs: 75.000 mrem 

1 

' , I r ' ,  
I . .  



TABLE 14. Summary o f  50 Year Accumulated Dose t o  Maximum I n d i v i d u a l *  
Time o f  I n i t i a l  Release A f t e r  Yr-2000: 100 Y r  
Leach Rate: 0.0003%/Yr Path Length: 0.1 M i l e  

Years S i n c e  Dose, mrem 
B u r i a l  Peak Nucl i d e s  Skin _BnPr GI-Ill T h y r o i d  Bone Liver Lung Kidney - Remarks 

1.OE2 3 ~ ,  "TC, 1 2 9 ~  3.OE-1 4.8E1 5.5E1 6.OE1 2.4E2 5.OE1 5.OE1 5.0E1 Bone: 9 5 % 1 4 c  

5.9E2 'jOco- 3.OE-1 5.6E1 5.6E1 6.OE1 2.8E2 5.1E1 5.1E1 5.1E1 Bone: 83% 14c,  12% 

3.OC-1 6.OE1 5.6E1 6.OE1 2.5E2 5.1E1 5.1E1 5.1E1 Bone: 91% 14c,  4% 2 3 7 ~ p + ~ ,  

4% 

3.OE-1 5.OE1 5.6E1 6.OE1 2.5E2 5.1E1 5.1E1 5 . 1  Bone: 91j, 14c, 4% 2 3 7 ~ p + ~ ,  

45  'Osr 

W 
w 1.6E3 3 5 ~ s  3.OE-1 4.8E1 5.5E1 6.3E1 2.4E2 5.2E1 5.2E1 5.2E1 Bone: 94'; 14c ,  4% 2 3 7 ~ p + ~  

1.8E3 07Pd, lZ6Sn 3.OEC) 5.1E1 6.3E1 6.3E1 2.6E2 5.4E1 5.4E1 5.4E1 Bone: 8 9 ' 1 4 ~ , 6 ' 1 2 6 ~ n + ~  

4.OE3 1 6 6 M ~ o ,  14c, "MO 3.OEO 5.1E1 6.2E1 6.3E1 2.6E2 5.4E1 5.4E1 5.4E1 Bone: 8 9 % 1 4 ~ , 6 % 1 2 6 ~ n + ~  

5.1E3 7 9 ~ e ,  ''Be, 2 2 6 ~ a ,  4 1 ~ ~ ,  3.OEO 4.6E1 5.9E1 5.8E1 2.3E2 5.OE1 5.OE1 5.OE1 Bone: 88% 14c ,  7 1  1 2 6 ~ n + ~  

2 3 7 ~ p ,  2 4 7 ~ m  

1.6E4 2 4 3 ~ m ,  2 4 4 ~ ~ ,  9 3 ~ r ,  1 1 3 M ~ d  7 . 7 t 0  2.4E3 1 .4E2 3.2E1 5.1E3 4.8E2 7.5EO 1.3E1 Bone: 87' 2 2 6 ~ a + ~ ,  4-  2 1 0 ~ b + ~  

2.6E4 2 3 1 ~ a  6.5EO 6.4E3 1.5E2 2.3E1 1.3E4 1 .OE3 5.7EO 1.3E1 Bone: 91E 2 2 6 ~ a + ~ ,  4%, 2 1 0 ~ b + ~  

7.9E4 2 3 2 ~ h  2 . l t l  2.8E4 4.1E2 3.2E1 5.5E4 4.3E3 1.8E1 2.1E1 Bone: 9 2 * 2 6 ~ a + ~ ,  4% 2 1 0 ~ b + ~  

*LSTOi6 Dose I n p u t  F i l e  

Background: 6000 n!rem 

NCHP R a d i a t i o n  L i m i t  f o r  Organs: 75,000 mrem 



TABLE 15. Summary o f  50 Year Accumulated Dose t o  Maximum I n d i v i d u a l *  
Time o f  I n i t i a l  Release A f t e r  Yr-2000: 100 Y r  
Leach Rate: 0.0003%/Yr Path Length:  1 M i l e  

Years Since 
B u r i a l  Peak Nuc l ides  

1.2E2 3 ~ ,  "TC, 

4.1E3 14c, 9 3 ~  

5.1E3 4 1 ~ a .  7 9 ~ e ,  2 3 7 ~ p  

5.2E3 1 ° ~ e ,  "Ni 

1.OE4 2 2 6 ~ a  

l . l E 4  8 7 ~ b  

*LST019 Dose I n p u t  F i l e  

8ackaround: 6000 mrem 

NCRP Rsdia t i o i i  L i n i i  t fcr  Organs: 

Dose, mrem 
Skin Body GI-LLI  Thyro id  Bone Lung Kidney Remarks 

3.OE-1 4.8E1 5.5E1 6.OE1 2.4E2 5.1E1 5.1E1 5.1E1 Bone: 9 5 % 1 4 c  

3.OE-1 4.8E1 5.5E1 6.OE1 2.4E2 5.1E1 5.1E1 5.1E1 Bone: 9 5 % 1 4 c  

3.OE-1 4.3E1 5.2E1 5.6E1 2.2E2 4.6E1 4.6E1 4.6E1 Bone: 9 4 % 1 4 c  

3.OE-1 4.3E1 5.2E1 5.6E1 2.2E2 4.6E1 4.6E1 4.6E1 Bone: 94% 14c  

3.OE-1 2.4E1 4.OE1 3.7E1 1.2E2 2.7E1 2.7E1 2.7E1 Bone: 90% 14c, 9% 2 3 7 ~ p + ~  

3.1E-1 3.6E1 3.9E1 3.4E1 1.4E2 2.6E1 2.6E1 2.6E1 Bone: 71% 14c,  19% 2 2 6 ~ a + 0  

Bone: 63% 2 2 6 ~ a + 0 ,  19% 14c,  

6% 1 2 6 ~ n + ~  

Bone: 92% 2 2 6 ~ a + ~ ,  4% 2 1 0 ~ b + ~  

Bone: 92% 2 2 6 ~ a + ~ ,  4% 2 1 0 ~ b + ~  

Bone. 92:: 2 2 6 ~ a + ~ ,  4% 2 1 0 ~ b + ~  

Bone: 92% 2 2 6 ~ a + ~ .  4% 2 1 0 ~ b + ~  

Bone: 92% 2 2 6 ~ a + ~ ,  4% 2 1 0 ~ b + ~  

Bone: 92% 2 2 6 ~ a + ~ ,  4% 2 1 0 ~ b + ~  

Bone: 92% 2 2 6 ~ a + 0 ,  4% OPb+0 





TABLE 17. Sumnary o f  50 Year Accumulated Dose t o  Maximum I n d i v i d u a l *  
Time o f  I n i t i a l  Release A f t e r  Yr-2000: 100,000 
Leach Rate: 0.3%/Yr Path Lengt.h: 10 M i l e  

Years S i n c e  
B u r i a l  Peak Nuc l ides  

- 
Sk in  Body 

- -- - . 

*LSi005 Eose I n p u t  F i  lc? 

S a c k g r o u n d :  6i)rJO riirerr: 

Dose. nr-ern .- 
G I - L L I  Thyro id  Liver Lung K i d n e y  Remarks 

G I - L L I :  100% "TC 

Bone: 100?; 14c 

Bone: 98% 2 3 7 ~ p + ~  

Bone: 100:. 59~i  

Bone, L i v e r :  130 1 3 5 ~ 5  

~ i o n e :  100. i'6 Sn+D 

Bone:  901 2 2 6 ~ a + 3 ,  5 ,  L " p g + ~  



TABLE 18. Summary o f  50 Year Accumulated Dose t o  Maximum I n d i v i d u a l *  
Time o f  I n i t i a l  Release A f t e r  Yr-2000: 1,000,000 
Leach Rate: 0.3%/Yr Path Length: 10 M i l e  

Years S i n c e  
B u r i a l  Peak N u c l i d e s  

Dose, nrem 

S k i n  Body GI -LL I  T h y r o i d  Bone K idney  Remarks 

1.OE6 3 ~ ,  "TC, 1 2 9 ~  1.3E1 2.7E1 9.8E2 1.4E4 3.2E1 4.1E1 7.5EO 1.6E1 T h y r o i d :  100% 

1.01E6 4 1 ~ a ,  7 9 ~ e ,  2 3 7 ~ p  2.5E2 5.9E2 1.3E3 2.2E2 9.3E3 1.OE3 2.2E2 2.2E2 Bone: 1 0 0 % 2 3 7 ~ p + ~  

1.05E6 1 ° ~ e ,  6 0 ~ o ,  59~ i  4.2E-3 2.6E-2 2.5E-2 3.4E-3 2.2E-1 2.2E-2 3.4E-3 1 .2E-2 Bone: 384 2 2 9 ~ h ,  21% 59~i, 

217; 2 2 5 ~ a + ~ ,  20Z 2 3 3 ~  

1.14E6 1 3 5 ~ s  4.9E-3 2.7E2 1.6E1 2.7E-3 7.2E2 6.5E2 5.OE2 9.2E-3 Bone: 100% 1 3 5 ~ s  

1.16E6 1 0 7 P d , 1 2 6 ~ n  7.5E-1 5.3EO 4.3E2 7.3E-1 4.@EO 7.OE1 7.OE-1 7.1E-1 G I - L L I :  100% l o 7 p d  

3.07E6 2 3 8 ~  5.6E-1 5.7E2 1.3E1 4.6E-1 9.3E2 1 . l E 2  4.6E-1 8.8EO Bone: 85;; 2 2 6 ~ a + ~ ,  7% 2 1 0 ~ b + 0  

*LST006 Dose I n p u t  F i l e  

Background:  6000 mrem 

PICRP I ?ad ia t icn  L i m i t  f o r  Organs: 75,000 l i l ren 
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(17,000 t imes  background) .  A t  a  1 - m i l e  p a t h  l e n g t h  t h e  bone doses a r e  above 

background ove r  l a r g e  t i m e  p e r i o d s ,  b u t  t h e  i nc remen ta l  doses a r e  neve r  

g r e a t e r  t h a n  t h e  14c dose (50  t imes  background) wh ich  occu rs  between 250 

and 500 y e a r s  a f t e r  y e a r  2000. For  t h e  1 0 - m i l e  p a t h  l e n g t h ,  o n l y  t h e  bone 

dose f rom 14c ( 5 0  t imes  background) a t  1500 y e a r s  and t h e  bone dose from 

2 3 7 ~ ~ p  ( 2  t i m e s  background) a t  14,600 y e a r s  a r e  above background.  Thus as t h e  

d i s t a n c e  between t h e  t e r m i n a l  s t o r a g e  s i t e  and t h e  b i o s p h e r e  i nc reases ,  t h e  

n u c l i d e s  d i s c h a r g e  t o  t h e  s u r f a c e  wa te r  body o v e r  l o n g e r  t i m e  p e r i o d s  and 

t h e  i n c r e m e n t a l  doses decrease.  I n  p a r t i c u l a r ,  t h e  h i g h e s t  i nc remen ta l  

dose l e v e l  was reduced by  a  f a c t o r  o f  12,000 (600,000/50) by  i n c r e a s i n g  t h e  

p a t h  l e n g t h  f rom 0  m i l e s  t o  10 m i l e s .  These r e s u l t s  c o n f i r m  t h a t  i s o l a t i o n  

o f  t h e  waste f r o m  t h e  b i o s p h e r e  can g r e a t l y  reduce consequences o f  waste 

r e l e a s e  f rom con ta inmen t  a t  t h e  t e r m i n a l  s t o r a g e  s i t e .  

F i g u r e  7, a  graph o f  t h e  r e s u l t s  f rom Tab les  3, 9, 10, and 11, shows 

t h e  e f f e c t  o f  l e a c h  r a t e  on t h e  i n c r e m e n t a l  bone dose versus t i m e  c u r v e .  

