
The far field migration of radionuclides in groundwater through 

geologic media 

Thesis (Doctorate) - Univ. California 

Daniel Kao Sun Ting 



The Far Field Migration of Radionuclides In G r o u n d w a t e r " 
through Geologic Media 

By 

Daniel Kao Sun Ting 

Engineer (University of Sao Paulo, Brazil) 1973 
M.Sc. (University of Sao Paulo, Brazil) 1976 

DISSERTATION 

Submitted in partial satisfaction of the requirements for the degree of 

DOCTOR OF PHILOSOPHY 

in 

Engineering 

in the 

GRADUATE DIVISION 

OF THE 

UNIVERSITY OF CALIFORNIA, BERKELEY 

Ho** 



T o m y w i f e S e l m a , for h e r l o v e and s u p p o r t . 

T o m y p a r e n t s , for the w a y t h e y b r o u g h t m e 



A c k n o w l e d g e m e n t s 

I w o u l d l i k e to e x p r e s s m y g r a t i t u d e to P r o f e s s o r P a u l L. 

C h a m b r e , m y t h e s i s s u p e r v i s o r for h i s g u i d a n c e d u r i n g t h i s 

r e s e a r c h . 

M y g r a t i t u d e a l s o g o e s t o P r o f e s s o r T h o m a s H . P i g f o r d for 

m a n y d i s c u s s i o n s and s u g g e s t i o n s . 

T h i s r e s e a r c h is p a r t of t h e p r o j e c t : " M i g r a t i o n of 

R a d i o n u c l i d e s t h r o u g h S o r b i n g M e d i a - A n a l y t i c a l S o l u t i o n s " w h i c h 

s e n i o r r e s e a r c h e r s a r e P . L . C h a m b r e and T . H . P i g f o r d and w h i c h 

is s u p p o r t e d b y t h e O f f i c e of W a s t e I s o l a t i o n of the U . S . 

D e p a r t m e n t of E n e r g y . 

In my c o u n t r y , B r a z i l , I w o u l d l i k e to t h a n k t h e I n s t i t u t o 

de P e s q u i s a s E n e r g é t i c a s e N u c l e a r e s and t h e C o m i s s ã o N a c i o n a l de 

E n e r g i a N u c l e a r , w h i c h s u p p o r t m a d e m y g r a d u a t e s t u d y p o s s i b l e . 

D a n i e l K. S. T i n g 

N o v e m b e r , 1 9 , 1 9 8 1 

U n i v e r s i t y of C a l i f o r n i a , B e r k e l e y 



C O N T E N T S 

I n t r o d u c t i o n 1 

M i g r a t i o n of R a d i o n u c l i d e s in O n e - d i m e n s i o n a l G r o u n d w a t e r 

F l o w s t h r o u g h G e o l o g i c M e d i a 

2.1 I n t r o d u c t i o n 8 

2.2 T h e r a d i o n u c l i d e t r a n s p o r t e q u a t i o n a n d s i d e 

c o n d i t i o n s 10 

2.3 T h e g e n e r a l n o n - r e c u r s i v e a n a l y t i c a l s o l u t i o n 12 

2.4 S a m p l e c a l c u l a t i o n w i t h t h e p r o g r a m U C B N E 2 5 15 

M a x i m a of R e l e a s e B a n d s 

3.1 I n t r o d u c t i o n 2 4 

3.2 T h e g o v e r n i n g e q u a t i o n s and t h e a p p r o x i m a t e s o l u t i o n 2 7 

3.3 E x t r e m u m of t h e s o l u t i o n for t h e f i r s t m e m b e r 33 

3.4 E x t r e m u m of the s o l u t i o n for t h e s e c o n d m e m b e r 36 

3.5 E x t r e m u m of t h e s o l u t i o n for t h e t h i r d m e m b e r 54 

3.6 E x a m p l e of the u t i l i z a t i o n of t h e m e t h o d and 

c o m p a r i s o n w i t h the e x a c t s o l u t i o n r e s u l t s 68 

3.7 A n a l y s i s of t h e e f f e c t of v a r i a t i o n in p a r a m e t e r s 

v a l u e s on t h e m a x i m a c o n c e n t r a t i o n s 81 

M i g r a t i o n of R a d i o n u c l i d e s in T w o - d i m e n s i on a1 G r o u n d w a t e r 

F l o w s t h r o u g h G e o l o g i c M e d i a 

4.1 I n t r o d u c t i o n 119 



4. 2 

4 . 3 

4 . 4 

4. 5 

4. 6 

4 . 7 

T h e o r e t i c a l b a c k g r o u n d 

T w o - d i m e n s i o n a l g r o u n d w a t e r f l o w s r e p r e s e n t e d b y 

a n a l y t i c a l e x p r e s s i o n 

A q u i f e r p o t e n t i o m e t r i e s u r f a c e s r e p r e s e n t e d by 

i n t e r p o l a t i o n of f i e l d m e a s u r e d p i e z o m e t r i c d a t a 

D e s c r i p t i o n of t h e c o m p u t e r c o d e U C B N E 2 1 

M o d e l l i n g of t h e f a r - f i e l d r a d i o n u c l i d e m i g r a t i o n 

at t h e r e f e r e n c e s i t e of t h e W a s t e I s o l a t i o n P i l o t 

P l a n t ( W I P P ) in E d d y C o u n t y , N e w M e x i c o 

M o d e l l i n g of t h e f a r - f i e l d r a d i o n u c l i d e m i g r a t i o n 

at t h e s i t e of t h e B a s a l t W a s t e I s o l a t i o n P r o j e c t 

( B W I P ) in H a n f o r d , W a s h i n g t o n 

5 . L i t e r a t u r e R e f e r e n c e s 

A p p e n d i x A. S o u r c e l i s t i n g a n d d a t a i n p u t d e s c r i p t i o n for 

t h e c o m p u t e r p r o g r a m U C B N E 2 5 

A p p e n d i x B . S o u r c e l i s t i n g and d a t a i n p u t d e s c r i p t i o n for 

the c o m p u t e r p r o g r a m U C B N E 2 0 

A p p e n d i x C . S o u r c e l i s t i n g and d a t a i n p u t d e s c r i p t i o n for 

t h e c o m p u t e r p r o g r a m U C B N E 2 1 

A p p e n d i x D . D e r i v a t i o n of t h e c o n t a m i n a t e d r e g i o n a n d 

c o n t a m i n a t i o n t i m e 



1 

P a u l L . C h a m b r e 

C h a i r m a n of C o m m i t t e e 

A b s t r a c t 

T h i s w o r k m o d e l s t h e r a d i o n u c l i d e m i g r a t i o n b y g r o u n d w a t e r 

f l o w in g e o l o g i c m e d i a a f t e r n u c l i d e r e l e a s e f r o m a h i g h l e v e l 

w a s t e r e p o s i t o r y . P r e d i c t i v e a n a l y t i c a l m e t h o d s a r e p r e s e n t e d 

t h a t c a n be u s e d to a s s e s s t h e p e r f o r m a n c e of a r e p o s i t o r y s i t e , 

and w h i c h e s t i m a t e t h e p o t e n t i a l h a z a r d at t h e b i o s p h e r e to t h e 

g e n e r a l p u b l i c . T h e r e s u l t s of t h e a n a l y s i s a r e p r e s e n t e d by 

a n a l y t i c a l f o r m u l a s a n d a set of c o m p u t e r c o d e s w h i c h e v a l u a t e 

t h e s e s o l u t i o n s h a s b e e n d e v e l o p e d . 

T h e e x a c t a n a l y t i c a l n o n - r e c u r s i v e s o l u t i o n to t h e o n e -

T H E F A R - F I E L D M I G R A T I O N O F R A D I O N U C L I D E S IN G R O U N D W A T E R 

T H R O U G H G E O L O G I C M E D I A 

D a n i e l K a o S u n T i n g 

P h . D . N u c l e a r E n g i n e e r i n g D e p a r t m e n t 

U n i v e r s i t y of C a l i f o r n i a , B e r k e l e y 



1 

1 . I n t r o d u c t i o n 

T h e v i a b l e d i s p o s a l of h i g h l e v e l n u c l e a r w a s t e in 

r e p o s i t o r i e s l o c a t e d d e e p in a g e o l o g i c m e d i a w i l l d e p e n d a m o n g 

o t h e r f a c t o r s , on t h e s p e e d of t h e far f i e l d m i g r a t i o n of 

r a d i o n u c l i d e s in t h e g r o u n d w a t e r t h r o u g h t h e g e o l o g i c m e d i a . 

T h i s w o r k i n t e n d s to m o d e l t h e r a d i o n u c l i d e m i g r a t i o n in 

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

t h e i r d i s c h a r g e i n t o t h e b i o s p h e r e . 

T h i s m o d e l l i n g p r o d u c e s a p r e d i c t i v e m e t h o d t h a t c a n b e 

u s e d to a s s e s s t h e p e r f o r m a n c e of a p a r t i c u l a r c o m b i n a t i o n of 

w a s t e p a c k a g e and r e p o s i t o r y s i t e , and e s t i m a t e s t h e p o t e n t i a l 

h a z a r d to t h e g e n e r a l p u b l i c . A set of c o m p u t e r c o d e s b a s e d on 

t h e s e m e t h o d s h a s b e e n d e v e l o p e d . A n i m p o r t a n t a s p e c t t h r o u g h o u t 

t h i s s t u d y is t h e a n a l y t i c a l c h a r a c t e r of t h e s o l u t i o n s u s e d . 

W h e n c o n t r a s t e d a g a i n s t n u m e r i c a l s c h e m e s u s e d to s o l v e t h e 

e q u i v a l e n t p r o b l e m ( S i ) , t h e a d v a n t a g e s of a n a l y t i c a l m e t h o d s a r e 

c l e a r l y e v i d e n c e d . T h e s e c o n s i s t of m i n i m a l c o m p u t i n g t i m e , t h e 

a b s e n c e of c o n v e r g e n c e and p r e c i s i o n c r i t e r i a s n e e d e d and t h e 

fact t h a t the d e p e n d e n c e on p h y s i c a l p a r a m e t e r s of t h e s o l u t i o n 

a r e e a s i e r to r e c o g n i z e . 

T h e o v e r a l l w a s t e d i s p o s a l p r o b l e m c a n b e d i v i d e d i n t o 

t h r e e m a i n p a r t s : t h e n e a r - f i e l d p r o b l e m , t h e f a r - f i e l d p r o b l e m 

and the p a t h w a y s to i n g e s t i o n . In t h e n e a r - f i e l d p r o b l e m , t h e 

d e s i g n of t h e p a c k a g e c o n t a i n i n g t h e w a s t e f o r m and its 
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d i m e n s i o n a l n u c l i d e t r a n s p o r t e q u a t i o n w i t h s o r p t i o n e q u i l i b r i u m 

and w i t h o u t s o l u b i l i t y l i m i t a t i o n s is s t u d i e d . A p a r a m e t r i c 

s t u d y s h o w i n g t h e i n f l u e n c e of t h e w a t e r t r a v e l t i m e , t h e l e a c h 

t i m e , the t i m e for b e g i n n i n g of l e a c h i n g a n d t h e r e t a r d a t i o n 

c o e f f i c i e n t s on t h e m a x i m u m c o n c e n t r a t i o n of e v e r y n u c l i d e 

p r e s e n t in t h e h i g h l e v e l w a s t e is p r e s e n t e d b y an a p p r o x i m a t i o n 

m e t h o d . T h e r e s u l t s i n d i c a t e t h a t for m o s t of t h e p a r a m e t e r 

r a n g e c o n s i d e r e d , 1-129 and R a - 2 2 6 a r e t h e p o t e n t i a l l y m o s t 

h a z a r d o u s n u c l i d e s . T h e h a z a r d d u e to t h e l e a c h i n g of h i g h l e v e l 

w a s t e p a c k a g e s is c o m p a r e d to t h a t of t h e l e a c h i n g of an 

e q u i v a l e n t a m o u n t of n a t u r a l u r a n i u m o r e . 

T h e a n a l y t i c a l n o n - r e c u r s i v e s o l u t i o n for t h e m i g r a t i o n of 

r a d i o n u c l i d e s in t w o - d i m e n s i o n a l g r o u n d w a t e r f l o w is s t u d i e d 

n e x t . W i t h n e g l e c t of d i s p e r s i o n , t h e s o l u t i o n to t h e o n e -

d i m e n s i o n a l t r a n s p o r t e q u a t i o n is a p p l i c a b l e a l o n g a s t r e a m l i n e 

of the t w o - d i m e n s i o n a l g r o u n d w a t e r f l o w d e s c r i b e d by D a r c y ' s l a w . 

T h e p o t e n t i a l f u n c t i o n d r i v i n g t h i s f l o w c a n b e r e p r e s e n t e d 

e i t h e r by a n a l y t i c a l e x p r e s s i o n s or by f i e l d p i e z o m e t r i c 

m e a s u r e m e n t s . T h e a n a l y s i s y i e l d s t h e c o n t a m i n a t e d r e g i o n for 

a n y m e m b e r of a c h a i n of a r b i t r a r y l e n g t h a n d e v a l u a t e s its 

c o n c e n t r a t i o n in t h a t r e g i o n . O n e c a n a l s o e v a l u a t e t h e 

d i s c h a r g e r a t e as w e l l as t h e c u m u l a t i v e d i s c h a r g e at t h e 

b i o s p h e r e . 

T h e far f i e l d m i g r a t i o n of r a d i o n u c l i d e s in g r o u n d w a t e r in 

t w o c a n d i d a t e r e p o s i t o r y s i t e s h a s b e e n s t u d i e d . T h e s e a r e t h e 
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s u r r o u n d i n g e n g i n e e r e d b a r r i e r s as w e l l as t h e d e f i n i t i o n of t h e 

r e p o s i t o r i e s p a r a m e t e r s a r e a d r e s s e d . T h e m o d e l l i n g of h o w t h e 

g r o u n d w a t e r m i g h t r e a c h t h e w a s t e p a c k a g e , c o r r o d i n g it and 

r e l e a s i n g r a d i o n u c l i d e s i n t o s u r r o u n d i n g a q u i f e r s is s t u d i e d . 

T h e r e s u l t of t h e n e a r - f i e l d p r o b l e m s h o u l d d e s c r i b e h o w t h e 

r a d i o n u c l i d e s a r e r e l e a s e d i n t o n e a r b y a q u i f e r s . 

T h e f a r - f i e l d p r o b l e m u s e s t h e r e s u l t of t h e n e a r - f i e l d 

p r o b l e m as t h e b o u n d a r y c o n d i t i o n and s t u d i e s t h e m i g r a t i o n of 

t h e s e r a d i o n u c l i d e s in g r o u n d w a t e r t h r o u g h a q u i f e r s u n t i l t h e y 

d i s c h a r g e i n t o t h e b i o s p h e r e . T h i s is t h e p r o b l e m a n a l y z e d in 

t h i s w o r k . 

A f t e r t h e s e r a d i o n u c l i d e s a r e r e l e a s e d i n t o t h e b i o s p h e r e , 

w h i c h can b e a r i v e r , a w e l l or a n y o t h e r p o s s i b l e s o u r c e of 

f r e s h w a t e r , t h e a c t u a l p a t h w a y s t h a t t h e n u c l i d e s f o l l o w u n t i l 

t h e y a r e i n g e s t e d m u s t b e d e t e r m i n e d a n d t h e r e s u l t a n t h e a l t h 

e f f e c t s e v a l u a t e d . T h e n u m b e r of h e a l t h e f f e c t s c a u s e d by t h e 

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

u l t i m a t e l y b e t h e m e a s u r e of t h e a d e q u a c y of t h e p r o p o s e d 

c o m b i n a t i o n of t h e w a s t e p a c k a g e and t h e r e p o s i t o r y s i t e . 

D i f f e r e n t i n v e s t i g a t i o n s a r e b e i n g p r e s e n t l y c a r r i e d to 

d e s c r i b e t h e n e a r - f i e l d p r o b l e m ( C h a m b r e , Z a v o s h y in P.3) . 

S i m p l i f i e d m o d e l s h a v e in t h e p a s t b e e n p r o p o s e d to d e s c r i b e t h e 

n e a r - f i e l d p r o b l e m (B4,H1) and t h e so c a l l e d " d e c a y i n g b a n d 

r e l e a s e m o d e " is a d o p t e d as t h e b o u n d a r y c o n d i t i o n d e s c r i b i n g t h e 



3 
r e l e a s e of r a d i o n u c l i d e s f r o m t h e r e p o s i t o r y . T o avoid t h e 

d e t a i l e d e v a l u a t i o n of t h e p a t h w a y s to i n g e s t i o n a n d to d e t e r m i n e 

t h e h e a l t h e f f e c t s to t h e p u b l i c d u e to t h e f a i l u r e of a 

r e p o s i t o r y , t h e M a x i m u m P e r m i s s i b l e C o n c e n t r a t i o n ( M P C , 1 0 C F R 2 0) 

w a s u s e d as a p o t e n t i a l h a z a r d i n d e x . T h e r a d i o n u c l i d e 

c o n c e n t r a t i o n s at t h e b i o s p h e r e a r e c o m p a r e d to t h e i r M P C v a l u e s . 

B y u s i n g t h e s e s i m p l i f i c a t i o n s for t h e n e a r - f i e l d p r o b l e m 

and for t h e p a t h w a y s to t h e i n g e s t i o n , t h e e n t i r e e f f o r t of t h i s 

w o r k c a n b e c o n c e n t r a t e d in t h e m o d e l l i n g of t h e f a r - f i e l d 

m i g r a t i o n of r a d i o n u c l i d e s in g r o u n d w a t e r t h r o u g h g e o l o g i c m e d i a . 

T h e g r o u n d w a t e r f l o w f i e l d is d e s c r i b e d by t h e D a r c y ' s l a w in 

c o n j u n t i o n w i t h t h e g r o u n d w a t e r m a s s c o n s e r v a t i o n e q u a t i o n and it 

is c o n s i d e r e d to b e in s t e a d y s t a t e . S o i l p o r o s i t y a n d w a t e r 

d e n s i t y a r e a s s u m e d to b e c o n s t a n t . S o r p t i o n r e a c t i o n s b e t w e e n 

n u c l i d e s in t h e g r o u n d w a t e r w i t h t h e s o l i d p h a s e a r e a s s u m e d to 

b e g o v e r n e d by a l i n e a r i s o t h e r m . I n t h i s p r e s e n t s t u d y , t h e 

e f f e c t s of h y d r o d y n a m i c d i s p e r s i o n a r e a s s u m e d to b e n e g l i g i b l e . 

T h i s is a c o n s e r v a t i v e a s s u m p t i o n s i n c e d i p e r s i o n t e n d s to b r o a d 

t h e m i g r a t i o n b a n d s r e d u c i n g t h e m a g n i t u d e of t h e c o n c e n t r a t i o n s . 

R e d u c t i o n in t h e a r r i v a l t i m e of t h e b a n d is n e g l i g i b l e ( H 3 ) . 

F u r t h e r m o r e , a n y n u c l i d e is a l l o w e d to d i s s o l v e w i t h o u t 

s o l u b i l i t y l i m i t a t i o n s , w h i c h is a l s o a c o n s e r v a t i v e a s s u m p t i o n . 

L e s t e r et al (Ll) , B u r k h o l d e r et a_l (B4) s o l v e d 

a n a l y t i c a l l y the r a d i o n u c l i d e t r a n s p o r t e q u a t i o n for a o n e -

d i m e n s i o n a l c o n s t a n t g r o u n d w a t e r f l o w . T h e s o l u t i o n is 
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s i t e s of t h e W a s t e I s o l a t i o n P i l o t P l a n t (WIPP) in N e w M e x i c o and 

t h e B a s a l t W a s t e I s o l a t i o n P r o j e c t (BWIP) in H a n f o r d , W a s h i n g t o n . 

I f an a c c i d e n t o c c u r s a f t e r 1 0 0 0 y e a r s , t h e c o n t a m i n a t i o n of 

n e a r b y r i v e r s d u e to t h e d i s c h a r g e of 1-129 a n d R a - 2 2 6 l e a c h e d 

o u t f r o m t h e w a s t e d u r i n g a p e r i o d of 1 0 0 0 0 y e a r s d o e s n o t e x c e e d 

t h e m a x i m u m p e r m i s s i b l e c o n c e n t r a t i o n s . 



4 
r e s t r i c t e d to a c t i n i d e c h a i n s w i t h t h r e e m e m b e r s o n l y . H i g a s h i 

(H2) s o l v e d the s a m e p r o b l e m u s i n g a c o r r e c t e d b o u n d a r y c o n d i t i o n 

and s h o w e d t h e r e s u l t a n t d i f f e r e n c e s in t h e s o l u t i o n . F o g l i a et 

al (F3) u s e t h e s u p e r p o s i t i o n p r i n c i p l e in t h e s o l u t i o n to t h e 

t r a n s p o r t e q u a t i o n w i t h t h e d i s p e r s i o n t e r m i n c l u d e d . H a d e r m a n n 

( H 4 ) , F o g l i a (Hi) p r o p o s e s o l u t i o n s to t h e o n e - d i m e n s i o n a l 

t r a n s p o r t e q u a t i o n in a h e t e r o g e n e o u s m e d i a c o n s i s t i n g of s e v e r a l 

d i f f e r e n t l a y e r s . C h a m b r e (Hi) d e r i v e d t h e a n a l y t i c a l n o n -

r e c u r s i v e s o l u t i o n to t h e o n e d i m e n s i o n a l t r a n s p o r t e q u a t i o n 

w i t h o u t d i s p e r s i o n w h i c h e v a l u a t e s t h e c o n c e n t r a t i o n of a n y 

m e m b e r of a c h a i n of a r b i t r a r y l e n g t h . L a t e r o n , C h a m b r e (Pi) 

e x t e n d s t h e o n e - d i m e n s i o n a l n o n r e c u r s i v e s o l u t i o n to d e s c r i b e 

t h e m i g r a t i o n of r a d i o n u c l i d e s in t w o a n d t h r e e d i m e n s i o n a l f l o w 

f i e l d s . 

I n c h a p t e r 2, a r e v i e w of C h a m b r e * s s o l u t i o n (HI) to t h e 

o n e - d i m e n s i o n a l f l o w is p r e s e n t e d a n d a l s o a c o m p u t e r p r o g r a m 

( U C B N E 2 5 ) t h a t h a s b e e n d e v e l o p e d b a s e d on t h i s s o l u t i o n is 

d e s c r i b e d ( T l ) . S a m p l e c a l c u l a t i o n s a r e s h o w n . I n c h a p t e r 3, an 

a p p r o x i m a t e s o l u t i o n t o t h e o n e - d i m e n s i o n a l t r a n s p o r t p r o b l e m is 

p r e s e n t e d . T h i s s i m p l i f i e d f o r m of t h e s o l u t i o n a l l o w s o n e to 

o b t a i n a n a l y t i c a l l y t h e e x t r e m u m of t h e s o l u t i o n : t h e t i m e w h e n 

t h e m a x i m u m c o n c e n t r a t i o n o c c u r s at a f i x e d f i e l d p o s i t i o n as 

w e l l as t h e f i e l d p o s i t i o n w h e r e t h e m a x i m u m c o n c e n t r a t i o n o c c u r s 

at a f i x e d t i m e . T h e r e s u l t s a r e p r e s e n t e d in s i m p l e t a b u l a r 

f o r m for e a s y u s e a n d t h e y a r e a p p l i c a b l e for c h a i n s w i t h up to 

t h r e e m e m b e r s . T h i s a n a l y t i c a l m e t h o d to d e t e r m i n e t h e e x t r e m u m 



5 
a v o i d s t i m e c o n s u m i n g e v a l u a t i o n of c o m p l e t e c o n c e n t r a t i o n 

h i s t o r i e s to d e t e r m i n e t h e m a x i m u m . A c o m p u t e r p r o g r a m , U C B N E 2 0, 

b a s e d on t h i s m e t h o d h a s b e e n d e v e l o p e d . 