Leach r a t e  va lues  shown a r e  0.3, 0.03, 0 .003,  and 0.0003%/yr.  As b e f o r e ,  

t h e  background and t h e  NCRP r a d i a t i o n  l i m i t  l i n e s  a r e  superimposed f o r  com- 

p a r i s o n .  The 0 .3%/y r  c u r v e  i n  F i g u r e  7  ( t h e  base case)  i s  e x a c t l y  t h e  same 

case as t h e  10 -m i le  c u r v e  i n  F i g u r e  6. When t h e  l e a c h  r a t e  i s  decreased an 

c r d e r  o f  magni tude t o  0 .03%/y r ,  t h e  14c and 2 3 7 ~ p  bone doses a r e  decreased 

an o r d e r  o f  magni tude.  The 14c dose i s  now 5  t imes  background. However, 

t h e  14c now d i scharges  t o  t h e  b iosphere  o v e r  a  3333-year p e r i o d  (1 /0 .03 )  

i n s t e a d  o f  t h e  333-year p e r i o d  f o r  t h e  base case.  Thus, a l t h o u g h  t h e  i n c r e -  

mental  dose t o  a  "maximum" i n d i v i d u a l  i s  reduced by  a  f a c t o r  o f  10, t h e r e  

a r e  presumably 10  t imes  as many such "maximum" i n d i v i d u a l s  r e c e i v i n g  t h a t  

i n c r e m e n t a l  dose compared w i t h  t h e  base case.  For  t h e  0.003%/yr l e a c h  

r a t e ,  t h e  i n c r e m e n t a l  doses a r e  a lways below background, and t h e  14c dose 

i s  sp read  o u t  ove r  a  33,333-year p e r i o d .  The r e s u l t s  f o r  t h e  0.0003%/yr 

l e a c h  r a t e  show f u r t h e r  r e d i s t r i b u t i o n  o f  t h e  doses so t h a t  more i n d i v i d u a l s  

g e t  l o w e r  doses. However, because o f  r a d i o a c t i v e  decay t h e  t o t a l  i n t e g r a t e d  

doses over  a1 1  t i m e  decrease a s  l e a c h  r a t e  decreases.  

An i n t e r e s t i n g  and i m p o r t a n t  phenomenon can be  unders tood  by  examin ing 
6 

t h e  bone dose r e s u l t s  f o r  t h e  uran ium peak a t  2.07 x  10 y e a r s .  As t h e  
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l each  r a t e  i s  decreased f rom 0.3 t o  0.003%/yr, no change i s  observed i n  the 

incremental  dose, which i s  c o n t r o l l e d  by 2 2 6 ~ a .  Th is  happens because t h e  . . 
. - 2 2 6 ~ a  i s  c rea ted  predominate ly  by decay of t he  p recursors  2 3 4 ~  and 2 3 8 ~ u  

'3 
a f t e r  they have l e f t  t h e  f i n a l  s torage s i t e .  Because o f  t h e  d i f f e r e n c e s  

i n  t he  m i g r a t i o n  r a t e s  o f  radium, uranium, and plutonium, the 2 2 6 ~ a  d i s -  

charge t o  t h e  biosphere i s  spread over l a r g e  t ime per iods  and i s  thus una f -  
-4 

f e c t e d  by leach  r a t e  u n t i l  t he  leach  r a t e  i s  0.0003%/yr o r  l e s s  ( i  .e . ,  u n t i l  

the leach  t ime begins t o  approach the m i g r a t i o n  t ime f o r  uranium). Thus, 

decreasing t he  l e a c h a b i l i t y  o f  the waste form g r e a t l y  reduces t he  conse- 

quences of s i n g l e  n u c l i d e  re leases f rom t h e  s i t e  b u t  does n o t  reduce the  

consequences from cha-i n  members c rea ted  a f t e r  t h e i  r precursors  1  e f t  t h e  

d isposa l  s i t e  un less t h e  l each  t ime approaches the  m i g r a t i o n  t ime of those 

nuc l i des  through t he  geosphere. 

The r e s u l t s  from Tables 3, 16, 17, and 18 a r e  p l o t t e d  i n  F igure  8, 

which shows t he  e f f e c t  o f  the t ime  o f  i n i t i a l  r e l ease  a f t e r  Year 2000 on 

t he  c o n t r o l l i n g  doses t o  c r i t i c a l  organs. These r e s u l t s  show t h a t  increased 

c a n i s t e r  i n t e g r i t y  and d isposa l  s i t e  s t a b i l i t y  cannot reduce t he  base case 

incrementa l  doses (Tab1 e  3 )  be1 ow background unless containment a t  the  d i  s- 

posal  s i t e  can be reasonably assured f o r  per iods  o f  g rea te r  than 1,000,000 

years.  A1 though t he  14c and "TC doses disappear i f  the  re l ease  can be 

delayed by 100,000 years and 1,000,000 years,  r e s p e c t i v e l y ,  the  and 

2 3 7 ~ ~ p  doses remain a t  above background l e v e l s .  However, the  r e s u l t s  shown 

i n  F igure  8  assume a  10-mi le  path l eng th .  As pa th  l e n g t h  decreases, the  

importance o f  c a n i s t e r  i n t e g r i t y  and s i t e  s t a b i l i t y  increases.  

4.4 PARTITIONING INCENTIVES 

The combined e f f e c t s  o f  t h e  t h ree  waste management c o n t r o l  v a r i a b l e s  

shown i n  F igures 6, 7, and 8  on t he  i n c e n t i v e s  f o r  p a r t i t i o n i n g  can bes t  be 

shown w i t h  three-dimensional  p l o t s  such as F igure  9. The t h ree  v a r i a b l e s  

(path l eng th ,  l each  t ime,  and t he  t ime o f  i n i t i a l  re lease  a f t e r  Year 2000) 

a r e  p l o t t e d  on t h e  t h r e e  axes. Thus an inc rease  i n  the  magnitude o f  any of  

t h e  parameters r e s u l t s  i n  g r e a t e r  i s o l a t i o n  o f  t h e  waste from man's 
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environment. A sur face  can be l oca ted  i n  t h i s  three-d imensional  space 

which corresponds t o  any assumed incrementa l  dose 1  eve1 (e.  g  . , background 

o r  NCRP r a d i a t i o n  l i m i t ) .  F igure  9 shows such a  sur face  w i t h  background 

as t h e  assumed incrementa l  dose l e v e l .  Comb-inations o f  pa th  l eng th ,  l each  

t ime, and t ime of i n i t i a l  r e l ease  which d e f i n e  p o i n t s  l o c a t e d  i n s i d e  o r  6 

under t h e  sur face  ( i .e . ,  between t h e  sur face  and the  o r i g i n )  have incrementa l  - 
doses above background; combinat ions 1  ocated ou t s i de  o r  ove r  have incrementa l  I 

doses below background. 

For example, i f  t h e  waste management system had a  b o r o s i l i c a t e  g l ass  

waste form w i t h  a  leach  t ime  o f  100,000 years  (a 1  f t  diameter  mono1 i t h i c  
2  

c y l  i nder w i t h  about a  1  o - ~  g/cm /day sur face  f 1 ux)  and a  s i t e  l oca ted  10 

m i l e s  f rom t h e  b iosphere i n  western U.S. d e s e r t  s o i l  o r  equ i va len t ,  t h e  

doses would always be below background regard less  of when t h e  r e l e a s e  f rom 

t h e  d i sposa l  s i t e  began. L ikewise,  if the  same waste form were conta ined 

by a  c a n i s t e r  which prevented water f r om c o n t a c t i n g  the  waste form f o r  

10,000 years ( b u t  no t  100,000 yea rs )  t h e  incremental  doses would again 

always be below background even f o r  su r face  s to red  waste. On t h e  o the r  

hand, a  waste management system w i t h  a  0.1 m i l e  pa th  l eng th ,  a  10,000 year  

leach  t ime, and an i n i t i a l  re lease  1000 years  a f t e r  Year 2000 would have 

incrementa l  doses above background. 

When p l o t t i n g  these waste management c o n t r o l  sur faces,  t h e  incrementa l  

dose need o n l y  be g r e a t e r  than t he  assumed c r i t e r i o n  (e.g., background) a t  

one t ime  d u r i n g  t h e  e n t i r e  t ime t h e  waste d ischarges t o  t h e  b iosphere t o  

cause t h a t  p o i n t  t o  be i n s i d e  t h e  sur face .  

The topographic  f ea tu res  o f  t h e  waste management c o n t r o l  su r face  can 

be conven ien t l y  named accord ing  t o  which nuc l i des  cause them. The 

s p i r e  occurs a t  smal l  pa th  l eng ths  and smal l  t imes o f  i n i t i a l  r e l ease  and 

r e f l e c t s  t h e  l a r g e  leach  t imes (smal l  l each  r a t e s )  r e q u i r e d  t o  lower  t h e  

c o n t r o l 1  i n g  dose t o  background. The 2 2 6 ~ a  r i d g e  occurs a t  i n t e rmed i -  

a t e  pa th  l eng ths  and i n i t i a l  r e l ease  t imes and denotes t h e  reg ion  o f  t h e  

sur face  where t he  dose i s  c o n t r o l l e d  by t h e  2 2 6 ~ a  c rea ted  predominate ly  by 

decay o f  2 3 8 ~ u  and 2 3 4 ~  a f t e r  they  have been re leased  f rom the  d i sposa l  

s i t e .  The 14c ledge and p la teau  a r e  named i n  s i m i l a r  fash ion .  



F igu re  9  ( o r  s i m i l a r  graphs) can be used toge ther  w i t h  t h e  two e x i s -  

tence c o n d i t i o n s  ( i  nequal i t i e s  5 and 6 f o r  t he  s-irnpl i f i e d  t rea tment  here)  

t o  determine the  p a r t i t i o n i n g  i n c e n t i v e s  f o r  separa t ion  o f  va r i ous  elements 

f rom t h e  waste. As d iscussed p rev i ous l y ,  two t h i n g s  must be known: 1 )  t h e  

publ i c l y  acceptab le  r e1  ease consequences* must be known and 2 )  t he  waste 

management c o n t r o l  v a r i a b l e s  f o r  t h e  f i n a l  s torage system must be known. 

Thus t h e  ques t ion  o f  "how sa fe  i s  sa fe  enough?" must be answered and t h e  

t e rm ina l  s to rage  s i t e ,  con ta i ne r ,  and waste form must be se lec ted .  Using 

the  g i ven  va lue  f o r  t h e  publ i c l y  accep tab le  r e l ease  consequences, a  graph 

s i m i l a r  t o  F i gu re  9  i s  drawn. Then us i ng  t he  g i ven  va lues of  t he  c o n t r o l  

v a r i a b l e s ,  t h e  p o i n t  c h a r a c t e r i s t i c  o f  t h e  chosen waste management system 

i s  l o c a t e d  on t h e  graph. I f  t h a t  p o i n t  i s  above t h e  c o n t r o l  su r face ,  t h e  

r e1  ease consequences a r e  be1 ow t h e  publ  i c l y  acceptabl  e  consequences, 

I n e q u a l i t y  5 i s  n o t  s a t i s f i e d ,  and no p a r t i t i o n i n g  i n c e n t i v e  e x i s t s .  I f  

t h a t  p o i n t  i s  below t h e  c o n t r o l  sur face,  I n e q u a l i t y  5 i s  s a t i s f i e d ,  and an 

i n c e n t i v e  t o  p a r t i t i o n  something from t h e  waste e x i s t s  i f  I n e q u a l i t y  6 i s  

a l s o  s a t i s f i e d .  What must be separated f rom t h e  waste and e l i m i n a t e d  

depends upon where t h e  system c h a r a c t e r i z a t i o n  p o i n t  f o r  t h e  chosen system 

i s  l o c a t e d  under t he  su r face .  Therefore,  t h e  o b j e c t i v e  o f  t h e  p a r t i t i o n i n g  

a l t e r n a t i v e  i s  t o  separate  se l ec ted  elements f r om  t h e  waste u n t i l  I nequa l -  

i t y  5 i s  no longer  s a t i s f i e d .  

Th i s  method can be i l l u s t r a t e d  by assuming t h a t  incrementa l  doses o f  t h e  

o r d e r  o f  n a t u r a l  background a r e  t h e  p u b l i c l y  accep tab le  consequences and t h e  

waste management system c h a r a c t e r i z a t i o n  p o i n t  i s  l o c a t e d  a t  a  pa th  l e n g t h  of 

1  m i l e ,  a  l each  t ime o f  333 years ,  and an i n i t i a l  r e l ease  t ime  o f  0  years  

a f t e r  Year 2000. S ince t h i s  h y p o t h e t i c a l  p o i n t  i s  below t he  su r f ace  i n  F i g -  

u r e  9, I n e q u a l i t y  5 i s  s a t i s f i e d  and i n c e n t i v e s  f o r  p a r t i t i o n i n g  w i l l  e x i s t  

f o r  sepa ra t i on  and e l  i m i n a t i o n  o f  n u c l  i des  which 1  ower t h e  r e l ease  consequences 

( s a t i s f y  Inequal  i t y  6 ) .  

* I n  a  complete a n a l y s i s ,  which looks  a t  a l l  r e l ease  paths and t h e i r  p ro -  
b a b i l  i t i e s  of occurrence, "consequences" would be rep laced  by " r i s k "  i n  
t h i s  sentence. 



I f  99% (100 DF) o f  t h e  p lu ton ium* and uranium ( 2 3 8 ~ u  and 2 3 4 ~ )  a r e  

removed f rom t h e  waste a t  t h e  Year 2000, t he  2 2 6 ~ a  r i d g e  on t h e  waste 

management c o n t r o l  su r f ace  d isappears  as shown i n  F igure  10. The 14c ledge 

now becomes much w ide r  i n  t h e  pa th  l eng th - l each  t ime p lane .  As shown i n  . *. 

F i g u r e  10, e l i m i n a t i o n  o f  99% of t h e  p lu ton ium and uranium moves t he  c o n t r o l  i 

su r f ace  down toward t h e  c h a r a c t e r i z a t i o n  p o i n t .  Thus i n c e n t i v e s  f o r  p a r t i -  - 
t i o n i n g  o f  p l u ton ium and uranium e x i s t  f o r  t h e  h y p o t h e t i c a l  s i t u a t i o n .  

I f  a  99% (100 OF) sepa ra t i on  o f  americium ( 2 4 1 ~ m  and 2 4 3 ~ m )  i s  a l s o  

made a t  t h e  Year 2000, t h e  waste management c o n t r o l  su r f ace  i s  lowered a t  

ve r y  s h o r t  p a t h  l e n g t h s  ( 0  t o  0.1 m i l e s )  and i n t e rmed ia te  i n i t i a l  r e l ease  

t imes (1 000 t o  100,000 yea rs )  as shown i n  F i gu re  11. However, t h e  e f f e c t  

o f  americ ium sepa ra t i on  d isappears  a t  a  p a t h  l e n g t h  o f  0.1 m i l e s  and thus 

cannot i n f  1  uence consequences o f  re1  ease from t h e  h y p o t h e t i c a l  system (which 

has a  l - m i l e  p a t h ) .  Therefore,  I n e q u a l i t y  6  i s  n o t  s a t i s f i e d  and an incen-  

t i v e  f o r  p a r t i t i o n i n g  americium does n o t  e x i s t  f o r  t h i s  s i t u a t i o n .  

F i gu re  12 shows t h e  waste management c o n t r o l  su r f ace  f o r  99% e l im ina -  

t i o n  o f  uranium, p lu ton ium,  americium, and t h e  rema in ing  a c t i n i d e s .  The 

su r f ace  i n  F i g u r e  12 i s  i d e n t i c a l  t o  t h a t  i n  F i gu re  11, showing t h e  n e g l i -  

g i b l e  e f f e c t  o f  p a r t i t i o n i n g  a c t i n i d e s  o t h e r  than  uranium, p l u ton ium and 

americium. A f t e r  99% o f  t h e  uranium, p lu ton ium,  and americ ium has been 

e l  iminated,  ' O S ~  c o n t r o l s  t h e  incrementa l  dose i n  t h e  i n i t i a l  r e l e a s e  t ime-  

l each  t ime p lane  f o r  a  100-year i n i t i a l  r e l e a s e  t ime,  14c c o n t r o l s  f o r  a  

1000 and 10,000-year r e l e a s e  t ime,  "TC c o n t r o l s  f o r  a  100,000-year r e l e a s e  

t ime,  and 1 2 9 ~  c o n t r o l s  f o r  1,000,000-year r e l e a s e  t ime .  I n  t h e  p a t h  

l eng th - l each  t ime  p lane  c o n t r o l s  f o r  pa th  l eng ths  o f  0.1 m i l e  and 

sma l l e r  w h i l e  14c c o n t r o l s  f o r  p a t h  l e n g t h s  g r e a t e r  than 0.1 m i l e .  

F igures  11 and 12 show no i n c e n t i v e s  f o r  removing and e l i m i n a t i n g  

americ ium and t h e  rema in ing  a c t i n i d e s .  Thus F igu re  13 shows t h e  e f f e c t  o f  - .  

14 . - 
99% carbon ( C )  removal and e l i m i n a t i o n  on t h e  waste management c o n t r o l  -, 

su r f ace  a f t e r  o n l y  uranium and p lu ton ium have been p r e v i o u s l y  removed. The -. 
. 

* 99.5% o f  t h e  uranium and p lu ton ium i n  t h e  spent  f u e l  was removed a t  t h e  
reprocess ing  ope ra t i on .  A f t e r  t h e  99% removal here o n l y  0.005% o f  t h e  

. . 
spent f u e l  uranium and p l u ton ium remains i n  t h e  waste. . 
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FIGURE 12. Waste Management Cont ro l  Surface f o r  Incremental  Background 
Dose w i t h  99% E l i m i n a t i o n  o f  Uranium, Plutonium, Americium 
and the  Remaining A c t i n i d e s  
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FIGURE 13. Waste Management Contro l  Surface f o r  Incremental Background 
Dose w i t h  99% E l i m i n a t i o n  o f  Uranium, Plutonium and Carbon 



h e i g h t  of t h e  c o n t r o l  surface above the  c h a r a c t e r i z a t i o n  p o i n t  i s  s i g n i f i -  

c a n t l y  reduced, and hence p a r t i t i o n i n g  i n c e n t i v e s  e x i s t  f o r  carbon. W i  t h  

c u r r e n t  reprocess ing schemes t h e  14c would 1  i k e l y  1  eave t he  reprocess ing 

p l a n t  as gaseous carbon d i o x i d e  and hence n o t  be inc luded  i n  h i g h - l e v e l  

waste by c u r r e n t  d e f i n i t i o n s ,  b u t  t he  s i g n i f i c a n t  doses shown here f o r  14c 

suggest t h a t  carbon i s  a  candidate f o r  i s o l a t i o n  from reprocessor o f f - g a s  

streams. 

F igures  14, 15, and 16 show the  e f fec ts  o f  removing and e l i m i n a t i n g  
9  9 

s e q u e n t i a l l y  99% o f  the  technetium, ( Tc) i od ine ,  ('"I) and neptunium, 
237 

( l4p) a f t e r  p r i o r  removal o f  99% o f  uranium, p lu ton ium,  and carbon. 

Technetium removal moves t he  surface downward s l i g h t l y  on t he  leach  t ime 

a x i s  f o r  pa th  l eng ths  0.3 m i l e  and l a r g e r  and i n i t i a l  re lease  t imes 

10,000 years and sma l l e r .  I o d i n e  ( l i k e  carbon, a  reprocessor  o f f - gas  

p roduc t  n o t  c u r r e n t l y  i n c l  uded i n  h i g h - l e v e l  waste) removal changes t he  

su r f ace  a t  a l l  p a t h  l eng ths  up t o  100 m i l e s  f o r  i n i t i a l  r e l ease  t imes  

g r e a t e r  than 1,000,000 years and g r e a t e r .  The p r i o r  e l  i m i n a t i o n  o f  techne- 

t i um  and i o d i n e  make poss ib l e  t he  neptunium e l  i m i n a t i o n  e f f e c t ,  g r e a t l y  

decreasing t he  t o t a l  volume under t h e  waste management c o n t r o l  curve.  A f t e r  

hav ing e l i m i n a t e d  ~ ~ r a n i u m ,  plutonium, carbon, technetium, i od ine ,  and 

neptunium, t he  c h a r a c t e r i z a t i o n  p o i n t  i s  above the  c o n t r o l  su r face  f o r  the  

assumed publ i c l  y  acceptable incrementa l  dose, and i n c e n t i v e s  f o r  a d d i t i o n a l  

p a r t i t i o n i n g  do n o t  e x i s t  f o r  t h i s  hypo the t i ca l  s i t u a t i o n .  Now, 

c o n t r o l s  the  incrementa l  dose f o r  pa th  l eng ths  g rea te r  than 0.1 and i n i t i a l  

r e l ease  t imes up t o  100,000 years .  

F igure  17 i s  the  equ i va len t  of F igure  16 except t h a t  t he  NCRP r a d i a t i o n  

1  i m i  t i s  assumed t o  be t he  publ i c l y  acceptable consequences i ns tead  o f  

background. The waste management c o n t r o l  su r face  i n  F igure  17 l ooks  much 

l i k e  t h a t  i n  F igu re  16 b u t  c l o s e r  t o  t he  o r i g i n  a t  a l l  p o i n t s ,  r e f l e c t i n g  ., 

the  dose d i f f e r e n c e s  between t he  two c r i t e r i a  (6000 mrem f o r  background and . . 

75,000 mrem f o r  t he  NCRP r a d i a t i o n  l i m i t  f o r  organs) .  S i m i l a r  f i g u r e s  can - - 

be drawn f o r  o the r  values o f  the  pub1 i c l y  acceptable re lease  consequences. . . 

The p rev ious  d i scuss ion  cons idered the p a r t i t i o n i n g  i n c e n t i v e s  f o r  a  

hypo the t i ca l  waste management system d e l i b e r a t e l y  chosen t o  maximize those 
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FIGLIRE 16. Waste Management Con t ro l  Sur face f o r  Incrernenta'l Biickqt-~,,rr~if 
Dose w i t h  99% E l i m i n a t i o n  o f  Uranium, Plutoni t lm, Carbon, 
Technetium, I o d i n e  and Neptunium 
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FIGURE 17. Waste Management C o n t r o l  Sur face f o r  NCRP R a d i a t i o n  L i m i t  
w i t h  99% E l  i m i n a t i o n  o f  Uranium, Plutonium, Carbon, 
Technetium, I o d i n e  and Neptunium 



i n cen t i ves .  Cons idera t ion  now i s  g iven  t o  waste management systems chosen 

t o  make t h e  p a r t i t i o n i n g  i n c e n t i v e s  marg ina l .  I f  t he  f i n a l  s to rage  s i t e  i s  

separated f rom the  b iosphere by a t  l e a s t  5  m i l e s  o f  western U.S. dese r t  

s o i l  o r  equ iva len t ,  t he  waste form has a  leach  t ime of a t  l e a s t  15,000 years 

(1  f t  diam x  10 f t  long m o n o l i t h i c  b o r o s i l i c a t e  g l ass  waste form w i t h  a  
2  sur face  f l u x  o f  s l i g h t l y  l e s s  than g/cm /day),  t h e  waste containment 

f a i l s  a t  t h e  Year 2000, and t h e  p u b l i c l y  acceptable consequence t o  an i n d i -  

v i dua l  i s  an incrementa l  background dose o r  more, t he  system cha rac te r i za -  

t i o n  p o i n t  would be l oca ted  on F igure  9 about a t  t h e  i n t e r s e c t i o n  o f  t h e  

carbon ledge and t he  radium r i d g e .  Thus no p a r t i t i o n i n g  i n c e n t i v e s  would 

e x i s t  f o r  t h i s  scenar io .  

L ikewise,  i f  p u b l i c l y  acceptable incremental  dose i s  one- tenth of 

background (which r a i s e s  t h e  c o n t r o l  su r face  i n  F igu re  9 by one o rder  o f  

magnitude a t  t h e  p o i n t  where t h e  carbon ledge and radium r i d g e  i n t e r s e c t ) ,  

t h e  m i g r a t i o n  pa th  c o n s i s t s  o f  a t  l e a s t  5  m i l e s  o f  western U.S. dese r t  sub- 

s o i l  o r  equ i va len t ,  t h e  leach  t ime i s  a t  l e a s t  150,000 years ( su r f ace  f l u x  
2  

o f  s l i g h t l y  l e s s  than g/cm /day) ,  and no c r e d i t  i s  taken f o r  t h e  

i n t e g r i t y  o f  t h e  c o n t a i n e r  o r  t h e  s t a b i l i t y  o f  t h e  s i t e  f rom water pene- 

t r a t i o n ,  then  no p a r t i t i o n i n g  i n c e n t i v e s  e x i s t .  