U s i n g t h i s p r o g r a m , a p a r a m e t r i c s t u d y s h o w i n g the 

i n f l u e n c e of e a c h p a r a m e t e r ( i . e . the w a t e r t r a v e l t i m e , t h e 

l e a c h t i m e , t h e t i m e for b e g i n n i n g of l e a c h i n g and t h e 

r e t a r d a t i o n c o e f f i c i e n t s ) on t h e m a x i m u m c o n c e n t r a t i o n of e v e r y 

n u c l i d e p r e s e n t in t h e h i g h l e v e l w a s t e h a s b e e n d o n e . T h e 

r e s u l t i n d i c a t e s t h a t for m o s t of t h e p a r a m e t e r r a n g e s 

c o n s i d e r e d , 1-129 and R a - 2 2 6 a r e t h e p o t e n t i a l l y m o s t h a z a r d o u s 

n u c l i d e s . T h e h a z a r d d u e to the l e a c h i n g of h i g h l e v e l w a s t e 

p a c k a g e s is c o m p a r e d to t h a t of the l e a c h i n g of an e q u i v a l e n t 

a m o u n t of n a t u r a l u r a n i u m o r e and a l s o to t h e m i l l t a i l i n g s 

r e s u l t e d f r o m p r o c e s s i n g t h e o r e . A s s u m i n g t h a t t h e y h a v e 

c o m p a r a b l e l e a c h r a t e s , w e s h o w t h a t t h e p o t e n t i a l h a z a r d d u e to 

the l e a c h i n g of n a t u r a l u r a n i u m o r e is a l w a y s l a r g e r t h a n t h a t of 

an e q u i v a l e n t a m o u n t of r e p r o c e s s e d h i g h l e v e l w a s t e . 

In c h a p t e r 4 , the a n a l y t i c a l n o n - r e c u r s i v e s o l u t i o n for the 

t w o - d i m e n s i o n a l t r a n s p o r t e q u a t i o n ( C h a m b r e , P i ) is f i r s t 

r e v i e w e d . T h e m o s t i m p o r t a n t r e s u l t d e r i v e d in the s o l u t i o n is 

t h a t w h e n d i s p e r s i o n is n e g l e c t e d , t h e s o l u t i o n to t h e o n e -

d i m e n s i o n a l t r a n s p o r t e q u a t i o n is a p p l i c a b l e a l o n g a s t r e a m l i n e 

of the t w o - d i m e n s i o n a l g r o u n d w a t e r f l o w . In t h i s s t u d y , t h e 

p o t e n t i a l f u n c t i o n d r i v i n g t h e t w o - d i m e n s i o n a l g r o u n d w a t e r f l o w 

c a n b e r e p r e s e n t e d e i t h e r b y a n a l y t i c a l e x p r e s s i o n s or b y f i e l d 



p i e z o m e t r i c m e a s u r e m e n t s . 

A n a l y t i c a l r e p r e s e n t a t i o n o f g r o u n d w a t e r f l o w s is c a r r i e d 

o u t b y s u p e r i m p o s i n g an a r b i t r a r y n u m b e r o f p o i n t s i n k s and p o i n t 

s o u r c e s . T h i s s u p e r i m p o s i t i o n c a n r e p r e s e n t f l o w f i e l d s o f 

a r b i t r a r y c o m p l e x i t y . O n t h e o t h e r h a n d , a g i v e n n u m b e r o f 

s c a t t e r e d p o t e n t i o m e t r i e f i e l d d a t a can b e u s e d to r e p r e s e n t t h e 

p o t e n t i a l l e v e l c u r v e s by f i t t i n g t h e d a t a w i t h a m i n i m a l t o t a l 

c u r v a t u r e s p l i n e f u n c t i o n ( B r i g g s , B l ) . T h i s l a t e r m e t h o d a l l o w s 

t h e a q u i f e r t o h a v e i n h o m o g e n e o u s h y d r a u l i c c o n d u c t i v i t y a l t h o u g h 

i s o t r o p i c . 

B a s e d on t h e a b o v e d e s c r i b e d m e t h o d s , a c o m p u t e r p r o g r a m 

U C B N E 2 1 h a s b e e n d e v e l o p e d and is d e s c r i b e d in t h i s c h a p t e r . 

T h i s p r o g r a m d e t e r m i n e s t h e t w o - d i m e n s i o n a l c o n t a m i n a t e d r e g i o n , 

at a n y t i m e a f t e r t h e r e l e a s e s t a r t e d , f o r a n y m e m b e r o f a c h a i n 

o f a r b i t r a r y l e n g t h and e v a l u a t e s its c o n c e n t r a t i o n in t h e 

c o n t a m i n a t e d r e g i o n . I n a d d i t i o n , if t h e l o c a t i o n o f t h e 

i n t e r s e c t i o n o f t h e b i o s p h e r e w i t h t h e c o n t a m i n a t e d r e g i o n is 

k n o w n , U C B N E 2 1 e v a l u a t e s t h e d i s c h a r g e r a t e as w e l l as t h e 

c u m u l a t i v e d i s c h a r g e at t h e b i o s p h e r e . T h e p r o g r a m h a s t h e 

c a p a b i l i t y o f u s i n g t h e g r a p h i c s o f t w a r e to a u t o m a t i c a l l y 

g e n e r a t e g r a p h s o f d e s i r e d o u t p u t f u n c t i o n s . 

T h e f a r - f i e l d m i g r a t i o n o f r a d i o n u c l i d e s in g r o u n d w a t e r in 

t w o c a n d i d a t e r e p o s i t o r y s i t e s h a s b e e n s t u d i e d . T h e s e a r e t h e 

s i t e s o f t h e W a s t e I s o l a t i o n P i l o t P l a n t (WIPP) in E d d y C o u n t y , 
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N e w M e x i c o a n d t h e B a s a l t W a s t e I s o l a t i o n P r o j e c t (BWIP) in 

H a n f o r d , W a s h i n g t o n . In b o t h c a s e s , it is s h o w n t h a t 

c o n t a m i n a t i o n of n e a r b y r i v e r s d u e to t h e d i s c h a r g e of 

r a d i o n u c l i d e s f r o m t h e a q u i f e r s s u r r o u n d i n g t h e a s s u m e d l o c a t i o n s 

for t h e r e p o s i t o r y s i t e s d o e s n o t e x c e e d t h e M a x i m u m P e r m i s s i b l e 

C o n c e n t r a t i o n for a n y n u c l i d e , in t h e e v e n t of an a c c i d e n t . 

F i n a l l y , s o u r c e l i s t i n g s f o r t h e p r o g r a m s U C B N E 2 5 , U C B N E 2 0 

and U C B N E 2 1 as w e l l as t h e i r d a t a i n p u t d e s c r i p t i o n s a r e g i v e n in 

A p p e n d i x A, B a n d C r e s p e c t i v e l y . 
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2. M i g r a t i o n of R a d i o n u c l i d e s in O n e - D i m e n s i o n a l 

G r o u n d w a t e r F l o w s T h r o u g h G e o l o g i c M e d i a 

2.1 I n t r o d u c t i o n 

In t h i s s e c t i o n , t h e m o d e l l i n g of t h e far f i e l d m i g r a t i o n 

of r a d i o n u c l i d e s in o n e - d i m e n s i o n a l g r o u n d w a t e r f l o w t h r o u g h 

g e o l o g i c m e d i a is s t u d i e d . T h e r e a r e t w o g r o u p s of r a d i o n u c l i d e s 

in h i g h l e v e l w a s t e s t h a t p r e s e n t p o t e n t i a l h a z a r d to the 

b i o s p h e r e : t h e l o n g l i v e d f i s s i o n p r o d u c t s (e.g. 1 - 1 2 9 , T c -

9 9 , e t c . ) and t h e l o n g a c t i n i d e c h a i n s (e.g. C m - 2 4 6—*- P u - 2 4 2—«» U-

2 3 8 - ^ - U - 2 3 4 — T h - 2 3 0 - — R a - 2 2 6 ) . 

T o a c c u r a t e l y p r e d i c t t h e t r a n s p o r t of an a c t i n i d e , it is 

n e c e s s a r y to c o n s i d e r its l i n k a g e to a l l its p r e c u r s o r s t h r o u g h 

the d e c a y c h a i n . P r e v i o u s a n a l y t i c a l s o l u t i o n s to t h e 

r a d i o n u c l i d e t r a n s p o r t e q u a t i o n w e r e r e c u r s i v e in n a t u r e ( L l ) . 

D u e to t h e m e t h o d of s o l u t i o n e m p l o y e d , t h e s o l u t i o n c o u l d be 

e x p l i c i t l y e x p r e s s e d for c h a i n s of up to t h r e e m e m b e r s o n l y . 

T h e r e f o r e , a c t u a l n u m e r i c a l e v a l u a t i o n s w e r e l i m i t e d t o t h r e e 

m e m b e r s c h a i n s o n l y . H o w e v e r , in e i t h e r s p e n t fuel or in h i g h 

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

t h e i r a n a l y s i s h a d to b e t r e a t e d by s i m p l i f y i n g a s s u m p t i o n s w h i c h 

a l l o w e d o n e to r e d u c e t h e s e l o n g e r c h a i n s i n t o t h r e e m e m b e r 

c h a i n s . 



In a p r e v i o u s r e p o r t , C h a m b r é ( H l , s e c t i o n 4.4) p r e s e n t e d 

t h e a n a l y t i c a l n o n r e c u r s i v e s o l u t i o n to t h e r a d i o n u c l i d e 

t r a n s p o r t e q u a t i o n for o n e d i m e n s i o n a l f l o w s . T h i s s o l u t i o n 

a l l o w s o n e t o e v a l u a t e t h e c o n c e n t r a t i o n h i s t o r y of a n y m e m b e r o 

a c h a i n of a r b i t r a r y l e n g h t w i t h o u t h a v i n g to s o l v e for its 

p r e c u r s o r s . E v a l u a t i o n of t h i s s o l u t i o n r e q u i r e s l i t t l e 

c o m p u t i n g t i m e . 

T h e s o l u t i o n h a s b e e n p r o g r a m e d i n t o the c o m p u t e r p r o g r a m 

U C B N E 2 5 and a t y p i c a l c a l c u l a t i o n is d o n e and g r a p h i c a l r e s u l t s 

a r e p r e s e n t e d . T h e U C B N E 2 5 p r o g r a m u s e s the g r a p h i c d i s p l a y 

s o f t w a r e a v a i l a b l e at t h e L B L c o m p u t e r c e n t e r to a u t o m a t i c a l l y 

g e n e r a t e g r a p h i c a l o u t p u t s . 
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2.2 T h e r a d i o n u c l i d e t r a n s p o r t e q u a t i o n and s i d e 

c o n d i t i o n s 

T h e s y s t e m c o n s i d e r e d is an o n e - d i m e n s i o n a l s i n g l e r e g i o n 

g e o l o g i c m e d i a w h e r e t h e g r o u n d w a t e r v e l o c i t y is c o n s t a n t . 

D i s p e r s i o n e f f e c t s are a s s u m e d to be n e g l i g i b l e . T h e s o r p t i o n -

d e s o r p t i o n r e a c t i o n s b e t w e e n r a d i o n u c l i d e s in t h e l i q u i d w i t h the 

s o l i d p h a s e a r e a s s u m e d to be in e q u i l i b r i u m . N o s o l u b i l i t y 

l i m i t of a n y n u c l i d e in the g r o u n d w a t e r is c o n s i d e r e d . M e d i a 

p r o p e r t i e s c h a r a c t e r i z i n g s o i l , w a t e r and r a d i o - c h e m i s t r y are 

t r e a t e d as i s o t r o p i c and c o n s t a n t . 

S u b j e c t to the a b o v e a s s u m p t i o n s , the c o n s e r v a t i o n e q u a t i o n 

for the i-th m e m b e r of a r a d i o n u c l i d e c h a i n in the g r o u n d w a t e r 

can b e w r i t t e n as f o l l o w s ( H i , s e c t i o n 2 . 3 ) . 