A t  f i r s t  g lance  i t  i s  tempt ing t o  argue t h a t  t h e r e  a re  a c t u a l l y  no 

p a r t i t i o n i n g  i n c e n t i v e s  even if one one-hundredth o f  background i s  t h e  

p u b l i c l y  acceptable re l ease  consequences f o r  t h e  s i t u a t i o n  descr ibed above 

because t he  spent f u e l  carbon (which c o n t r o l s  t h e  dose i n  t h e  r e g i o n  o f  

i n t e r e s t ) i s  n o t  a c t u a l l y  present  i n  t h e  waste. However, as i n s p e c t i o n  o f  

t h e  bone dose column of Table 11 shows, t he  2 2 6 ~ a  dose a t  t h e  uranium and 
6  

p r o t a c t i n i u m  peaks ( ~ 2  x  10 years a f t e r  t h e  Year 2000) would s t i l l  be above 

one one-hundredth of background va lues even if the  carbon were n o t  p resen t .  

The preceding scenar ios  seem q u i t e  reasonable.  It seems ve ry  l i k e l y  

t h a t  a  t e rm ina l  s to rage  s i t e  i n  a  nonsa l t  f o rma t i on  can be found i n  t h e  

Un i ted  S ta tes  where 5  m i l e s  o r  more of western U.S. dese r t  s o i l  o r  equ i va len t  

separate t h e  s i t e  f rom t h e  biosphere. Leach r a t e s  as low as 1  o - ~  g/cm2/day 

have been measured f o r  sample b o r o s i l i c a t e  g l ass  waste forms, so t h a t  t h e  
2  

assumed range of t o  1  o - ~  g/cm /day seems conserva t i ve .  Much evidence 



e x i s t s  t o  show t h a t  c u r r e n t  con ta ine rs  can l a s t  100 years  o r  more and t h a t  

almost any reasonable s i t e  cou ld  be expected t o  be s t a b l e  from water  pene- 

t r a t i o n  f o r  1000 years  o r  more. Thus t a k i n g  no c r e d i t  f o r  c a n i s t e r  i n t e g -  
, 

r i t y  o r  t h e  water pene t ra t i on  s t a b i l i t y  o f  t he  s i t e  seems ve ry  conserva t i ve .  c 

The assumption t h a t  t he  pub1 i c l  y  acceptable incrementa l  consequences a r e  

one- tenth o f  background a l s o  seems conserva t i ve  p a r t i c u l a r l y  when background , 

v a r i e s  by more t han  a  f a c t o r  o f  two i n  t h e  Un i ted  S ta tes  (i .e. , background 

a t  some l o c a t i o n s  i s  g rea te r  than 240 mrem/yr compared w i t h  t h e  120 mremlyr 

assumed f o r  t h i s  s tudy ) .  Thus, g iven  t h e  accuracy o f  t h e  assumptions made 

i n  develop ing and app l y i ng  t h e  method f o r  t h i s  s tudy,  i n c e n t i v e s  f o r  p a r t i -  

t i o n i n g  h i gh - l eve l  waste do n o t  e x i s t .  

The r e s u l t s  o f  t h i s  s tudy  a r e  a p p l i c a b l e  t o  t he  e v a l u a t i o n  of incen-  

t i v e s  f o r  convers ion  o f  h i gh - l eve l  c a l c i n e  i n t o  g lass .  Ca l c i ne  i s  ve ry  

s o l u b l e  i n  water and has a  l a r g e  su r f ace  t o  volume r a t i o ,  so t h a t  t he  leach  

t ime migh t  be l e s s  than  one year  and would probably  n o t  be g r e a t e r  than  

100 years.  Thus c a l c i n e  waste forms would be below t h e  waste management 

c o n t r o l  su r f ace  i n  F igu re  9 f o r  an incrementa l  background dose (and much 

be1 ow a  s i m i  1 a r  sur face  f o r  a  one- tenth o f  background incrementa l  dose) 

even i f  t h e  r e l e a s e  does n o t  occur f o r  10,000,000 years .  Thus i f  t h e  l each  

i n c i d e n t  i s  t h e  h i ghes t  r i s k  pathway t o  man f rom h i g h - l e v e l  waste, t h e r e  i s  

an i n c e n t i v e  t o  conve r t  c a l c i n e  i n t o  g lass .  



5.0 ASSUMPTIONS AND CONCLUSIONS 

Assumptions: 

1. The r a d i o n u c l i d e  source i s  a l l  o f  t he  h i gh - l eve l  U.S. nuc lea r  power econ- 

- omy waste th rough  the  Year 2000, i n c l u d i n g  a l l  t r i t i u m ,  carbon, and 

i o d i n e  f rom spent f u e l  and t he  a c t i v a t i o n  products  f rom t h e  c ladd ing .  

2. The waste has no va l  ue as a  m inera l  resource.  

3.  The re l ease  pathways w i t h  t he  g r e a t e s t  r i s k  t o  man o r i g i n a t e  f rom t h e  

waste a f t e r  u l t i m a t e  d i sposa l .  

4. A nonsa l t  p a r t i c u l a t e  geo log i c  medium cha rac te r i zes  t he  t e r m i n a l  

s to rage  s i t e .  

5. The geo log i c  medium i s  western U.S. dese r t  s u b s o i l .  

6.  The h i ghes t  r i s k  pathway from t h e  s i t e  t o  the  b iosphere i s  t h e  l e a c h  

i n c i d e n t  pathway. 

7. A l l  p a r t i t i o n i n g  schemes a r e  f e a s i b l e .  

8. The h i g h  r i s k  f r a c t i o n s  from a l l  p a r t i t i o n i n g  schemes a r e  e l i m i n a t e d  

w i t h  n e g l i g i b l e  r i s k .  

9. A l l  n u c l i d e s  a r e  s o l u b l e  i n  groundwater and t h e  d i sso l ved  n u c l i d e s  do 

n o t  change s p e c i a t i o n  d u r i n g  m i g r a t i o n .  

10. The m i g r a t i n g  n u c l i d e s  a r e  i n  s o r p t i o n  equ i l - i b r i um  a t  a l l  p o i n t s .  

11. Est imates o f  t h e  s o r p t i o n  e q u i l i b r i u m  cons tan ts  a r e  used. 

12. Transverse convec t ion  and d i s p e r s i o n  a r e  neglected.  

13. The n u c l i d e s  a r e  d i sso l ved  i n  t he  groundwater i n  t r a c e  concen t ra t ions .  

14. The water  v e l o c i t y  and t h e  a x i a l  d i s p e r s i o n  c o e f f i c i e n t  a r e  cons tan t .  - . 

. . 15. The waste form ma in ta i ns  i t s  o r i g i n a l  shape as n u c l i d e s  a r e  leached 

. - o u t .  

- .  16. Doses a r e  c a l c u l a t e d  f o r  a  "maximum" i n d i v i d u a l .  



17. For  a l l  dose c a l c u l a t i o n s  t h e  d i scha rg i ng  nuc l i des  accumulate i n  t h e  

b iosphere f o r  50 years ,  t he  "maximum" i n d i v i d u a l  i s  exposed t o  t h a t  

a c c u m ~ ~ l a t i o n  f o r  anqther  50 years ,  and t he  n u c l i d e s  a r e  d ispersed  

i n t o  t h e  b iosphere w i t h  no dose a f t e r  t h e  100-year accumulat ion and 

exposure pe r i od .  

18. Man's d i e t a r y  and l i v i n g  h a b i t s  w i l l  remain cons tan t  throughout  

geo log ic  ti me. 

Concl us ions : 

1 . I n c r e a s i n g  geosphere i s o l a t i o n  ( l onge r  pa th  l e n g t h  between t h e  

t e r m i n a l  s t o rage  s i t e  and man's environment)  decreases t h e  dose f rom 

s i n g l e  n u c l i d e s  and g r e a t l y  decreases t h e  dose f rom nuc l i des  i n  

a c t i n i d e  decay cha ins .  

2. I n c r e a s i n g  waste form e f f ec t i veness  ( sma l l e r  l each  r a t e s )  decreases 

t h e  dose from s i n g l e  n u c l i d e s  b u t  does n o t  decrease t h e  dose f r om 

n u c l i d e s  c rea ted  by  decay a f t e r  t h e i r  p recursors  have l e f t  t h e  s i t e  

un less  t h e  l each  r a t e  becomes v e r y  sma l l .  

3. I n c r e a s i n g  c a n i s t e r  i n t e g r i t y  and s i t e  s t a b i l i t y  does n o t  s i g n i f i -  

c a n t l y  change t h e  doses f o r  l o n g  s o i l  columns un less  r e l ease  f r om 

t h e  d i sposa l  i s  de layed f o r  10,000 years  and more. (Of course, any 

r e l e a s e  d e l a y  a t  t h e  r e p o s i t o r y  postpones t h e  r a d i a t i o n  exposure t o  

l a t e r  geo log i c  t imes. ) 

4. Elements which c o u l d  have p a r t i t i o n i n g  i n c e n t i v e s  under some c i rcum- 
14  

stances a re :  1  ) p lu ton ium ( 2 3 8 ~ u ) ,  2)  uranium ( 2 3 4 ~ ) ,  3) carbon ( C ) ,  

4)  techne t ium ("Tc), 5 )  i o d i n e  ('''I), and 6) neptunium ( 2 3 7 ~ p ) .  

5. I f  an inc rementa l  background dose (6000 mrem f o r  a  50-year accumulated . ,  

dose) i s  t h e  pub1 i c l y  acceptab le  r e l ease  consequences, 5  m i l e s  o r  more 
. - . A 

o f  western U.S. d e s e r t  subso i l  separate  t he  f i n a l  s to rage  s i t e  f r om  . . 

t h e  b iosphere,  t h e  l each  t i m e  i s  15,000 years  o r  more ( m o n o l i t h i c  
2  

waste f o rm  w i t h  l each  r a t e  o f  s l i g h t l y  l e s s  than 1 0 ' ~  g/cm /day),  and . - 

t h e  i n i t i a l  r e l e a s e  occurs  i n  t h e  Year 2000 o r  l a t e r ,  t h e r e  i s  no 

i n c e n t i v e  t o  p a r t i  t i o n  any th i ng  f rom h igh - l eve l  waste. 



6. I f  one- tenth o f  background i s  t h e  p u b l i c l y  accep tab le  r e l ease  conse- 

quences, t h e  pa th  l e n g t h  i s  5  m i l e s  o r  more, t h e  l e a c h  t ime  i s  

150,000 years  (mono1 i t h i c  waste form w i t h  a  l each  r a t e  o f  s l i g h t l y  
2  

1  ess than g/cm /day),  and t he  i n i t i a l  r e1  ease occurs  i n  t h e  Year 

2000 o r  l a t e r ,  t h e r e  a r e  no p a r t i t i o n i n g  i n c e n t i v e s  f o r  h i gh - l eve l  

waste. 

7. I f  t h e  l each  i n c i d e n t  i s  t h e  h i ghes t  r i s k  pathway t o  man fro111 h igh-  

l e v e l  waste, t h e r e  i s  an i n c e n t i v e  t o  conve r t  h i gh - l eve l  c a l c i n e  

i n t o  g lass .  



6.0 RECOMMENDATIONS 

1.  Because t h e  p r e s e n t  a n a l y s i s  shows no i n c e n t i v e  f o r  p a r t i t i o n i n g ,  

f u r t h e r  work deve l  op ing  s p e c i f i c  p a r t i t i o n i n g  processes seems unwar- 

r a n t e d  a t  t h i s  t i m e .  

2. A genera l  e v a l u a t i o n  o f  p a r t i t i o n i n g  i n c e n t i v e s  shou ld  be made wh ich  

removes o r  j u s t i f i e s  t h e  assumpt ions made f o r  t h i s  s t u d y  and which 

i n c l u d e s  an e v a l u a t i o n  o f  t h e  waste as a  m i n e r a l  resource .  To 

accomp l i sh  t h i s  t a s k ,  t h e  genera l  s t u d y  must c o n s i d e r :  

a )  a1 1  wastes f r o m  t h e  n u c l e a r  f u e l  c y c l e  

b)  a l l  s t e p s  i n  t h e  waste management scheme f o r  each waste b o t h  

w i t h  and w i t h o u t  p a r t i t i o n i n g  

c )  a l l  pathways t o  man f rom each s t e p .  