3N. 3N. 
K. — + v i + X.K.N. = X. ,K. nN •, i = 1,2, . .., X = 0 

1 3t 3" 1 1 1 l-l l-l 1-1 - {1-1-11 

H e r e , N * ( z , t ) is t h e c o n c e n t r a t i o n of t h e i-th s p e c i e s in 

the w a t e r , Kj, are the r e t a r d a t i o n c o e f f i c i e n t s , t h e d e c a y 

c o n s t a n t s ( 1 / y r ) , z t h e d i s t a n c e f r o m t h e r e p o s i t o r y , v the 

c o n s t a n t g r o u n d w a t e r v e l o c i t y and t t h e t i m e a f t e r t h e r e l e a s e 

s t a r t s . T h e i n i t i a l c o n d i t i o n , at any p o i n t z > 0 , is e x p r e s s e d by 

N i ( z , 0 ) = 0 ; z>0 (2.2.2) 

T h e b o u n d a r y c o n d i t i o n c a n be r e p r e s e n t e d by an a r b i t r a r y 
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r e l e a s e f u n c t i o n 

N i ( 0 , t ) = N i G i (t ) t > 0 ( z•2 « 3 ) 

w h e r e 

N T = M . V Q T (2.2.4) 
1 1 

H e r e N V is t h e i n i t i a l c o n c e n t r a t i o n of t h e i-th m e m b e r 

n u c l i d e w h e n the l e a c h i n g s t a r t s (HI, s e c t i o n 3 . 2 ) , M|? is the 

c o r r e s p o n d i n g i n i t i a l n u m b e r of a t o m s at t h e r e p o s i t o r y , Q is the 

3 

t o t a l v o l u m e t r i c f l o w r a t e a c r o s s the w a s t e (m / y r ) , T is the 

d u r a t i o n of t h e r e l e a s e (yr) and (t) is an a r b i t r a r y p r e s c r i b e d 

r e l e a s e f u n c t i o n . 

T h e s o l i d w a s t e f o r m is a s s u m e d to be l e a c h e d in s u c h a w a y 

t h a t the b o u n d a r y c o n d i t i o n c a n be r e p r e s e n t e d by t h e so c a l l e d 

d e c a y i n g b a n d r e l e a s e m o d e l (HI) . In t h i s m o d e l , e v e r y n u c l i d e 

is a s s u m e d to be r e l e a s e d d u r i n g a t i m e p e r i o d T c a l l e d the l e a c h 

t i m e . It c a n be s h o w n t h a t t h i s m o d e l w i l l p r o d u c e a r e l e a s e 

f u n c t i o n w h i c h is e x p r e s s e d by t h e f o l l o w i n g r e l a t i o n s h i p 

(Hi, s e c t i o n 3.2) 

i 
G (0,t) = I B e x p ( - X . t ) [ h ( t ) - h ( t - T ) (2.2.5) 

w h e r e h ( t ) is the s t e p f u n c t i o n and B ^ * are t h e B a t e m a n 

c o e f f i c i e n t s 

J 1 i i 
B . . = z T i x } / n { X - x . } (2.2.6) 

m = l r = m l = m 
1*3 



2.3 T h e g e n e r a l n o n - r e c u r s i v e a n a l y t i c a l s o l u t i o n 

T h e s o l u t i o n to E q . (2.2.1) s u b j e c t to t h e s i d e c o n d i t i o n s 

E q . ( 2 . 2 . 2 ) and E q . ( 2 . 2 . 3 ) h a s b e e n o b t a i n e d a n a l y t i c a l l y 

( C h a m b r e , H l ) and it c a n be w r i t t e n as 

N. (o",t) « N° G (t-K.o) + 
l l e i l 

• - A K a 

i-1 i m m l 
+ ï A P " N ° l '-r^~ 1 D ( J ) [g (t) ® G • (tj! (2.3.1) 

H e r e , a is d e f i n e d as the w a t e r t r a v e l t i m e 

a " z/v (2.3.2) 

and the c o e f f i c i e n t s are d e f i n e d as f o l l o w s 

... i-1 

AP 1
 =

 11. . A K 
l r=j r r 

(2.3.3) 

m 
n. (K -K ) 

(2.3.4) 

D ( j ) n. (A - A 
rm 

q=j qm rm' 
(2.3.5) 

A.K. - A.K. 

\ . - U 1_3 

i 3 

(2.3.6) 



and w h e r e 

h(t-K o) (2.3.7) 

t h e c o n v o l u t i o n i n t e g r a l is e x p r e s s e d as 

(2.3.8) 
r m ( 0 T ^ H 

O n e s h o u l d n o t e t h e n o n - r e c u r s i v e c h a r a c t e r of t h e a b o v e 

s o l u t i o n , w h i c h a l l o w s o n e to e v a l u a t e t h e c o n c e n t r a t i o n of an 

a r b i t r a r y m e m b e r of a c h a i n of a n y l e n g t h d i r e c t l y , w i t h o u t 

h a v i n g to s o l v e for its p r e c u r s o r s . D u e to t h e a n a l y t i c a l f o r m 

of the s o l u t i o n , w h i c h d o e s n o t r e q u i r e r e c u r s i v e c a l c u l a t i o n , 

t h i s s o l u t i o n p r e s e n t s c l e a r a d v a n t a g e s w h e n c o m p a r e d to 

n u m e r i c a l s c h e m e s u t i l i z e d to s o l v e t h e p a r t i a l d i f f e r e n t i a l 

e q u a t i o n s y s t e m , E q . ( 2 . 2 . 1 ) . 

W h e n the d e c a y i n g b a n d r e l e a s e b o u n d a r y c o n d i t i o n is u s e d 

(Eq. (2.2.5)) to e x p r e s s t h e r e l e a s e f u n c t i o n (t) in t h e 

c o n v o l u t i o n i n t e g r a l E q . (2.3.8) the s o l u t i o n is r e w r i t t e n as 

N ( c , t ) = N . e x p (-X.K.. ̂ ) [ 22 B 1 , ex p [~\ • (1;-K. al ) ] j [ h (t-K.. o) -h (t-T- K 

i - 1 i j 

+ r 
j = i * j k» 

1 ^ ^ ^ j k ^ ^ t - ^ f ^ ^ V m ^ [ M t - ^ a ) -

- e x p (-T ( A , - i m ) ) h ( t - K „ o ) - e x p [ - A « t - ( X ^ - X ^ o ] [h ( t - K m O 

-h (t-T-K o)l } 

(2.3.9) 

e 

t 

o 
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M l (K -K ) 

i-1 
rr 
n . X n K 

(2.3.10) 

q = j 
q * r * m 

T h e s o l u t i o n w h e n w r i t t e n in the f o r m of E q . (2.3.9) h a s t h e 

a d v a n t a g e t h a t w h e n t w o n u c l i d e s in t h e s a m e c h a i n h a v e the s a m e 

v a l u e of the r e t a r d a t i o n c o e f f i c i e n t , E q , (2.3.9) s h o w s t h a t t h e 

c o n c e n t r a t i o n N . ( z . t ) is f i n i t e . T h i s is b e c a u s e Q =0 w h e n 
i rm 

K =K and the e x p o n e n t i a l t e r m s c o n t a i n i n g A „ t e n d to z e r o w h e n r m rm 

K r t e n d s to K . T h e r e f o r e , w i t h t h e a b o v e m a n i p u l a t i o n s to 

t r a n s f o r m E q . ( 2 . 3 . 1 ) i n t o E q . ( 2 . 3 . 1 0 ) , t h e s i n g u l a r i t y w h i c h 

e x i s t e d for K
r = K m is r e m o v e d . 



2.4 S a m p l e c a l c u l a t i o n s w i t h t h e p r o g r a m U C B N E 2 5 

T h e g e n e r a l n o n - r e c u r s i v e a n a l y t i c a l s o l u t i o n to t h e 

n u c l i d e t r a n s p o r t e q u a t i o n s u b j e c t t o t h e d e c a y i n g b a n d r e l e a s e 

b o u n d a r y c o n d i t i o n , E q . ( 2 . 3 . 9 ) h a s b e e n p r o g r a m e d i n t o t h e 

c o m p u t e r w i t h the 1 a b e 1 U C B N E 2 5 . A c o m p l e t e l i s t i n g of t h e 

p r o g r a m as w e l l as the d e s c r i p t i o n of t h e i n p u t r e q u i r e m e n t s are 

g i v e n in A p p e n d i x A. 

H e r e , a s a m p l e run of the p r o g r a m is p r e s e n t e d . T w o 

i m p o r t a n t l o n g a c t i n i d e c h a i n s a r e c o n s i d e r e d . T h e c h a i n s and 

t h e i r m e m b e r s p a r a m e t e r s are s h o w n in T a b l e 2 . 1 . T h e r e s u l t s in 

the p r i n t o u t s or in t h e g r a p h s are g i v e n in t e r m s of t h e 
3 

c o n c e n t r a t i o n s a n d / o r w a t e r d i l u t i o n r a t e s w * (z , t ) , (m / y r ) , 

w h i c h is d e f i n e d by t h e f o l l o w i n g e x p r e s s i o n s 

w i ( z , t ) = Q X i N i ( z , t ) / ( M P C ) i t > 0 (2.4.1) 

w h e r e M P C s t a n d s for M a x i m u m P e r m i s s i b l e C o n c e n t r a t i o n (Ci/m ) 

and it is g i v e n in 1 0 C F R 2 0 . P h y s i c a l l y , t h e w a t e r d i l u t i o n r a t e 

r e p r e s e n t s the. v o l u m e t r i c f l o w r a t e n e e d e d to d i l u t e t h e a c t i v i t y 

d i s c h a r g e r a t e to d r i n k i n g w a t e r s t a n d a r d s (PI) . T h e r e f o r e it is 

an i n d e x of the p o t e n t i a l h a r m to t h e p u b l i c h e a l t h and o n e c a n 

d i r e c t l y c o m p a r e w a t e r d i l u t i o n r a t e s for d i f f e r e n t 

n u c l i d e s . F u r t h e r m o r e , if t h e w a t e r d i l u t i o n r a t e s of all n u c l i d e s 

are a d d e d o n e w o u l d o b t a i n the t o t a l w a t e r d i l u t i o n r a t e for all 

n u c l i d e s . 



F o r t h e s a m p l e c a l c u l a t i o n , t h e l e a c h t i m e w a s a s s u m e d to 

be 10 y e a r s and the t i m e d e l a y for t h e b e g i n n i n g of l e a c h i n g is 

1 0 3 y e a r s . T h e t i m e for b e g i n n i n g of l e a c h i n g r e p r e s e n t s the 

d u r a b i l i t y of t h e c a n i s t e r and t h e e n g i n e e r e d b a r r i e r s 

s u r r o u n d i n g t h e w a s t e f o r m . F i g u r e 2.1 and F i g u r e 2.2 s h o w the 

c o n c e n t r a t i o n h i s t o r y for the c h a i n w h i c h e n d s in R a - 2 2 6 (4n+2 

c h a i n , the s e c o n d e v e n a c t i n i d e c h a i n , see T a b l e 3.11) for 

s e v e r a l d i f f e r e n t w a t e r t r a v e l t i m e s z/V ( y e a r s ) . B e c a u s e of t h e 

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

C m - 2 46 and P u - 2 4 2 c a n n o t m i g r a t e as far as and U-2 38 c a n , 

d e c a y i n g m u c h e a r l i e r . S i n c e U-2 3 8 m i g r a t e s f a r t h e r t h e y c a r r y 

t h e i r d a u g h t e r s T h - 2 3 0 and R a - 2 2 6 . T h i s l o n g m i g r a t i o n 

c a p a b i l i t y a l l i e d to its h i g h t o x i c i t y m a k e s R a - 2 2 6 o n e of t h e 

m o s t h a z a r d o u s n u c l i d e s . F u r t h e r m o r e , o n e c a n n o t i c e t h a t 

b e c a u s e C m - 2 46 and P u - 2 4 2 h a l f l i v e s are so m u c h s m a l l e r t h a n U-

238 h a l f l i f e , t h e i r d e c a y d o e s n o t a f f e c t t h e U-2 38 

c o n c e n t r a t i o n s i g n i f i c a n t l y . F o r p r a c t i c a l p u r p o s e s , for t h e 

a s s u m e d set of p a r a m e t e r s , t h e 4 n + 2 c h a i n c a n be s u b d i v i d e d i n t o 

t w o c h a i n s . T h i s s i m p l i f i c a t i o n is e x t e n s i v e l y u s e d in C h a p t e r 

3. T h e b e h a v i o u r of t h e m i g r a t i o n b a n d s of t h e a c t i n i d e c h a i n s 

are d i s c u s s e d in d e t a i l in C h a p t e r 3. 

F i g u r e 2 . 3 , F i g u r e 2.4 and F i g u r e 2.5 s h o w h o w the 

c o n c e n t r a t i o n of the M N p - 2 3 7 " c h a i n (4n+l c h a i n , t h e f i r s t o d d 

a c t i n i d e c h a i n , see T a b l e 3.11) c h a n g e s w i t h t i m e for s e v e r a l 

d i f f e r e n t w a t e r t r a v e l t i m e s z/V. F o r t h e s a m e r e a s o n s s t a t e d as 

for t h e p r e v i o u s c h a i n , Cm- 2 4 5 and A m - 2 41 c a n n o t m i g r a t e v e r y 

4 



f a r . N p - 2 3 7 w h i c h h a s a l o w r e t a r d a t i o n c o e f f i c i e n t c a n c a r r y 

its s h o r t l i v e d d a u g h t e r r e l a t i v e l y f a r . 