3. I n  s u p p o r t  o f  Recommendation 2, f u r t h e r  work shou ld :  

a )  comple te  development o f  t h e  n u c l  i d e  m i g r a t i o n  model f o r  a  p a r -  

t i c u l a t e  medium w i t h  s a l t  p r e s e n t  and ex tend t h e  p r e s e n t  model 

t o  d e s c r i b e  t h e  f a u l t e d  mono1 i t h  t y p e  o f  g e o l o g i c  f o r m a t i o n  

b )  measure i n  t h e  l a b o r a t o r y  and i n  s i t u  t h e  s o r p t i o n  e q u i l i b r i u m  

c o n s t a n t s  f o r  n u c l i d e s  i n  t h e  v a r i o u s  g e o l o g i c  media w i t h  and 

w i t h o u t  t h e  presence o f  s a l t  and deve lop a  b e t t e r  fundamental  

unders tand ing  o f  a c t i n i d e  m i g r a t i o n  phenomena. 

c )  improve t h e  b iosphere  t r a n s p o r t  model t o  i n c l u d e  t h e  l o n g - t e r m  

( > I 0 0  y e a r s )  accumu la t ion  and d i s p e r s i o n  o f  n u c l i d e s  i n  t h e  

b iosphere .  
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TABLE A. 1. Nucl ide Source Inventory*  

100 T I M E  O.OOE+OO 1 . o n ~ + n 2  I . O ~ E + O S  I . O O E + O ~  I . n o ~ + 0 5  I . ~ o E + o ~ ;  
0. 0. 0. 1 1 0 P 3  7.?3E+0?2.2?E+06n. 

120 TC?? 2 .Q6E+O6 2 . ~ 3 - 0 6  2 .~2E+06  2.74E+06 2 . 0 ~ F + 0 5  1 .OgE+05 
130 I129 ~ . 0 4 E + 0 3  ~.0AE+03 ~ . 0 4 E + 0 3  ~ . 0 4 E + 0 3  8.01 E+03 7.7?E+03 
140 C14 1.03RO6 1.07401; ~ . 1 5 F + 0 5  3.0sE+05 5.7'E+00 0. 
150 Mlp3 5.72H03 5.lRE+03 4.84)7+03 2.42!7+03 2.37E+00 0. 
160 CP41 6.P5F+n? 6.R5E+07 6,Q@E+n2 6.2PE+01 ~ . R Q E + O ~  1.19E-01 
170 SE7@ p.7?!7+0~ 9-71 F+04 ~ . 6 2 E + 0 4  R.74E+04 3.35E+04 2.?QE+00 
IP0 ? R O O  I ?QE+lO 1 .IOBO? Z.52E-01 0. 0. 0. 
1.0 k ~ i  0 4:04~++0?, A . O ~ E + O ~  4 .04~+02  A.OJE+OZ 3 . ~ 3 ~ + 0 2  3 . 0 6 ~ + n ?  

200 CfJ60 7,70E+07 1.46E+02 0. 0. 0. 0. 
210 NI5p ?.07E+05 2.06F+05 2.05E+05 1 . q ~ F + 0 5  ~ . 6 0 F + 0 4  3.57E++(II 
270 NI63 6,67E++O6 3.14E+06 3.57K+03 0. 0. 0.  
730 FRv7 4,67E+00 4. 67E+00 4.67E+00 4.67E+00 4.67E+OP 4.67F+00 

?A0 CS135 a,5oF+04 p,5pE+04 Q.5PE+04 a.57E+04 Fr.A0E+04 6.WE+OA 

250 cs 137  I .P?E+ 1 n 1 . f 4 ~ + 0 9  1 . 7 7 ~ + 0 0  0. 0. 0. 
760 PD107 ? .3f E+04 2.2PE+OA ?.2PF+04 ? .2PE+04 2.26E+OA ? . 06E+0~ 

270 SNl75 1.2QE+C5 1.2?E+@5 1 .?7F+Ofi 1.1QE+05 6.3QE+OA 1 .?5E+0? 
2Q0 SMl51 3.10!?+0P 1 .AOE+OF! I .ORE+05 0. 0. 0. 
200 Pf~166ln1 .00E+02 @.47E+01 5.63E+0l 3.1 1E-01 0. 0. 
300 EUl 5? I .6l E+n6 5.00F+03 0 .  0. 0. 0. 

310 E U I  54 9 . 7 7 4 0 ~  1 . n o ~ + @ 7  1 . ?PE- IO 0. 0. 0. 

370 7F03 4.03E+05 A.@3E+Ofi A.O?E+05 4.00E+05 3.Q4E+05 ?.EJE+05 

330 C D I  13M4.67E+06 3.31E+n4 l.43E-15 0. 0. 0. 

340 C V ~ P  5.01 E-01 5.01 F-ni  ~ . O O E - O ~  4.91 5-01 4.1 I E-01 6,ope-07 
350 PW 46 5.,76E-05 5.40E-05 5.74E-05 9.1 6E-05 4.02E-04 1.77E-03 

360 C V 4 4  4.71F+@Q 1 . 0 7 4 0 7  Q.~PE-O? I .IPE-07 5.23E-07 ?.2AE-06 

370 PW40 1 . a 3 4 0 6  3.13E+06 ?.fQE+06 1.15E+06 1 .IJF+O? 1.72E-03 

3?@ IE36 5.5FE+03 5.5PE+03 5.67E+03 6.16E+03 6.47E+03 6.3OE+03 

3 0  m?32 7,FrOE+OO 7,Q0E+00 7.ROE+00 7.ROE+00 7 .P3E+00 P. 1 1  E+00 

400 IPJ? Z.50E+04 p.75E+03 1.6PF+OO 0. 0. 0. 

410 C E 4 5  1.3pE+05 1.37E+05 1.27E+05 5.97E+04 3.15E+OI 0. 
470 PIP41 ?.64E+08 2.58E+06 1.27E+05 5.9fE+04 3.16E+01 0. 
430 PW41 pe56E+07 R,OVE+O7 1.03E+07 5.QRE+O4 3.33F+0I 0. 
460 bIP237 9.07E+04 Q.34E+04 p,5QF+04 Q.oPE+Oq ?.71E+04 7.?6E+04 
450 IPS3 1 .naE+04 I .RQE+04 I .P1 H 0 4  7.21 Y 0 4  4.65F+fl4 7,73F+OA 
A60 TI(??p 1.74E+01 1 .P5E+02 1.73E+03 1.27E+04 4.72E+O4 7.73E+@4 
470 CM46 2.6PE+04 2.64E+04 2.31 E+04 6.15E+03 I .OPE-O? 3.P4E-25 
A V O  PIP42 a.?6E+03 ~ . 4 6 E + 0 3  p,~r?E+03 Q,p7E+03 U.44E+O3 l.f;3E+O3 
400 IP3P 7.44F+0? 2.44E+02 2.44E+0? 2.44E+O? 2.d4F+02 2.45E+0? 
500 CM4?, 3.61 F+OF J.F7E+06 6.40E+04 Q.7lE-14 0. @. 

510 PW4?M7.45E+06 4.72E+O6 7.%@E+OA 1 .IRE-13 0. 0. 
520 PIP39 3,Q7E+OQ I.P6F+0Fr ?.32!7+05 7.34E-13 0.  0. 
530 IP3A 2.?7E+04 I .O1  -05 1.70E+05 1.65E+05 1.2QF+05 I .O?E+OA 
540 TP730 5.55E+CIO 6 .33401  1.3~F+03 I .3~F.+fl4 a.A3=+0A !.55E+OA 
550 RP?26 3.47E-01 1 .fif;E+O0 2.47E+02 I .OFrE+04 ?.44F+04 I .55E+04 

560 CW 47 1 .2QE-01 l.Z?E-01 1 .20F-01 1 .?PF-01 1 .?QE-01 1 .?AE-01 

570 PW 43 5 . I ? Y 0 6  5,07F+06 4.67E+06 2.07E+06 5.Q5E+02 1 .?AE-01 
5Q0 CW43 4.03RO6 4.63E+05 1.5PE-03 0. 0. 0. 

500 PIP39 p.6pE+05 ~ . a 6 E + 0 5  I .OEE+06 1.55E+06 1 .o3F+05 1.24E-01 

600 [P35 2.?6E+Ol 2.?7E+CI 2.36E+01 3.57E+01 1 .l5E+0? 1 .?I E+O2 

610 PP?31 1.57E+04 1.57E+04 I .54E+O4 1.27F+04 1 . ~ 5 E + 0 3  I .?l E+0? 

6'20 C W 50 5.50 C - 0 ~  5.57E-OF 5.37E-OP 3.71iE-0Q 1.04E-09 7 .??F-75 

63@ C R f i O  I .dl -01 6.53F-02 5.37E-OR 3.75E-09 1.04E-00 ?.WE-75 

640 CF?4@ 7.96E+00 6,53E+00 1 . l l  E+00 2.24F-08 0. 0. 

650 CF251 2.20E-01 2.04E-01 1.02E-01 o.Q~!?-05 0. 0. 

660 CF?5? 3.73E+00 1 .5a!7-1 1 0. 0. 0. 0. 

* Includes a l l  h igh- level  waste from the  U.S. nuclear power economy through 
Year 2000 p l u s  a l l  t r i t i u m ,  carbon, and i o d i n e  from spent f u e l  and a c t i -  
va t ion  products from the  c ladding.  The columns show the  inven to r ies  o f  

each n u c l i d e  i n  c u r i e  u n i t s  a t  var ious t imes a f t e r  Year 2000. 
Thus, the  

f i r s t  column shows the  inven to r ies  a t  the  Year 2000, the  second column 
a t  the  Year 2100, the  t h i r d  a t  the  Year 3000, e tc .  



TABLE A.2. Es t ima ted  S o r p t i o n  E q u i l i b r i u m  Cons tan ts  f o r  Western 
U.S. D e s e r t  S o i l *  

T r i t i u m  
Bery l  1  i urn 
Carbon 
Sod i urn 
C h l o r i n e  
Argon 
Potassium 
Calcium 
I r o n  
Coba l t  
N icke l  
Selenium 
Krypton 
Rubidium 
S t ron t i um 
Yttri um 
Z i  r c o n i  urn 
N i  o b i  um 
Molybdenum 
Techneti  um 
Pal lad ium 
Cadmi um 
T i n  
Antimony 
I o d i n e  
Cesi urn 
Promethi urn 
Samarium 
Europium 
Holmi um 
Thal 1 ium 
Lead 
Bismuth 
Polonium 
A s t a t i n e  
Radon 
Franc i um 
Rad i um 
Act in ium 
Thor i urn 
P r o t a c t i n i u m  
Urani  um 
Neptunium 
Plutonium 
Americium 
Curium 
Berkel  ium 

- - 

* Reference 1, p. 3.54. 
** K-1 = n u c l i d e  v e l o c i  t y l w a t e r  v e l o c i t y  



TABLE A.3. Est imated  Groundwater Composi t ion f o r  Western 
U.S. Deser t *  

I o n  

~ a '  

K' 

cat+ 

M ~ + +  
- - 

S04 - 

N03 
c1- 

HC03- 

Compos i ti on 
( P P ~ )  

* Reference 1 , p. 3.54 
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APPENDIX B - C H A I N  M I G R A T I O N  EQUATIONS 

The l i n e a r  p a r t i a l  d i f f e r e n t i a l  equat ions which desc r i be  t h e  m a t e r i a l  

balances o f  t he  " i n t h  cha in  member and a l l  preceding cha in  members over  a  - d i f f e r e n t i a l  volume o f  t h e  s o i l  column a re :  

where N i s  t h e  n u c l i d e  m i g r a t i o n  r a t e ,  Z i s  d is tance ,  t i s  t ime,  D i s  t h e  

d i s p e r s i o n  c o e f f i c i e n t ,  V i s  t h e  water  v e l o c i t y ,  and h i s  t h e  decay con- 

stant.  K  i s  t h e  s o r p t i o n  e q u i l i b r i u m  cons tan t  and i s  d e f i n e d  by 

K = 1  + Kd P / ~  where Kd i s  t h e  d i s t r i b u t i o n  c o e f f i c i e n t ,  p  i s  t h e  s o i l  

d e n s i t y ,  and E i s  t h e  s o i l  p o r o s i t y .  

The boundary c o n d i t i o n s  f o r  band r e l e a s e  a r e  shown i n  Table  0.1. The 

a n a l y t i c a l  s o l u t i o n  f o r  band r e l e a s e  i s  ob ta i ned  by superposing t h e  r e s u l t s  

f o r  a  s t ep  i nc rease  i n  n u c l i d e  r e l e a s e  a t  t he  t i m e  l each ing  begins and a  
* -  . 

s tep  decrease t o  zero r e l e a s e  based on t h e  i n v e n t o r i e s  a t  t h e  t ime  t h e  

8 - r e p o s i t o r y  becomes empty. For a  three-member cha in ,  t h i s  r e s u l t  i s  
,. expressed as:  





TABLE 6.1. Boundary Condi t ions f o r  Band Release 

I n i t i a l  I n l e t  O u t l e t  * 
t = 0, a l l  Z 

O < t < T , Z = O  t > T ,  Z = O  t-0, z = ~  

0 
i 4  

N1 = 0  N1 = 7 EXP ( - i l t )  

+. X 2 X 3 . . . . .  Xi-]  
N; EXP ( - x . t )  

. 

N: EXP ( - l i t )  - 
T  

where T  i s  t h e  leach t ime  

N1 = 0  N1 = f i n i t e  

N2 = 0  N  = f i n i t e  
2 

N. = 0  
1 

Ni = f i n i t e  

. . - - 

. . * This  boundary c o n d i t i o n  i m p l i e s  an i n f i n i t e  s o i l  column w i t h  the ground- .- . water l e a v i n g  t h e  column and e n t e r i n g  t he  sur face  water  a t  a  d i s tance  L 

- - 
f rom the  i n l  e t .  



The a n a l y t i c a l  r e s u l t  used i n  t h i s  study s i m p l i f i e d  the general r e s u l t  

f o r  s i n g l e  nucl ides,  two-member chains, and three-member chains by i n c l u d i n g  

the  e f f e c t s  o f  a x i a l  d ispers ion  f o r  i n i t i a l  inventory  c o n t r i b u t i o n s  o n l y  

( i  .e., d i spe rs ion  i s  app l i ed  o n l y  t o  those nuc l ides  which were a t  the 
* 

(3) The expressions f o r  d isposal  s i t e  a t  the t ime o f  the  re lease i nc iden t . )  
* 

step re lease fo l l ow :  - 



where : 

Q Kip 
G~ i i i  = 5 . p  2 T (- Ri. + ') (- F) e r f c  ( ; -  -4:) 

+ exp 



R.K.  - RkKk 
G8(i ,j.k) = K j  - Kk - Ri 

G g ( i )  = exp ( - ~ ~ 0 )  

RkKk - ReKe RiKi - R . K .  
GIO(i ,j ,k,e) = - 

Kk - Ki - K j  

RiKi - R.K 
G l l ( i y j , k )  = exp 

G 1 2 ( i y j )  = exp [- Ri@ - K j  ( R ~  - R ~ ) ~ ]  



u( ) = u n i t  s t e p  f u n c t i o n  

No = t h e  n u c l  i d e  i n v e n t o r y  a t  t h e  t i m e  t h e  r e l e a s e  beg ins 
( f o r  t h e  s t e p  decrease r e s u l t  used f o r  band r e l e a s e ,  
t h i s  symbol r e p r e s e n t s  t h e  n u c l i d e  i n v e n t o r y  i f  t h e  
t o t a l  i n v e n t o r i e s  o f  a l l  t h e  n u c l  ides had remained a t  
t h e  s t o r a g e  s i t e  and decayed u n t i l  t he  t i m e  o f  t h e  
s t e p  decrease) .  

P=VL/D = P e c l e t  Number 

R=xL/V = Decay Number 

q=Z/L = Dimension1 ess d i s t a n c e  

o=tV/L = Dimension1 ess t i m e  

As 1  i s t e d  above, N; i n c l u d e s  t h e  c o n t r i b u t i o n s  t o  t h e  second c h a i n  number 

. . f r o m  t h e  i n i t i a l  i n v e n t o r i e s  o f  b o t h  t h e  f i r s t  and second members. However, 

i f  t h e  G1 ( 2 )  t e r m  i s  removed, t h e  rema in ing  terms d e s c r i b e  t h e  m i g r a t i o n  o f  

second member c r e a t e d  by decay t h e  f i r s t  member a f t e r  t h e  r e l e a s e  has 

begun. L i kew ise ,  i f  t h e  f i r s t  f o u r  terms a r e  removed f rom N;, t h e  rema in ing  

terms d e s c r i b e  t h e  m i g r a t i o n  o f  t h i r d  member c r e a t e d  by decay o f  t h e  f i r s t  

member a f t e r  t h e  r e l e a s e  has begun. 
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APPENDIX C - TREATMENT OF ACTINIDE DECAY CHAINS 

The n u c l i d e s  o f  i n t e r e s t  i n  geosphere m i g r a t i o n  s t u d i e s  f o r  h i g h - l e v e l  

waste i n c l u d e  f o u r ,  1  arge,  branched, b u t  n o n i n t e r a c t i n g  a c t i n i d e  decay system. 

The m i g r a t i o n  o f  these  complex c h a i n s  was a p p r o x i m a t e l y  modeled u s i n g  combi- 

n a t i o n s  o f  two- and three-membered cha ins .  The a p p r o x i m a t i o n  techn iques  can 

be unders tood by c o n s i d e r i n g  t h e  c h a i n s  themselves.  The F i g u r e s  which f o l l o w  

show t h e  c h a i n s  s c h e n i a t i c a l l y  and i n c l u d e  t h e  h a l f - 1  i v e s  and Year 2000 

i n v e n t o r i e s  f o r  each n u c l i d e .  The v e r y  s h o r t  h a l f - l i f e  members o f  each 

c h a i n  a r e  assumed t o  t r a v e l  i n  s e c u l a r  decay e q u i l i b r i u m  w i t h  t h e i r  p a r e n t s .  

The Tab les  which f o l l o w  t r e a t  t h e  n u c l i d e s  i n  each c h a i n  one a t  a  t ime,  and 

t h e  sub-cha ins  necessary  t o  d e s c r i b e  each n u c l i d e  a r e  shown. When a  n u c l i d e ' s  

i n i t i a l  i n v e n t o r y  i s  used i n  t h e  c a l c u l a t i o n ,  t h a t  n u c l i d e  i s  u n d e r l i n e d .  



FIGURE C. 1.  Schematic Diagram o f  4N Decay Chain 



TABLE C.1. Treatment  o f  t h e  4N Decay Chain 

N u c l i d e  Treatment Remarks 
252 

248cm 248cm 
I n c l u d e s  2 4 8 ~ m  f r o m  Decay o f  Cf 

2 4 8 ~ m  and 2 4 ' 4 ~ u  i n i  t i a l  
i n v e n t o r i e s  a r e  n e g l i g i b l e  
w e i g h t  2 4 0 ~ ~  i n i t i a l  
i n v e n t o r y  

NOTE : 2 4 4 ~ a  and i t s  progeny a r e  assumed t o  be i n  s e c u l a r  e q u i l i b r i u m  

w i t h  2 2 8 ~ h  d u r i n g  m i g r a t i o n  th rough  t h e  geosphere. 



FIGURE C.2. Schematic Diagram o f  4N+1 Decay Chain 



TABLE C.2. Treatment  o f  41V+1 Decay Chain 

N u c l i d e  Treatment Remarks 

I n c l u d e s  2 4 5 ~ m  f rom Decay o f  2 4 9 ~ f  

T1 12 
2 4 1 ~ u  << TlI2 2 4 5 ~ m  

T1/2 
2 4 1 ~ u  < TlI2 2 4 1 ~ m  and 

K 2 4 1 ~ u  = K 241 

T1 1 2  
241 Pu and T1 12 2 4 1 ~ m  

'< T1/2 245cm 

24 1 
T1/2 P u q T 1 / 2  

2 4 1 ~  and 

+ 2 4 5 ~ m  - 2 3 7 ~ ~ p  - 233u 
T1 1 2  

241 Pu and T 
112 

241 Am 

<< T 
112 

245c. 

2 37 Np - 2 3 3 ~  - 2 2 9 ~ h  

+ (24'1 Pu + 241 Am)i 237Np T~ 1 2  2 2 9 ~ h  << T1 12 233u 

, 233u 

+ 2 4 5 ~ m  - 237Np - 233u 
22gTh 233u 

T1 12 <<  T1/2 

Note:  2 2 5 ~ a  and i t s  progeny a r e  assumed t o  be i n  s e c u l a r  e q u i l i b r i u m  w i t h  

2 2 9 ~ h  d u r i n g  m i g r a t i o n  th rough  t h e  geosphere. 



FIGURE C.3. Schematic Diagram o f  the 4N+2 Chain 



TABLE C.3. Treatment o f  4N+2 Decay Chain 

N u c l i d e  Trea tment Remarks 

I n c l u d e s  2 4 6 ~ m  f rom Decay o f  
250 

2 5 0 ~ m  and Cf .  

242m~m i n i t i a l  i n v e n t o r i e s  a r e  
neg l  i g i  b l  e  w i  t h  r e s p e c t  t o  2 3 8 ~ ~  

T1 /2  
2 4 2 ~ m  and T  

1  / 2  
2 3 8 ~ u  

234u 
<< T1 /2 

K 238u = K 2 3 4 ~ .  Use Bate- 
man equa t ion  t o  c o n v e r t  
2 3 8 ~  i n v e n t o r y  t o  pseudo 
2 3 4 ~  i n v e n t o r y .  

T1 /2  
2 3 4 ~  and T  

1  /2  
2 3 0 ~ h  



TABLE C.3. (contd)  

Nucl ide Trea tmen t Remarks 

+ 238u -230Th - 226Ra K 2 3 8 ~  = K 2 3 4 ~ .  US, Bate- 
man equat ion t o  conver t  
2 3 8 ~  i nven to ry  t o  pseudo 
234U inventory .  

T1 12 2 3 4 ~ ,  TlI2 2 3 0 ~ h ,  and 

NOTE : 2 2 2 ~ n  and i t s  progeny a re  assumed t o  be i n  secu la r  equi 1  i br ium 

w i t h  2 2 6 ~ a  du r i ng  m i g r a t i o n  through t h e  geosphere. 



FIGURE C.4. Schematic Diagram o f  the 4N+3 Chain 



TABLE C.4. Treatment o f  4Nt3 Decay Chain 

Nucl i d e  Treatment Remarks 

2 4 7 ~ m  247h 
Includes 2 4 7 ~ m  f rom Decay o f  2 5 7 ~ f  

2431\, << 247g 
T1 /2  

T1 /2  243Am and TIl2 2 4 3 ~ m  

<< T1/2 2 3 9 ~ u  

NOTE : 2 2 7 ~ c  and i t s  progeny are assumed t o  be i n  secu lar  e q u i l i b r i u m  w i t h  

2 3 1 ~ a  dur ing  m ig ra t i on  through the  georphere. 
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APPEIVDIX D - DESCRIPTION OF THE BASIC LANGUAGE 

COMPUTER PROGRAM GETOUT 

GETOUT i s  an i n t e g r a t i o n  o f  severa l  independent programs as shown i n  

F i gu re  D.1. AQCAL8 does t he  m i g r a t i o n  c a l c u l a t i o n s  f o r  s i n g l e  nuc l i des ;  

CHAIN4 does t h e  m i g r a t i o n  c a l c u l a t i o n s  f o r  two- and three-member cha ins;  and 

RPEAK2 does t he  m i g r a t i o n  c a l c u l a t i o n s  f o r  f o u r  o r  more membered chains 

us i ng  combinat ions o f  two- and three-membered chains.  1 NVENS con ta i ns  t h e  

n u c l i d e  i n v e n t o r i e s  a t  t he  f i n a l  s to rage  s i t e .  OTHER2 con ta i ns  peak 

i n f o r m a t i o n  f r om AQCAL8 used by CHAIN4 t o  reduce t h e  number o f  t ime  i n c r e -  

ments needed f o r  the  two- and three-member cha in  c a l c u l a t i o n s .  MIG001, 

MIG002, and MIG003 c o n t a i n  t he  m i g r a t i o n  o u t p u t  f i l e s  f o r  s i n g l e  nuc l i des ,  

two-member cha ins  and three-member cha ins , r e s p e c t i v e l y .  LSTOOl con ta i ns  

t he  m i g r a t i o n  c a l c u l a t i o n  o u t p u t  i n  t h e  i n p u t  fo rmat  o f  t he  b iosphere model. 