S i n c e d i s p e r s i o n e f f e c t s are n e g l e c t e d in t h i s w o r k , t h e 

m i g r a t i o n b a n d s h a v e w e l l d e f i n e d t i m e i n t e r v a l s w h e r e t h e 

c o n c e n t r a t i o n is n o n t r i v i a l . T h i s f a c t c a n be s e e n in any of 

a b o v e f i g u r e s . T h e s e t i m e i n t e r v a l s are t h e c o n t a m i n a t i o n t i m e s 

for t h a t p a r t i c u l a r n u c l i d e at t h a t p a r t i c u l a r p o s i t i o n 

c h a r a c t e r i z e d by z/V. A l t h o u g h t h e f i g u r e s s h o w i n g t h e r e s u l t s 

of the s a m p l e c a l c u l a t i o n e x p r e s s e d t h e c o n c e n t r a t i o n s in t e r m s 

of the w a t e r d i l u t i o n r a t e s , the p r o g r a m U C B N E 2 5 h a s t h e o p t i o n 

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

the c h a i n i n s t e a d . (See d e s c r i p t i o n of the p r o g r a m U C B N E 2 5 in 

A p p e n d i x A ) . 



T a b l e 2.1 N u c l i d e P a r a m e t e r s f o r t h e S a m p l e C a l c u l a t i o n 

C h a i n 

T * (yr) 

K. ** 
X 

* * * * 
i 

C h a i n 

T* (yr) 

v * * 

1 

M P C *** 

JvJA * * * * 
i 

C m - 2 4 6 P u - 2 4 2 U-2 3 8 U-2 34 T h - 2 3 0 R a - 2 2 6 

5 . 5 E + 3 3 . 8 E + 5 4 . 5 E + 9 2e 5 E"^*5 8.0E+4 1 . 6 E + 3 

3 . 0 E + 3 1 . 0 E + 4 1.4E+4 1 . 4 E + 4 5 . 0 E + 4 5 . 0 E + 2 

4 . 0 E - 6 5.0E-6 4 . 0 E - 5 3.0E-5 2 . O E - 6 3.0E-8 

1 . 9 E + 0 2 . 0 E - 1 4 . 3 E - 2 

C m - 2 4 5 A m - 2 4 1 N p - 2 3 7 

9 . 3 E + 3 4 . 6 E + 2 2 . 1 E + 6 

3 . 0 E + 3 1.0E+4 1.0E+2 

4 . 0 E - 6 4 . O E - 6 3.OE-6 

9 . 8 E + 0 4 .5E+3 1 . 6 E + 0 

0. 0 0. 0 

U-2 3 3 T h - 2 2 9 

1 . 6 E + 5 7 . 3 E + 3 

1 . 4 E + 4 5 . 0 E + 4 

3.0E-5 5 . 0 E - 7 

0.0 0.0 

0. 0 

* T is t h e l e a c h t i m e , r e p r e s e n t i n g t h e d u r a t i o n of r e l e a s e 

** F r o m (LI) 

*** F r o m 10 C F R 2 0 , ( C i / m 3 ) 

* * * * F r o m ( B 2 ) , ( C i / G w e . y r ) 



W A T E R T R A V E L T I M E - t . O O E + 00 ( Y R S ) , L E A C H TIME - 1 .OOE + 04 (YRS) .TIME 
FOR B E G I N N I N G OF L E A C H I N G - t . O O E + O J (YRS) 

— 

L L L 

10' t o ' to* 1 0 ! 

T I M E A F T E R L E A C H I N G S T A R T E D (YRS) 

F i g u r e 2.1 C o n c e n t r a t i o n h i s t o r y at w a t e r t r a v e l t i m e s of 
z/v=0.1 and z/v=1.0 y e a r s for t h e 4n + 2 
a c t i n i d e c h a i n . 



F i g u r e 2.2 C o n c e n t r a t i o n h i s t o r y at w a t e r t r a v e l t i m e s of 
z/v=10 a n d z / v = 1 0 0 y e a r s for t h e 4n + 2 
a c t i n i d e c h a i n . 



F i g u r e 2.3 C o n c e n t r a t i o n h i s t o r y at w a t e r t r a v e l t i m e s of 
z/v=0.1 y e a r and z/v=l.0 y e a r for t h e 4 n + l 
a c t i n i d e c h a i n . 



F i g u r e 2.4 C o n c e n t r a t i o n h i s t o r y at w a t e r t r a v e l t i m e s of 
z/v=10 y e a r s and z / v = 1 0 0 y e a r s for t h e 4 n + l 
a c t i n i d e c h a i n . 



W A T E R T R A V E L T I U E -1 . O O T »04 ( Y R S ) . L E A C H TIME - 1 . 0 0 C 4 0 4 (YRS) .TIME 
rOR B E G I N N I N G OF L E A C H I N G - 1 . 0 0 E 4 0 3 (YRS) 

TIM E A F T E R L E A C H ING S T A R T E D (YRS) 

u r e 2.5 C o n c e n t r a t i o n h i s t o r y at w a t e r t r a v e l t i m e s of 
z / v = 1 0 0 0 y e a r s and z / v = 1 0 0 0 0 y e a r s for the 4 n + l 
a c t i n i d e c h a i n . 



3. M a x i m a of R e l e a s e B a n d s 

3.1 I n t r o d u c t i o n 

T h i s r e s e a r c h is c o n c e r n e d w i t h t h e d e t e r m i n a t i o n of t h e 

m a x i m a v a l u e s of n u c l i d e c o n c e n t r a t i o n s w h i c h o c c u r d u r i n g t h e 

m i g r a t i o n of n u c l i d e c h a i n s in g e o l o g i c m e d i a . O n e is i n t e r e s t e d 

in the d e t e r m i n a t i o n of t h e p o s i t i o n of t h e m a x i m u m c o n c e n t r a t i o n 

of a g i v e n n u c l i d e at a f i x e d t i m e as w e l l as t h e t i m e at w h i c h 

the m a x i m u m is o b s e r v e d at a f i x e d p o s i t i o n in t h e f i e l d . T h e 

a n a l y s i s s h o u l d be a p p l i c a b l e to a c t i n i d e c h a i n s p r e s e n t in h i g h 

l e v e l r e p r o c e s s e d w a s t e and in u n r e p r o c e s s e d s p e n t f u e l s . 

N o r m a l l y , the m o s t d i r e c t m e t h o d for t h e d e t e r m i n a t i o n of 

the m a x i m a c o n c e n t r a t i o n s w o u l d be to s o l v e the a p p r o p r i a t e 

s y s t e m of t r a n s p o r t e q u a t i o n s and t h e n s e a r c h for t h e e x t r e m a of 

t h e s o l u t i o n s . I n s t e a d of d o i n g t h i s w e p r e s e n t an a p p r o x i m a t i o n 

m e t h o d w h i c h a l l o w s us to d e t e r m i n e t h e e x t r e m a in c o n c e n t r a t i o n s 

w i t h o u t h a v i n g to c a l c u l a t e t h e e n t i r e c o n c e n t r a t i o n h i s t o r y . 

T h e m e t h o d c o n c e n t r a t e s e n t i r e l y on the d e t e r m i n a t i o n of t h e 

e x t r e m a : t h e i r p o s i t i o n s in s p a c e at a f i x e d t i m e and t h e i r 

o c c u r r e n c e at a f i x e d p o s i t i o n . 

In t h i s s t u d y w e a r e n e g l e c t i n g d i p e r s i o n e f f e c t s . T h e 

r e s u l t s o b t a i n e d b y u s i n g t h i s a s s u m p t i o n are m o r e c o n s e r v a t i v e 
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t h a n t h o s e w h i c h t a k e d i s p e r s i o n i n t o a c c o u n t . O n e - d i m e n s i o n a l 

w a t e r t r a n s p o r t and e q u i l i b r i u m s o r p t i o n for t h e n u c l i d e s in t h e 

w a t e r and on t h e s o i l is a s s u m e d . T h e s o i l and w a t e r p r o p e r t i e s 

as w e l l as the w a t e r v e l o c i t y are c o n s i d e r e d c o n s t a n t s . 

T h e b a s i c idea in t h e a p p r o x i m a t i o n m e t h o d is t h a t w h e n t h e 

l e a c h t i m e is s m a l l c o m p a r e d w i t h a r a d i o n u c l i d e h a l f - l i f e , t h e 

e x a c t s o l u t i o n to a b a n d r e l e a s e b o u n d a r y c o n d i t i o n c a n be 

a p p r o x i m a t e d b y s o l u t i o n s w h i c h h a v e f o r m s s i m i l a r to t h o s e w h e n 

an i m p u l s e r e l e a s e b o u d a r y c o n d i t i o n is u s e d . T h e e x t r e m a a r e 

t h e n e a s i l y and d i r e c t l y d e t e r m i n e d f r o m t h e s e a p p r o x i m a t e 

s o l u t i o n s and t h e r e s u l t s h a v e a s i m p l e and c o m p a c t f o r m . T h e 

a p p r o x i m a t i o n m e t h o d h a s b e e n e x t e n s i v e l y t e s t e d for a l l n u c l i d e s 

w h i c h a r e p r e s e n t in h i g h l e v e l u n r e p r o c e s s e d w a s t e s by c o m p a r i n g 

it w i t h a v a i l a b l e r e s u l t s o b t a i n e d f r o m the e x a c t s o l u t i o n . T h e 

r a n g e of v a l u e s for t h e l e a c h t i m e for w h i c h t h e a p p r o x i m a t i o n is 

a c c u r a t e h a s b e e n d e t e r m i n e d . 

U s e of t h i s m e t h o d a v o i d s t i m e c o n s u m i n g e v a l u a t i o n of t h e 

c o m p l i c a t e d e x a c t s o l u t i o n f o r m u l a s and it p r o v i d e s a q u i c k 

i n s i g h t i n t o t h e e f f e c t s of t h e p h y s i c a l p a r a m e t e r s o n t h e 

e x t r e m a . A s an a d d i t i o n a l r e s u l t , t h e t i m e i n t e r v a l d u r i n g w h i c h 

a g i v e n p o s i t i o n is c o n t a m i n a t e d ( c o n t a m i n a t i o n t i m e ) and t h e 

s p a t i a l r e g i o n t h a t is c o n t a m i n a t e d at a g i v e n t i m e (extend of 

the c o n t a m i n a t i o n r e g i o n ) c a n be a l s o r e a d i l y o b t a i n e d . T h e 

m e t h o d w i l l e v a l u a t e w i t h g o o d a c c u r a c y t h e e x t r e m u m of t h e e x a c t 

s o l u t i o n s to a d e c a y i n g b a n d r e l e a s e (without d i s p e r s i o n ) and it 
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is s h o w n to w o r k p r o v i d e d t h e l e a c h t i m e is s m a l l e r t h a n the 

h a l f - l i v e s of t h e n u c l i d e s e n v o l v e d . M o s t of t h e w a s t e f o r m s 

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

c o n d i t i o n . 

T h e e f f e c t s on t h e m a x i m a c o n c e n t r a t i o n ( e x p r e s s e d in t e r m s 

of p e a k w a t e r d i l u t i o n r a t e s ) d u e to t h e v a r i a t i o n of a n u m b e r of 

p a r a m e t e r s v a l u e s w e r e s t u d i e d . T h e p a r a m e t e r s w e r e : t h e w a t e r 

t r a v e l t i m e , the l e a c h t i m e , t h e t i m e for b e g i n n i n g of l e a c h i n g 

and the s o r p t i o n c o e f f i c i e n t s . R e s u l t s are p r e s e n t e d in t a b l e s 

and g r a p h s . 