KSOMIG i s  a  master key f i l e  which oversees t h e  execu t ion  o f  the  e n t i r e  

program, w h i l e  KEAQC4, KCHIN4, and KCHAN4 a r e  key f i l e s  which oversee t h e  

execu t i on  o f  t h e  m i g r a t i o n  c a l c u l a t i o n s  f o r  s i n g l e  nuc l ides ,  two-member 

cha ins,  and three-member cha ins,  r e s p e c t i v e l y .  



- 
K S O M I G  

K EAQ C4 K C H  I N4 KCHAN4 

FROM 
ORIGEN - 

I NVEN5 &Q AQCAL8 

OTHER2 

M l G O O l  

KEY FILE 
t 

LSTOOl 

F I  LE 7 
TO a PROGRAM 

BIOSPHERE 
TRANS PORT 

MODEL 

FIGURE D.1. Flow Diagram f o r  BASIC Language Geosphere 
T ranspo r t  Code: GETOUT 
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APPEIVDIX E  - DOSE CALCULATION EQUATIONS 

The fundamental r e l a t i o n  f o r  c a l c u l a t i n g  r a d i a t i o n  dose t o  man f rom a  

g i v e n  b iosphere  pathway i s :  ( 7 )  

- - U  D Ripr 'ip p  i p r  

where Ripr = t h e  dose r a t e  t o  organ r f rom n u c l i d e  i v i a  pathway p  

Cip = t h e  c o n c e n t r a t i o n  o f  n u c l i d e  i i n  t h e  media o f  pathway p  

U = t h e  exposure r a t e  o r  i n t a k e  r a t e  a s s o c i a t e d  w i t h  pathway p, 
P  

t h e  usage r a t e  

Dipr = a  number s p e c i f i c  t o  n u c l i d e  i, pathway p,  and organ r which 

can be used t o  c a l c u l a t e  t h e  r a d i a t i o n  dose r a t e  from t h e  

exposure r a t e  t o  a  g i v e n  c o n c e n t r a t i o n  of t h e  n u c l i d e  o r  t h e  

i n t a k e  r a t e  o f  t h a t  nuc l  i d e ,  t h e  dose f a c t o r . *  

The s p e c i f i c  r e l a t i o n s h i p s  used f o r  t h e  d r i n k i n g  water ,  a q u a t i c  foods,  

s h o r e l i n e  d e p o s i t i o n ,  swimming, and i r r i g a t e d  f o o d  p roduc ts  f o l l o w .  

D r i n k i n g  Water 

The dose f r o m  i n g e s t i o n  o f  water  i s  g i v e n  by 

where RDr = t o t a l  dose r a t e  t o  organ r f rom n  n u c l i d e s  i v i a  pathway p  

(mremlyr)  

Ni = t h e  r e c o n c e n t r a t i o n  f a c t o r " )  (d imension1 ess) 

Qi = t h e  r e l e a s e  r a t e  o f  n u c l i d e  i ( C i / y r )  
3 

F = t h e  f l o w  r a t e  o f  t h e  1  i q u i d  e f f l u e n t  ( f t  /sec)  

* Dose f a c t o r s  a r e  1 i s t e d  i n  Appendix F. 



Mp = the  mix ing r a t i o  a t  the  p o i n t  o f  exposure (o r  the  p o i n t  of 

withdrawal of d r i n k i n g  water o r  p o i n t  o f  harvest  o f  aquat ic  

food) 

xi = r a d i o l o g i c a l  decay constant  o f  nuc l ide  i (hr- '  ) 

P 
= the t r a n s i t  t ime requ i red  f o r  nuc l ides  t o  reach the  p o i n t  o f  

exposure. For i n t e r n a l  dose, t i s  the  t o t a l  t ime elapsed 
P 

between re lease o f  the nuc l ides  and inges t ion  o f  food o r  

water ( h r )  

1119 = a constant  which converts from ( ~ i / ~ r ) / ( f t ~ / s e c )  t o  p C i / l i t e r .  

The summation process adds the dose c o n t r i b u t i o n  from each o f  the  

nuc l ides  f o r  which dose f a c t o r s  have been der ived t o  y i e l d  the  t o t a l  dose 

f o r  the  pathway-organ combination selected.  
Qi Ni 

The f i r s t  th ree terms i n  Equation 1, 7 , de f ine  the  concentrat ion 

o f  nuc l i de  i i n  the  e f f l u e n t  a t  the  p o i n t  o f  discharge. The expression 
Qi Ni 

M exp ( - x . t  ) y i e l d s  the concentrat ion a t  the  t ime t h a t  the  water 
F P ' P  

i s  consumed. 

Aquatic Foods 

Concentrations o f  radionucl ides  i n  aquat ic  foods ( f i s h ,  crustaceans and 

mol luscs) are d i r e c t l y  r e l a t e d  t o  the  concentrat ions o f  the  nuc l ides  i n  

water. Equ i l i b r i um r a t i o s  between the  two concentrat ions (bioaccumulat ion 

f a c t o r s )  a re  those f o r  freshwater organisms. Inc lus ion  of the bioaccumula- 

t i o n  f a c t o r  B i n  Equation 1 converts i t  t o  Equation 2 below, which i s  
i P 

s u i t a b l e  f o r  c a l c u l a t i o n  o f  i n t e r n a l  dose from consumption o f  aquat ic  foods. 

U M 
I I  

R = 1119 Q. N. Bip Dip, exp ( - x . t  ) 
P r  1 1  P 

i =1 

where B = the  bioaccumulat ion fac to r  f o r  nuc l i de  i v i a  pathway p* 
i P 

(pCi/kg pe r  p C i / l  i t e r )  . 

* Bioaccumulation f a c t o r s  a r e  l i s t e d  i n  Appendix G .  



S h o r e l i n e  Depos i t s  

The equa t ion  used f o r  e s t i m a t i q g  t h e  r a d i a t i o n  dose f r o m  s h o r e l i n e  

sediments i s  g i v e n  be1 ow. (7 1 

where: W = shore w i d t h  f a c t o r  f o r  c o r r e c t i o n  f r o m  i n f i n i t e    lane 

s u r f a c e  t o  s h o r e l i n e ;  taken  t o  be 0.2 f o r  r i v e r  s h o r e l i n e .  ( 7  1 

Swimming 

The e q u a t i o n  f o r  c a l c u l a t i o n  o f  e x t e r n a l  dose t o  t h e  s k i n  and t o t a l  

body f r o m  swimming (water  immersion) i s :  (7 1 

where: K = a  geometry c o r r e c t i o n  f a c t o r  equal t o  1  f o r  swirr~ming and 2 
P  

f o r  b o a t i n g .  

I r r i g a t e d  Food Produc ts  

The c o n c e n t r a t i o n  of  r a d i o a c t i v e  m a t e r i a l  i n  v e g e t a t i o n  r e s u l t s  f r o m  

d e p o s i t i o n  o n t o  t h e  p l a n t  f o l i a g e  and f r o m  uptake f r o m  t h e  s o i l  o f  p r i o r  

d e p o s i t i o n s  on t h e  ground. (8) The e q u a t i o n  f o r  t h e  model i s  presented 

below. The f i r s t  ten11 i n  b r a c k e t s  r e l a t e s  t o  t h e  c o n c e n t r a t i o n  d e r i v e d  

f rom d i r e c t  f o l i a r  d e p o s i t i o n *  d u r i n g  t h e  growing season whereas t h e  

second term r e l a t e s  t o  uptake f rom s o i l  and r e f l e c t s  t h e  d e p o s i t i o n  

th roughou t  t h e  t o t a l  t i m e  o f  t h e  dose accumulat ion (50 y e a r s ) .  Thus, 

f o r  a  un i fo rm r e l e a s e  r a t e  

* T h i s  s t u d y  assumes t h a t  wa te r  i s  a p p l i e d  t o  t h e  c rops  by  s p r i n k l e r  r a t h e r  
than  s u r f a c e  methods such as f u r r o w  o r  d r i p .  Thus contaminated wa te r  
d e p o s i t s  d i r e c t l y  on to  f o l i a g e  as w e l l  as o n t o  t h e  ground c o n t i n u o u s l y  
o v e r  t h e  whole y e a r .  



where Civ = concentrat ion o f  rad ionuc l i de  i i n  ed ib le  p o r t i o n  o f  p l a n t  v  . 
(pCi/kg) 

2  c 

i 
= depos i t ion  r a t e  [pCi/m h r ) ]  

, . 
r = f r a c t i o n  o f  depos i t ion  re ta ined on p l a n t  (dimensionless), taken 

t o  be 0.25 

Tv = f a c t o r  f o r  t he  t rans loca t ion  o f  ex terna l  l y  deposited rad ionuc l  i d e  

t o  e d i b l e  pa r t s  o f  p lan ts  (dimensionless). Assumed t o  be inde- 

pendent o f  rad ionuc l i de  and taken t o  be 1  f o r  l e a f y  vegetables 

and f r e s h  forage, and 0.1 f o r  a l l  o ther  produce, i n c l u d i n g  

g r a i n  

ki = e f f e c t i v e  removal constant o f  rad ionuc l ide  i from p l a n t  ( h r - l )  
- hEi - hi + hw , where hw = weathering removal constant = 

0.6931 14 day-1 

te = t ime o f  aboveground exposure o f  crop t o  contaminat ion dur ing  

growing season ( h r )  
2 

Y v  = p l a n t  y i e l d  [kg (wet weight)/m ] 

Bi v  = concent ra t ion  fac to r  f o r  p l a n t  uptake o f  nuc l i de  i from s o i l  

t o  the e d i b l e  p a r t  o f  the  p l a n t  [pCi/kg (wet weight)/pCi/kg 

(d ry  s o i l  ) ]  

tb = t ime f o r  bu i ldup o f  radionucl  i d e  i n  s o i l  ( h r ) ,  taken t o  be 

50 years 
2  

P = s o i l  "sur face dens i ty "  [kg(dry s o i l  ) /m 1. Assuming a  un i fo rm \ 

mix ing o f  a l l  rad ionuc l ides  i n  a  plow laye r  o f  15 cm depth, 
2  

P has a  value o f  about 224 kgjm , and 

th = holdup t ime ( h r ) ,  the t ime between the  t ime from harvest  t o  . - . w 

. . 
consumption o f  t he  food. . - 

- W '  

The depos i t ion  r a t e  di f rom i r r i g a t i o n  water i s  de f ined by the  r e l a t i o n  - 



where Ciw = Concentrat ion o f  r a d i o n u c l i d e  i i n  water used f o r  i r r i g a t i o n  

( p C i l a ) ,  and 
2 

I = i r r i g a t i o n  r a t e  [a/(m . h r ) ] .  Amount o f  water s p r i n k l e d  on 

u n i t  area o f  f i e l d  i n  1  h r .  

The dose r a t e  i n  mremlyr t o  a  p a r t i c u l a r  organ r would then be g i ven  

by Equat ion 1 f o r  n  r ad ionuc l  ides  i v i a  a  p a r t i c i r l a r  vegetable pathway v: 

The r a d i o n u c l i d e  concen t ra t i on  i n  an animal p roduc t  such as meat, m i l k  

o r  eggs depends on t h e  amount of contaminated feed o r  forage eaten by t he  

animal and i t s  uptake o f  contaminated water .  The f o l l o w i n g  equat ion 

descr ibes  t h i s  model f o r  t h e  concen t ra t i on  i n  animal products  

where Cia = concen t ra t i on  i n  animal p roduc t  ( p C i / ~ )  o r  (pCi1kg) 

'i a 
= t r a n s f e r  c o e f f i c i e n t  o f  r a d i o n u c l i d e  i f rom d a i l y  i n t a k e  

o f  animal t o  e d i b l e  p o r t i o n  o f  animal p roduc t  [ p C i / ~  

( m i l k )  per  pCi Iday]  o r  [pCi/kg (animal p roduc t )  per  pC i lday ]  

CiF = concen t ra t i on  o f  n u c l i d e  i i n  feed o r  forage (pCi /kg)  ca l cu -  

l a t e d  f rom Equat ion 5, p r e v i o u s l y  

QF = consumption r a t e  o f  contaminated feed o r  fo rage  by animal 

( kg lday )  

'i aw 
= concen t ra t i on  o f  n u c l i d e  i i n  water  consumed by animals 

(pCi /e) ,  assumed t o  be equal t o  Ciw, and 

Qaw = consumption r a t e  o f  contaminated water by animal ( r l d a y ) .  