F i n a l l y , to o b t a i n a q u a l i t a t i v e c o m p a r i s o n of the 

p o t e n t i a l h a r m to t h e b i o s p h e r e c a u s e d by t h e g r o u n d w a t e r 

l e a c h i n g of the s o l i d w a s t e w e e v a l u a t e d w a t e r d i l u t i o n r a t e s of 

the l e a c h i n g of an e q u i v a l e n t a m o u n t of n a t u r a l u r a n i u m o r e m i l l 

t a i l i n g s g e n e r a t e d in p r o d u c i n g t h e fuel n e e d e d to g e n e r a t e 1 

G w ( e ) y r of e l e c t r i c i t y in a PWR w h i c h p r o d u c e d s u c h a s o l i d 

w a s t e . In a d d i t i o n t h e w a t e r d i l u t i o n r a t e s of t h e l e a c h i n g of 

an e q u i v a l e n t a m o u n t of t h e o r e w a s a l s o s t u d i e d . 



3.2 T h e g o v e r n i n g e q u a t i o n s and t h e a p p r o x i m a t e s o l u t i o n 

T h e s y s t e m c o n s i d e r e d is a o n e - d i m e n s i o n a l s i n g l e r e g i o n 

w h e r e the f l o w i n g g r o u n d w a t e r v e l o c i t y and t h e s o i l and w a t e r 

p r o p e r t i e s a r e c o n s t a n t . T h e s o r p t i o n - d e s o r p t i o n p r o c e s s is in 

e q u i l i b r i u m and d i s p e r s i o n e f f e c t s are n e g l i g i b l e . T h e g o v e r n i n g 

e q u a t i o n for the c o n c e n t r a t i o n N * ( z , t ) of t h e i-th m e m b e r of a 

r a d i o a c t i v e c h a i n is w r i t t e n as ( H i , E q . 4 . 1 0 2 ) 

i = 1,2,3 
3N. 3N. K . _ , 

7 t * ' i 1T~ + X i N i = X i - l N i - l (3.2.1) 

T h e i n i t i a l and b o u n d a r y c o n d i t i o n s are e x p r e s s e d as (Hi, S e c t i o n 
3) 

N i (z,0) = 0, for all z>0 

(3.2.2) 

N i ( 0 , t ) = N° 0 (t) [h(t) - h ( t - T ) ] 
1 1 (3.2.3) 

W h e n a d e c a y i n g b a n d r e l e a s e o c c u r s at t h e r e p o s i t o r y , t h e 

g e n e r a l r e l e a s e f u n c t i o n (t) is t h e B a t e m a n ' s f u n c t i o n , h (t) is 

the u n i t s t e p f u n c t i o n and T is t h e l e a c h t i m e ( y r ) , (see S e c t i o n 

2 . 2 ) . T h e g e n e r a l s o l u t i o n t o t h e g o v e r n i n g e q u a t i o n E q . ( 3 . 2 . 1 ) 

s u b j e c t to t h e i n i t i a l c o n d i t i o n E q . ( 3 . 2 . 2 ) and t h e b o u n d a r y 

c o n d i t i o n E q . ( 3 . 2 . 3 ) w a s d e v e l o p e d in the p r e v i o u s r e p o r t 

( C h a m b r e , H 1 ) , and it is r e w r i t t e n in S e c t i o n 2 . 3 , E q . ( 2 . 3 . 1 ) 

t h r o u g h E q . ( 2 . 3 . 8 ) . 



T h e t a s k of f i n d i n g t h e e x t r e m u m of t h e g e n e r a l s o l u t i o n 

E q . (2.3.1) for an a r b i t r a r y i-th m e m b e r is t o o c o m p l e x to be 

p e r f o r m e d a n a l y t i c a l l y . T h i s is c a u s e d by t h e p r e s e n c e of s t e p 

f u n c t i o n s w h i c h c a n r e s u l t in a d i s c o n t i n u o u s f i r s t o r d e r 

d e r i v a t i v e i n s i d e t h e d o m a i n w h e r e t h e c o n c e n t r a t i o n is n o n z e r o . 

T h e m a x i m u m c o u l d e v e n t u a l l y be l o c a t e d at t h a t p o i n t w h e r e t h e 

d i s c o n t i n u i t y o c c u r s b u t the a n a l y t i c a l m e t h o d s p r o v i d e d by 

d i f f e r e n t i a l c a l c u l u s w o u l d f a i l to d e t e c t i t . S u c h a s i t u a t i o n 

is d e p i c t e d in t h e f o l l o w i n g s k e t c h 

T h e g e n e r a l s o l u t i o n E q . (2.3.1) can be s e e n to be a 

f u n c t i o n of the l e a c h t i m e T as w e l l as z and t, i . e . : N * ( z , t , T ) . 

F u r t h e r m o r e , o n e c a n n o t i c e t h a t t h e s o l u t i o n E q . (2.3.1) c a n be 

r e w r i t t e n in the f o l l o w i n g f o r m 

-\ , i 
v - 2 

N-j (z, t , T ) - N ° e 1 0 1 ( t - f ) r h ( t 4 . ) - h ( t - . A T ) ] . Gi ( z , t , T ) ( 3 ' 2 - 4 ) 

i i i 1 

w h e r e the f u n c t i o n (r. ,t,T) is r e a d i l y i d e n t i f i e d f r o m 

E q . ( 2 . 3 . 1 ) . S i n c e m o s t d i f f i c u l t i e s in e v a l u a t i n g a n a l y t i c a l l y 

t h e e x t r e m u m r e s u l t e d f r o m t h e t e r m s r e p r e s e n t e d b y G * ( z , t , T ) , w e 
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w i l l a p p r o x i m a t e t h e s e f u n c t i o n s by s i m p l e r f o r m s in o r d e r to 

e n a b l e us to o b t a i n t h e s o l u t i o n e x t r e m u m in c o m p a c t and c l o s e d 

f o r m . L e t us r e w r i t e t h e f u n c t i o n G . ( z , t , T ) 

M i . t T ) g A » > « ° E 

> 

I 
r im 

(J) , . U ) 

3 2 5 

F o r s m a l l v a l u e s of t h e l e a c h t i m e T, T<< 1/A_. , j = l, 2 . . . . i , 

an a p p r o x i m a t i o n to t h e f u n c t i o n (z,t,T) is o b t a i n e d by u s i n g 

an a p p r o x i m a t i o n to t h e l a w of t h e m e a n for c o n t i n u o u s f u n c t i o n s 

3 
G. ( z , t , T ) = G . (z,t,T = c ) + T — (G. ( z , t , T = c ) } , 0 < c < T (3.2.6) 

By s e t t i n g T = 0 in E q . ( 3 . 2 . 5 ) o n e c a n r e a d i l y s e e t h a t 

( z , t , T = 0 ) =0 and E q . (3.2.6) is a p p r o x i m a t e d by s e t t i n g c=0 

(3.2.7) 

G.(z,t,T) a T [jL G.(z,t.T«0)] 

Eq. (3.2.7) is n e x t u s e d to s i m p l i f y E q . ( 3 . 2 . 5 ) . F i r s t n o t e 

t h a t 

[frCh<t-T>3] - « ( t > 

w h e r e 5 (t) is t h e D i r a c ' s d e l t a f u n c t i o n . By u s i n g E q . (3.2.7) 

in Eq. (3.2.5) o n e h a s t h e f o l l o w i n g r e s u l t 

, t,T) V 
5=1 

N° y 
J m t j 

T y 
r=j 

r±m (3.2.9) 

< 

T • 0 

rm B 

~j [ 9 r , ( t ) * 0 j ( t ) ( h ( t ) - h ( t - T ) ) ] | t 0 



T h e b r a c k l e t e d t e r m is e x p a n d e d b e l o w 

a T [J 9 r m ( T ) «Sj(t-T)[h(t-T)-h(t-T-T)]dT (3.2.10) 

by u s i n g Eq. ( 3 . 2 . 8 ) t h e r e r e s u l t s 

J g r m ( T ) t f j ( t - T ) 6 ( t - T ) d i = (3.2.10a) 

by u s i n g the i n t e g r a t i o n p r o p e r t y of t h e d e l t a f u n c t i o n s , it 

y i e l d s 

= g r m ( t ) 0 j ( O ) = g r m ( t ) , since A ( o ) = 1 (3.2.11) 

w i t h the h e l p of E q . ( 3 . 2 . 1 1 ) one can r e w r i t e E q . ( 3 . 2 . 9 ) 

i-1 rn o i - ( x m / v m ) z 1 ... 

G.(z,t,T) = T A • N° £ -e mr £ K'J Tg r.(t) (3.2.12) 
J J m , J 

T h e a b o v e e x p r e s s i o n for t h e f u n c t i o n G" (z , t ,T) h a s t h e 

s a m e f o r m as if w e had s o l v e d E q . ( 3 . 2 . 1 ) u s i n g t h e i m p u l s e 

r e l e a s e b o u n d a r y c o n d i t i o n i n s t e a d of a d e c a y i n g b a n d r e l e a s e 

b o u n d a r y c o n d i t i o n . The s o l u t i o n to Eq. ( 3 . 2 . 1 ) , E q . ( 3 . 2 . 2 ) and an 

i m p u l s e r e l e a s e b o u n d a r y c o n d i t i o n w h i c h can be m a t h e m a t i c a l l y 

r e p r e s e n t e d by (t) =T 8 (t), h a s b e e n o b t a i n e d in t h e p r e v i o u s 

report H i , E q . ( 5 . 1 0 ) , ( 5 . 2 0 ) , (5.21) and ( 5 . 2 2 ) , where they are 

e x p l i c i t l y w r i t t e n for i = l , 2 , 3 . T h o s e e q u a t i o n s c a n be u s e d h e r e 

to e x p l i c i t l y e x p r e s s t h e a p p r o x i m a t e f o r m of t h e f u n c t i o n 

G " ( z , t , T ) for i = l , 2 , 3 . T h e r e f o r e , t h e c o n c e n t r a t i o n of a i-th 



m e m b e r n u c l i d e , E q . ( 2 . 3 . 1 ) can b e r e w r i t t e n in its a p p r o x i m a t e 

f o r m w i t h the h e l p of E q . (3.2.12) as 

-x .2 
T _ 

N.(z,t,T) = N° e"1' «L(t - f-) [h(t - 1-) - h(t - f- - T)] + 
i i i 

y A ( J J N o r 1 V „ ' e - X m m / ^ ' z V M ) ( 3 - 2 - 1 3 ) 

y i N ' \ A _ - LA M D ) r T q (t) 

T h e a b o v e g e n e r a l a p p r o x i m a t e s o l u t i o n for t h e 

c o n c e n t r a t i o n of an i-th m e m b e r is s p e c i f i c a l l y r e w r i t t e n for the 

f i r s t t h r e e m e m b e r s of a r a d i o n u c l i d e c h a i n . W i t h t h e h e l p of 

E q . (5.20) f r o m r e f e r e n c e H i t h e s o l u t i o n for t h e f i r s t m e m b e r is 

Njfz.t) = N° exp(-x 1t) s [ V l t ; v " t - T ) ] (3.2.14) 

b y u s i n g E q . (5.21) f r o m r e f e r e n c e H i , the c o n c e n t r a t i o n of t h e 

s e c o n d m e m b e r is 

m 

N 2(z,t) * N° e x p ( - - l z ) S[v,t,v 2 (t-T)] " ( t ) + 

(N°T) B 1 2 e x p ( - A 2 ] t - a 2 1 2 ) S ( v 1 t ; v 2 t ) (3.2.1J) 

F i n a l l y , w i t h the h e l p of E q . (5.22) f r o m H I , o n e w r i t t e s the 

s o l u t i o n for t h e t h i r d m e m b e r 
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N 3 ( z , t ) = N ° 0 3 ( t ) e x p ( - " z )S [ v 3 t ; v 3 (t - T ) ] + 
3 

(N°T) B 2 3 e x p ( - & 2 3 t - a 2 3 z ) S(v,t;v 3t) + (3.2.16) 

( N J T ) A e x p ( - A 3 1 t - a 3 1 z ) S ( v 1 t ; v 3 t ) + e x p ( - A 3 2 t - a 3 2 z ) S ( v 3t ; v ?t) + 

+ e x p ( - A 2 1 t - a 2 1 z ) S " t " t ) 

T h e c o n s t a n t s in a b o v e e q u a t i o n s a r e d e f i n e d b e l o w 

x. v. 
(3.2.17) 

V TV . 
1 J 

X • V . - X -V . 
1 J J 1 (3.2.18) 

X • - X . 
1 J (3.2.19) 

v i -

X . X . 
1 J 

V . 
1 

i r 
V . V . 

1 J 

ij Ji 

A = x 1 x 2 v 3 / [ v 1 ( A 2 - X 3 ) + v 2 ( x 3 - x 1 ) + v 3 ( x r x 2 ) ] (3.2.20) 

T h e f u n c t i o n S ( a ( t ) ; b ( t ) ) w h i c h is a c t u a l l y a s h o r t h a n d 

n o t a t i o n for a d i f f e r e n c e of s t e p f u n c t i o n s is d e f i n e d as f o l l o w s 

S[a(t) ; b(t)] = h[a(t) - z] - h[b(t)-z] (3.2.21) 
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W e h a v e t h e r e f o r e o b t a i n e d an a p p r o x i m a t e s o l u t i o n w h i c h 

r e p r e s e n t s t h e d e c a y i n g b a n d r e l e a s e p r o b l e m for s m a l l l e a c h 

t i m e s b u t w h i c h h a s a s i m p l e r f o r m t h a n the e x a c t s o l u t i o n . In 

the n e x t S e c t i o n s a n a l y t i c a l f o r m u l a s for t h e e x t r e m u m of t h i s 

s o l u t i o n a r e d e r i v e d . 

3.3 E x t r e m u m of t h e s o l u t i o n for t h e f i r s t m e m b e r 

L e t us d e n o t e the t i m e of t h e m a x i m u m c o n c e n t r a t i o n of a 

g i v e n i-th m e m b e r at a f i x e d p o s i t i o n by and t h e c o r r e s p o n d i n g 

c o n c e n t r a t i o n b y N * ( z , t * ) . C o n v e r s e l y , t h e p o s i t i o n of m a x i m u m 

c o n c e n t r a t i o n at a g i v e n f i x e d t i m e t w i l l be d e n o t e d by z . . T h e 

c o r r e s p o n d i n g c o n c e n t r a t i o n w i l l be ( z * t ) . T h e s o l u t i o n for 

the f i r s t m e m b e r is the s i m p l e s t and r e a d s 

N1 (z , t ) = N ° e x p ( -X t) ( h ( v 1 t - z ) - h ( v x ( t - T ) -z)} (3.3.1) 

O n e s h o u l d n o t e t h a t for the f i r s t m e m b e r t h e a p p r o x i m a t e 

s o l u t i o n is e q u a l to t h e e x a c t s o l u t i o n . T h e p r o b l e m can be 

d i v i d e d i n t o t w o p a r t s : t h e d e t e r m i n a t i o n of t h e t i m e of m a x i m u m 

c o n c e n t r a t i o n at a g i v e n f i x e d p o s i t i o n and t h e d e t e r m i n a t i o n of 

the p o s i t i o n of the m a x i m u m c o n c e n t r a t i o n at a g i v e n f i x e d t i m e . 



3.3.1 D e t e r m i n a t i o n of the m a x i m u m c o n c e n t r a t i o n at a 

g i v e n f i x e d p o s i t i o n . 

At a f i x e d p o s i t i o n , the s o l u t i o n E q . (3.3.1) c a n be 

v i s u a l i z e d by t h e f o l l o w i n g s k e t c h 

N , ( Z . t , ) 

last n u c l i d e depar ture t ime 

It is a p p a r e n t t h a t the m a x i m u m at a f i x e d p o s i t i o n z 

o c c u r s at the a r r i v a l t i m e of t h e f i r s t n u c l i d e : t" = z/v" and the 

c o r r e s p o n d i n g c o n c e n t r a t i o n is 

Nl C , ' i ) - , e x p (-X^/v ) z (3.3.2) 

3.3.2 D e t e r m i n a t i o n of the p o s i t i o n of t h e m a x i m u m 

c o n c e n t r a t i o n at a g i v e n f i x e d t i m e 

At a f i x e d t i m e t h e c o n c e n t r a t i o n is c o n s t a n t w i t h r e s p e c t 

to p o s i t i o n and t h e p o s i t i o n of m a x i m u m c o u l d be a n y v a l u e of z 



b e t w e e n v*t and v ^ ( t - T ) . T h e f o l l o w i n g s k e t c h i l l u s t r a t e s thi 

c a s e 

t r a i l i n g edge o f the band 

leading edge of the band 

T h e m a x i m u m c o n c e n t r a t i o n is g i v e n by t h e f o l l o w i n g 

Ni ( Z l f t ) = N * e x p ( - A , t ) (3.3.3) 

b u t the p o s i t i o n of e x t r e m u m is n o t u n i q u e . It is l o c a t e d at 

v 1 ( t - T ) < z i < v 1 t (3.3.4) 
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3.4 E x t r e m u m of t h e s o l u t i o n for t h e s e c o n d m e m b e r 

T h e d e t e r m i n a t i o n of t2 and c a n be d i v i d e d i n t o s t a g e s : 

1-The s e c o n d m e m b e r is n o t p r e s e n t at t h e r e p o s i t o r y 

0 
i n i t i a l l y (N 2 = 0 ) . 

2-The i n i t i a l a m o u n t of t h e s e c o n d m e m b e r at t h e r e p o s i t o r y 

0 
is s i g n i f i c a n t ( N _ * 0 ) . 

3.4.1 T h e s e c o n d m e m b e r is n o t p r e s e n t i n i t i a l l y at t h e 

r e p o s i t o r y 

0 
By s e t t i n g N _ = 0 in E q . ( 3 . 2 . 1 5 ) o n e h a s , s i n c e A = A 

2 2 1 1 2 ' 
cx~, = a. (this p r o p e r t y of i n t e r c h a n g e a b i l i t y of t h e A . and a . , 

c o e f f i c i e n t s s u b s c r i p t s s h o w n in E q . ( 3 . 2 . 1 8 ) and E q . ( 3 . 2 . 1 9 ) w i l l 

be e x t e n s i v e l y u s e d t h r o u g h o u t t h i s w o r k ) 

N2(z,t) N1 T A - S ( v 1 t ; v 2 t ) e x p (-A* t ~ a 2 ,Z) (3.4.1) 

N o t e t h a t t h e c o e f f i c i e n t of t h e e x p o n e n t i a l t e r m i.e. t h e 

b r a c k l e t e d t e r m is a l w a y s p o s i t i v e . T h i s is b e c a u s e w h e n 

'l > V S ( v l ; v 2 ) = h ( v i t - z ) . h ( v 2 t - z ) - 1 
(3.4.2) 

v l ' " 2 ; " C v 1 ;v 2) = h ( V j t - z ) - h ( v 2 t - z ) = -1 

T h e e x p o n e n t i a l t e r m is a m o n o t o n i c a l l y d e c r e a s i n g or 



i n c r e a s i n g f u n c t i o n of e i t h e r z or t, d e p e n d i n g on t h e s i g n of 

e i t h e r A 1 2
 o r '12' " - P e c t l v e l y « T h e d e t e r m i n a t i o n o f t h e t i m e 

t-> of t h e m a x i m u m c o n c e n t r a t i o n at a g i v e n f i x e d p o s i t i o n z is 

first studied. At a fixed position z, the concentration of the 
s e c o n d m e m b e r is an e x p o n e n t i a l f u n c t i o n of t i m e . I t w i l l be a 

m o n o t o n i c a l l y i n c r e a s i n g or d e c r e a s i n g f u n c t i o n of t i n e d e p e n d i n g 

if A Y2 " s n e g a t i v e o r p o s i t i v e , r e s p e c t i v e l y . 

W h e n is p o s i t i v e the c o n c e n t r a t i o n N ? ( z , t ) w i l l 

d e c r e a s e m o n o t o n i c a l l y as t i n c r e a s e s . T h e r e f o r e , t h e m a x i m u m 

w i l l a l w a y s o c c u r on t h e " a r r i v a l t i m e of t h e f i r s t n u c l i d e " at a 

f i x e d p o s i t i o n z. W h e n v"< t h e f i r s t n u c l i d e a r r i v e s at z in 

a t i m e t 2 = z / v 2 and w h e n v"> v2 t h e f i r s t n u c l i d e a r r i v e s at 

t 2 = z / v 1 . F i g u r e 3.1.a and F i g u r e 3.1.b r e p r e s e n t s c h e m a t i c a l l y 

s u c h s i t u a t i o n s . 

C o n v e r s e l y , w h e n A 1 2 is n e g a t i v e the c o n c e n t r a t i o n N 2 ( z , t) 

w i l l i n c r e a s e m o n o t o n i c a l l y as t i n c r e a s e s . T h e r e f o r e , t h e 

m a x i m u m in t h i s c a s e w i l l o c c u r on t h e " d e p a r t u r e t i m e of the 

l a s t n u c l i d e " f r o m t h e p o s i t i o n z . W h e n v " > v 2 the l a s t n u c l i d e 

d e p a r t s f r o m z at a t i m e t 2 = z / v 2 and w h e n v"< v2 t h e l a s t n u c l i d e 

d e p a r t s at a t i m e t 2 = z / v " . F i g u r e 3.1.c and F i g u r e 3.1.d 

r e p r e s e n t s c h e m a t i c a l l y t h e s e c a s e s . T h e a b o v e f o u r 

p o s s i b i l i t i e s a r e s u m m a r i z e d in T a b l e 3 . 1 . I n t h i s c a s e t h e 

m a x i m u m at a f i x e d p o s i t i o n z a l w a y s o c c u r s at a t i m e d e t e r m i n e d 

by the v e l o c i t y of t h e n u c l i d e w h i c h h a s t h e s m a l l e r p r o d u c t 

A . K . a c c o r d i n g to T a b l e 3 . 1 . O n e c a n t h e r e f o r e r e d u c e T a b l e 3.1 



F i g u r e 3 . 1 - D i f f e r e n t p o s s i b i l i t i e s f o r t h e m a x i m u m of a 2 n d m e m b e r 

at a f i x e d p o s i t i o n w h e n N ° = 0. 



i n t o t h e f o l l o w i n g m o r e c o m p a c t f o r m s h o w n in T a b l e 3 . 2 . T h e 

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

T a b l e 3.2 in E q . ( 3 . 4 . 1 ) 

Case : 
x i 1 r x 2 1 2 n 

12 ~ Kj-K 2 > " 

x K1 - * K 
a12 " K r K 2 < " 

t 2 = * U 2 K 2 > XjKj) *2= ( X 1 K1 > X 2 K 2 1 

K2 < Kj 
l2 ~~'~2 (hh > 1 2 K 2 * t2 = vj A l 2 K2 > 1 1 K 1 * 

T a b l e 3 . 1 - D i f f e r e n t p o s s i b i l i t i e s of t h e t i m e to a t t a i n m a x i m u m 

c o n c e n t r a t i o n for s e c o n d m e m b e r at a f i x e d p o s i t i o n 

0 

x jKj y x X 1 K 1 K X2 K2 

'2 = 7 K 2 t , = - K , 
2 v 1 

T a b l e 3 . 2 - T i m e of m a x i m u m c o n c e n t r a t i o n f o r t h e s e c o n d m e m b e r 

w h e n N 2
n = 0 . a t a f i x e d p o s i t i o n . 



N e x t , t h e d e t e r m i n a t i o n of the p o s i t i o n of t h e m a x i m u m 

c o n c e n t r a t i o n at a g i v e n f i x e d t i m e is s t u d i e d . O n e s e e s f r o m 

E q . (3.4.1) w i t h a f i x e d t i m e t, t h a t w h e n a * is p o s i t i v e t h e 

c o n c e n t r a t i o n N 2 ( z , t ) w i l l d e c r e a s e m o n o t o n i c a l l y a s z i n c r e a s e s . 

T h e r e f o r e , the m a x i m u m w i 1 1 a l w a y s o c c u r at t h e " t r a i l i n g e d g e " 

of t h e m i g r a t i o n b a n d . W h e n v*> v 2 1 t h e t r a i l i n g e d g e is 

d e t e r m i n e d b y z 2 = v 2 t a n d w h e n v 2 > v * , the t r a i l i n g e d g e is at 

z 2 = v * t . T h e s e s i t u a t i o n s are r e p r e s e n t e d s c h e m a t i c a l l y by F i g u r e 

3.2.a and F i g u r e 3 . 2 . b . 