The dose f rom the  consumption o f  animal products  i s  g i ven  by Equatir.n 7 

w i t h  Cia s u b s t i t u t e d  f o r  Civ 

For a  cow g raz ing  on f r e s h  forage, te i n  Equat ion 5 i s  s e t  equal t o  

720 h r  (30 days),  t h e  t y p i c a l  t ime f o r  a  cow t o  r e t u r n  t o  a  p a r t i c u l a r  

p o r t i o n  o f  a  g raz ing  s i t e .  



Values f o r  the  var ious p l a n t  concentrat ion f a c t o r s  and animal product 

t r a n s f e r  coe f f i c i en ts  f o r  the  elements considered are  given i n  Appendix G. 

Table E . l  g ives values f o r  the various animal consumption parameters o f  

Equation 9. 

TABLE E. 1 . Animal Consurr~ption Rates (8)  

Feed o f -  Forage water 
(kg/day rn 

M i l  k Cow 5 5 (Fresh Forage) 60 

Beef C a t t l e  68 ( feed) (a)  50 

P ig  4.2 (feed) (b) 10 

Poul t r y  (chickens) 0.12 ( feed) (c )  0.3 

a. Assumed t o  be 50% Barley, -25% A l f a l f a ,  and 25% Si lage 
b. Assumed t o  be 100% Bar ley 
c. Assumed t o  be 50% Wheat and 50% Bar ley 
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APPENDIX F  - DOSE FACTORS 

Equat ions f o r  c a l c u l a t i n g  i n t e r n a l  dose f a c t o r s ,  Dipr, were de r i ved  

from those g iven  by t h e  ICRP f o r  body burden and MPC and have p r e v i o u s l y  

been pub1 i shed. (') E f f e c t i v e  decay energ ies  f o r  t he  r ad ionuc l  i des  were 

c a l c u l a t e d  f rom t h e  ICRP model, which assumes a l l  o f  t h e  r a d i o n u c l i d e  i s  

i n  t h e  c e n t e r  of a  sphe r i ca l  organ w i t h  an a p p r o p r i a t e  e f f e c t i v e  r a d i u s .  

These dose f a c t o r s  have u n i t s  o f  mremlyr pe r  p C i l y r  i nges ted  and represen t  

t h e  f i r s t  y e a r ' s  dose f rom one y e a r ' s  i n t a k e .  

The dose f a c t o r s  f o r  e x t e r n a l  exposure t o  water were de r i ved  by assuming 

t h a t  t h e  contaminated medium i s  l a r g e  enough t o  be cons idered an " i n f i n i t e  

volume" r e l a t i v e  t o  t h e  range o f  the  em i t t ed  r a d i a t i o n s .  Under t h a t  assump- 

t i o n  t he  energy em i t t ed  p e r  gram o f  media i s  e q u i v a l e n t  t o  t he  energy 

absorbed per  gram o f  media. The MeV pe r  d i s i n t e g r a t i o n  p e r  gram i s  then  

conver ted  t o  rem, and t h e  d i f f e r e n c e s  i n  energy adso rp t i on  between a i r  o r  

water  and t i s s u e  a r e  c o r r e c t e d  as w e l l  as f o r  phys i ca l  geometry o f  each 

s p e c i f i c  exposure s i t u a t i o n .  

The dose f r om water  immersion i s  an e x t e r n a l  dose e i t h e r  t o  t h e  s k i n  

o r  t o  b o t h  t h e  s k i n  and t o t a l  body, depending on t h e  p e n e t r a t i n g  power o f  

t he  r a d i a t i o n  e m i t t e d  by t h e  a i r b o r n e  rad ionuc l i des .  Only beta and gamma 
2  

r a d i a t i o n ,  which cou ld  pene t ra te  7 mg/cm o f  t i s s u e ,  was cons idered i n  

c a l c u l a t i n g  s k i n  dose. Gamna r a d i a t i o n  dose a t  a  5-cm dep th  i n  t i s s u e  was 

used f o r  c a l c u l a t i n g  e x t e r n a l  dose t o  t h e  t o t a l  body (and f o r  i n t e r n a l  

o rgans) .  These dose f a c t o r s  have u n i t s  o f  mrem/hr pe r  p C i / l i t e r  water .  

M a t e r i a l  depos i ted  f r om the  r i v e r  onto t h e  s h o r e l i n e  represen ts  a  

f a i r l y  l a r g e ,  n e a r l y  un i form,  t h i n  sheet  o f  contaminat ion.  The f a c t o r s  

f o r  c o n v e r t i n g  su r f ace  con tamina t ion  i n  p ~ i / m 2  t o  gamma dose a t  1  m above 

a  u n i f o r m l y  contaminated p lane  have been descr ibed.  (') Dose f a c t o r s  f o r  

exposure r i v e r  sediment have u n i t s  o f  mrem/hr per  p ~ i  /m2 sur face .  



Table F.l 1  i s t s  the  dose f a c t o r s  f o r  the var ious organs and pathways 

considered i n  t h i s  i nves t i ga t i on .  

The t o t a l  dose t o  the i n d i v i d u a l  accumulated from continued inges t ion  

and shore l ine  exposure throughout 50 years o f  r e s i d i n g  i n  the same area and .. 
r e t a i n i n g  the same d i e t a r y  and rec rea t iona l  hab i ts  have been estimated by 

m u l t i p l y i n g  the f i r s t - y e a r  dose f a c t o r  by the 50-year dose accumulation . . 
a 

f a c t o r  (OAF). The DAF i s  a f unc t i on  o f  e f f e c t i v e  organ ha l f -1  i f e  (T) and 
. . i s  given by the  equation: 

0.693 
where x = e f f e c t i v e  decay constant  = 7 . 

The above r e l a t i o n  can be shown t o  be equal t o  a  geometric ser ies  

which can be w r i t t e n  i n  the closed form: 

Figure F.l i s  a  p l o t  o f  t h i s  r e l a t i o n  versus T. 
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APPENDIX G - TRANSFER FACTORS 

B ioaccumu la t ion  Fac to rs ,  B  
i P 

Bioaccumul a t i o n  ( c o n c e n t r a t i o n  f a c t o r s )  f o r  a q u a t i c  organisms i n  

e q u i l i b r i u m  w i t h  t h e i r  su r round ings  and which a r e  p o s t u l a t e d  t o  be consumed 

by t h e  i n d i v i d u a l  a r e  l i s t e d  i n  Tab le  G.1. ( 7 )  These f a c t o r s  o f  pC i / kg  we t  

w e i g h t  o f  organ ism p e r  p C i / l i t e r  o f  wa te r .  

Produce, BiV, and Animal Product ,  Sia, T r a n s f e r  F a c t o r s  

T r a n s f e r  f a c t o r s  f o r  produce and an imal  p r o d u c t s  a r e  g i v e n  i n  Tab le  6.2 

i n  u n i t s  o f  pC i / kg  (wet  w e i g h t )  p e r  pC i / kg  ( d r y  s o i l )  f o r  t h e  p l a n t / s o i l  

c o n c e n t r a t i o n  f a c t o r  and pCi /kg  (an imal  p r o d u c t )  p e r  p C i l d a y  ( i n t a k e )  f o r  

t h e  animal  p r o d u c t / f o r a g e  t r a n s f e r  f a c t o r  excep t  f o r  eggs wh ich  i s  i n  u n i t s  

o f  pCi/egg p e r  pCi /day.  ( 7 )  



TABLE G.1. Bioaccumulat ion Factors  f o r  Freshwater 
Organi sms 

B i p  

( p ~ i / k g  Organism Per pCi/Licer Water) 

Element Fish Crustacea Molluscs 

.9 .9 .9 

10 10 3 0 
4600.0 9100.0 9 i o o . n  

100.0 200.0 z00.0 
100000 2n000.0 ?0000.0 

40.0 330.0 330.0 
20.0 2000.0 2000.0 

400.0 90000.3 90000.0 
100.0 3200.0 3200.0 
5n.o 700.0 700.0 

100.0 100.0 1oo.n 
2000.0 100oo.o 1onoo.o 

170.0 170.1) 110.0 
420.0 330.0 330.0 

l .0 1.0 1 .n 
2000.0 1000.0 1000.n 

30.0 100.0 100.n  
25.0 lGOO.0 1000.0 

3.3 6.7 b e  7 

30000.0 100.0 100.0 

10.0 10.0 1o.n 
15.0 5.0 5.n 
10.0 300.0 300.0 
10.0 300.0 300.0 

2.3 770.0 770.0 
700.0 2000.0 Z000.0 

3000.0 1000.0 1000.0 

1.0 10.0 10.0 
400.0 75.0 75.0 

15.0 5.0 5.0 
2000.0 100.0 10u.n 

4.U 200.0 200.0 
1.o 1no0.0 1000.0 

25.0 1000.0 1000.0 
25.3 1000.0 1003.0 
25.3 1000.0 1000.0 
25.0  1000.0 1000.0 
25.0 1000.0 1000.0 

100.0 1no.o 100.0 

15.0 10.0 10.0 
500.o ~ 0 0 0 o . o  20000.n 

57.0 1 . ( I  i .n 
50.0 250.0 250.0 
75.0 1 ~ 0 0 . 0  1000.0 
30. 0 500.0 500.0 

11.0 110.0 i i 0 .n  
2.0 60.0 60.0 

10.0 400.0 dt n . n 

3.5 100.0 100.0 
0 l ouu .o  1000.n 
25.0 1000.0 i0un.n  



TABLE 6 . 2 .  P l a n t  Concentrat ion Factors  and Animal 
Product  T rans fe r  Factors  

F I L E  F O R  F O O D  PROGRAM: 

NIIK P L A N T  EGG M I L K  

TRANSF EH F P C T O R S .  

B E E F  PORK P O U L T R Y  
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APPENDIX H - DESCRIPTION OF THE BASIC LANGUAGE 

COMPUTER PROGRAM FOR DOSE CALCULATIONS 

F igu re  H. 1  shows t he  computing scheme f o r  c a l c u l a t i n g  r a d i o l o g i c a l  

doses us ing  t he  LSTOOl f i l e  f rom the  geosphere t r a n s p o r t  code GETOUT as i n p u t .  

The program ARRGWX c a l c u l a t e s  doses f r om t h e  aqua t i c  and d r i n k i n g  water  

pathways, and t h e  program FOOD2 c a l c u l a t e s  doses f r om i r r i g a t e d  foods and 

food  p roduc ts .  SllMDOS i n t e g r a t e s  t h e  dose r e s u l t s  f rom ARRGWX and FOOD2 

and summarizes t h e  accumulated dose. The f i l e s  FOOEX, ARGEX2, and TAUS7 

c o n t a i n  t h e  dose f a c t o r s ,  t h e  t r a n s f e r  f a c t o r s ,  and t he  accumulat ion f a c t o r s ,  

r e s p e c t i v e l y .  The AWMARG and AWMFD f i l e s  c o n t a i n  t he  dose r e s u l t s  f rom 

ARRGWX and FOOD2. The key f i l e  KAWML oversees t he  runn ing  o f  t he  programs 

f o r  a  g i ven  peak f rom the  LSTOOl f i l e .  KEKE i s  a  master key f i l e  which 

oversees the  execu t ion  o f  KAWML. 



KEKE 

FROM 
GEOSPHERE 
TRANS PORT 

MQDEL KAWML FOOEX 

AWMFD 

ACCUMULATED 
DOSES 

FIGURE H.1. Flow Diagram for BASIC Language 
Dose Calculation Scheme 
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APPENDIX I - SAMPLE OUTPUT FROM THE INTEGRATED 

GEOSPHERE-BIOSPHERE TRANSPORT MODEL 
b - a  

I The s i n g l e  n u c l i d e ,  two-member cha in ,  and three-member c h a i n  m i g r a t i o n  

6 - 
r e s u l t s ,  t h e  geosphere t r a n s p o r t  o u t p u t  f i l e  ( t h e  b iosphere  t r a n s p o r t  i n p u t  

- .  
f i l e ) ,  and t h e  accumulated dose summary f o r  t h e  base case (10 m i l e  p a t h  

l e n g t h ,  0.3%/yr l e a c h  r a t e ,  and 100 yr i n i t i a l  r e l e a s e  t ime  a f t e r  t h e  y e a r  

2000) a r e  shown be1 ow. 

I. 1 S i n g l e  Nucl i d e  M i g r a t i o n  Resu l t s  
























































































































































































































