C o n v e r s e l y , w h e n a*2 is n e g a t i v e the c o n c e n t r a t i o n N2 (z,t) 

w i l l i n c r e a s e m o n o t o n i c a l l y as z i n c r e a s e s . T h u s , t h e m a x i m u m 

w i l l a l w a y s o c c u r on t h e l e a d i n g e d g e of t h e b a n d . In t h i s c a s e , 

w h e n v, > v t h e l e a d i n g edcre is z =v. t and w h e n v,< v , it is 
1 2 2 1 1 2 

z 2 = v 2 t . T h u s , the m a x i m u m w i l l a l w a y s o c c u r on t h e l e a d i n g e d g e 

of the m i g r a t i o n b a n d . F i g u r e 3 . 2 . c and F i g u r e 3 . 2 . d r e p r e s e n t 

s c h e m a t i c a l l y t h e s e c a s e s . T h e f o u r p o s s i b i l i t i e s for the 

l o c a t i o n of the m a x i m a , z2 at a f i x e d t i m e t a r e s u m m a r i z e d in 

T a b l e 3.3 b e l o w . 

a , „ = > n 0 
U" V j - v 2 

» 1 2 • 7 j - v 2 < ° 

V l > V 2 2 A = V A t ( X j > X , ) i? = V j t ( X , > X j ) 

Vl < V 2 2 2 = V j t ( X 2 > X j ) 2 2 = V 2 t ( X j > X 2 ) 

T a b l e 3.3 D i f f e r e n t p o s s i b i l i t i e s of t h e p o s i t i o n to a t t a i n a 

m a x i m u m c o n c e n t r a t i o n for a s e c o n d m e m b e r (N* = 0) . 



V i t 

a) V j > V j , a , , > 0 (X , > X 2 b) V , > V , . o r , , > 0 ( A , > A , ] 

z 

c ) V , > V , . a „ < 0 ( A , > A , 

V , t v,t 

d ) V , > V , , a,, < 0 (X < X, 

F i g u r e 3.2 D i f f e r e n t p o s s i b i l i t i e s f o r t h e m a x i m u m of a 2 n d m e m b e r 

at a f i x e d t i m e w h e n N° = 0. 
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x 2 > x x x < X j 

z 2 = Vjt 
2 2 = V 

T a b l e 3.4 P o s i t i o n of t h e m a x i m u m c o n c e n t r a t i o n for t h e s e c o n d 

0 
m e m b e r at a f i x e d t i m e w h e n N 2 = 0 . 

T h e d e t e r m i n a t i o n of t h e e x t r e m u m for t h e s e c o n d m e m b e r is 

n o w i l l u s t r a t e d w i t h a n u m e r i c a l e x a m p l e . C o n s i d e r for i n s t a n c e 

t h e f o l l o w i n g c h a i n 

C m - 2 4 6 — P u - 2 4 2 

4.8E+3 y r 2 . 9 E + 5 yr 

F o r the p u r p o s e of i l l u s t r a t i o n l e t us a d o p t the f o l l o w i n g 

v a l u e s : 1 * = 3 0 0 0 and K 2 = 1 0 G 0 0 0 . T h e t i m e of m a x i m u m c o n c e n t r a t i o n 

at a f i x e d z c a n be r e a d i l y r e a d f r o m T a b l e 3.2 by u s i n g t h e 

c o n d i t i o n \ k , > A K „ , and it is t = z / v - T h e c o r r e s p o n d i n g 
1 1 2 2 ' 2 2 

c o n c e n t r a t i o n is 

I n t h i s c a s e o n e n o t i c e s t h a t t h e m a x i m a a l w a y s o c c u r s at 

the l o c a t i o n d e t e r m i n e d by t h e v e l o c i t y of t h e n u c l i d e w i t h t h e 

s m a l l e r d e c a y c o n s t a n t , r e g a r d l e s s of w h i c h n u c l i d e t r a v e l s 

f a s t e r . T h e r e f o r e , o n e c a n c o n c l u d e t h a t at a f i x e d t i m e , t h e 

p o s i t i o n of t h e m a x i m u m is d e t e r m i n e d by t h e d e c a y c o n s t a n t of 

the n u c l i d e s . H e n c e , o n e c a n f u r t h e r s i m p l i f y T a b l e 3.3 i n t o 

T a b l e 3 . 4 . T h e c o r r e s p o n d i n g c o n c e n t r a t i o n c a n t h e n be e v a l u a t e d 

u s i n g Eq. (3.4.1) 
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= v _ t - v t 
2 f s 

(3.4.6) 

N 2 (z,t ) = (N,T ) B 1 2 e x p ( - y v 2 ) z ( 3 . 4 . 2 a ) 

S i m i l a r l y , t h e p o s i t i o n of m a x i m u m c o n c e n t r a t i o n at a f i x e d 

t i m e t c a n be o b t a i n e d f r o m T a b l e 3.4 by u s i n g t h e c o n d i t i o n X >A, 
X ' 

and it is Z 2 = v 2 t . - e - c e , t h e m a x i m u m c o n c e n t r a t i o n at a f i x e d 

t i m e t is 

N 2 (z 2 » t ) = ( N * T ) B e x p ( - X 2 t ) ( 3 . 4 . 2 b ) 

C o n s i d e r a p o s i t i o n z = 1 0 0 0 m e t e r s a w a y f r o m the r e p o s i t o r y , 

a t i m e t = 1 0 0 0 y e a r s a f t e r t h e l e a c h i n g s t a r t e d , a w a t e r v e l o c i t y 

of v = 1 0 m / y r a n d a l e a c h t i m e T = 1 0 3 y e a r s . T h e n , at the p o s i t i o n 

z = 1 0 0 0 m e t e r s the m a x i m u m c o n c e n t r a t i o n o c c u r s at a t i m e t = 1 0 * 

y e a r s and it h a s a m a g n i t u d e of N2 (z,t ) / N * = 0 . 0 1 . C o n v e r s e l y , 

a f t e r t = 1 0 0 0 y e a r s , the m a x i m u m c o n c e n t r a t i o n o c c u r s at a 

p o s i t i o n 2 2 = : 1 m e t e r f r o m t h e r e p o s i t o r y w i t h a c o n c e n t r a t i o n 

N 2 ( Z 2 , t ) / N ° = 0 - 0 6 -

B e s i d e s t h e d e t e r m i n a t i o n of t h e e x t r e m u m of t h e s o l u t i o n , 

a n o t h e r f e a t u r e s of t h e a p p r o x i m a t e s o l u t i o n c a n be d e d u c e d , 

n a m e l y : the c o n t a m i n a t i o n r e g i o n at a f i x e d t i m e and the 

c o n t a m i n a t i o n t i m e i n t e r v a l at a f i x e d p o s i t i o n . L e t us d e n o t e 

by t h e r e g i o n w h i c h is c o n t a m i n a t e d by t h e i-th n u c l i d e at a 

g i v e n t i m e . F o r t h e s e c o n d m e m b e r , f r o m E q . (3.4.1) o n e n o t i c e s 

t h a t the s o l u t i o n is n o n t r i v i a l in t h e r e g i o n d e f i n e d by 
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H e r e v.pt is the f r o n t e d g e of t h e b a n d and v is the 

f a s t e s t n u c l i d e v e l o c i t y , v * t is t h e t r a i l i n g e d g e of t h e b a n d 

and v is t h e s l o w e s t n u c l i d e v e l o c i t y . 
s 

On t h e o t h e r h a n d , t h e c o n t a m i n a t i o n t i m e i n t e r v a l w h i c h is 

the t i m e i n t e r v a l in w h i c h t h e r e a r e i-th m e m b e r n u c l i d e s p r e s e n t 

at a g i v e n p o s i t i o n z, it is d e n o t e d by 6.. F o r t h e s e c o n d 

m e m b e r , f r o m E q . ( 3 . 4 . 1 ) o n e c o n c l u d e s t h a t 

9 = z / v - z / v (3.4.7) 
l s r 

w h e r e z/v f is the f i r s t n u c l i d e a r r i v a l t i m e at a g i v e n p o s i t i o n 

z and z/v is t h e l a s t n u c l i d e d e p a r t u r e t i m e . T h e e f f e c t of a s 

l a r g e d i f f e r e n c e in n u c l i d e s v e l o c i t i e s is a l a r g e c o n t a m i n a t i o n 

t i m e i n t e r v a l and c o n t a m i n a t e d r e g i o n (see E q . ( 3 . 4 . 6 ) and 

E q . ( 3 . 4 . 7 ) ) , b u t the c o r r e s p o n d i n g m a x i m a c o n c e n t r a t i o n s are 

r e d u c e d s i n c e t h e y are i n v e r s e l y p r o p o r t i o n a l (see E q . ( 3 . 4 . 1 ) ) . 

W i t h the d a t a f r o m t h e p r e v i o u s e x a m p l e , t h e c o n t a m i n a t e d 

r e g i o n at a g i v e n t i m e t w o u l d be 

R 2 = ( v A - v A ) t ~ 2 . 3 3 x l 0 ~ 4 v t ( m e t e r s ) 

w h i l e the c o n t a m i n a t i o n t i m e at a g i v e n p o s i t i o n z w o u l d be 

3 

6 2 = z/v,-z/v A = 7.00x10 (z/v) (years) 

w h e r e v is t h e g r o u n d w a t e r s p e e d 



S u p p o s e w e a r e i n t e r e s t e d a g a i n in a t i m e t = 1 0 0 0 y e a r s , 

z = 1 0 0 0 m e t e r s and v = 1 0 m / y r , t h e c o n t a m i n a t i o n t i m e i n t e r v a l 

02 = 7.OE + 5 y e a r s w h i l e t h e c o n t a m i n a t e d r e g i o n is R^=2.3 m e t e r s . 

T h e r e f o r e , at a p o s i t i o n 1000 m e t e r s a w a y f r o m t h e r e p o s i t o r y , 

P u - 2 4 2 w i l l be p r e s e n t d u r i n g 7 » O E + 5 y e a r s and a f t e r 1000 y e a r s 

of the b e g i n n i n g of l e a c h i n g , t h e P u - 2 4 2 m i g r a t i o n b a n d h a s o n l y 

s p r e a d to a e x t e n s i o n of 2.3 m e t e r s . 

3.4.2 T h e s e c o n d m e m b e r h a s n o n z e r o i n i t i a l c o n c e n t r a t i o n 

at t h e r e p o s i t o r y 

In t h i s c a s e , N *0 a n d E q . (3.2.15) c o n t a i n s b o t h t e r m s 

(3.4.8) 

T h e a d d e d t e r m r e p r e s e n t s t h o s e s e c o n d m e m b e r s n u c l i d e s 

i n i t i a l l y e m i t t e d at t h e r e p o s i t o r y and it h a s t h e s a m e f o r m as 

the f i r s t m e m b e r s o l u t i o n E q . ( 3 . 2 . 1 4 ) . T h e s e c o n d t e r m 

r e p r e s e n t s t h e d e c a y of t h e f i r s t m e m b e r n u c l i d e s w h i c h w e r e 

e m i t t e d at t h e r e p o s i t o r y g e n e r a t i n g d a u g h t e r n u c l i d e s . 

E v a l u a t i o n of t h e e x t r e m u m of e a c h of t h e s e i n d i v i d u a l t e r m s h a s 

b e e n d o n e in p a s t s e c t i o n s . 
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E q . ( 3 . 4 . 8 ) can be s e e n as a s u p e r p o s i t i o n of t w o f u n c t i o n s 

r e p r e s e n t e d by e a c h o n e of t h e t e r m s d e s c r i b e d a b o v e . L e t us 

c o n s i d e r a f i x e d p o s i t i o n z, t h e f i r s t t e r m is n o n t r i v i a l in t h e 

t i m e i n t e r v a l z / v 2 , z / v 2 + T and 4> 2 (t) is an e x p o n e n t i a l f u n c t i o n of 

e x p o n e n t i a l d e c a y d u r i n g t h i s t i m e i n t e r v a l T is n e g l i g i b l e a n d 

w e c a n a s s u m e t h i s t e r m as b e i n g a b a n d of c o n s t a n t m a g n i t u d e . 

H e n c e , o n e c a n set $ 2 ( t ) = 1 in E q . ( 3 . 4 . 8 ) . 

T h e d i f f e r e n t c o n f i g u r a t i o n s t h a t E q . (3.4.8) c a n t a k e , 

d e p e n d i n g on t h e r e l a t i v e m a g n i t u d e of the n u c l i d e v e l o c i t i e s , 

are i l l u s t r a t e d in F i g u r e 3 . 3 . W h e n n o d a u g h t e r s are p r e s e n t 

i n i t i a l l y at the r e p o s i t o r y ( N 2 = 0 ) , t h e e x t r e m u m is a l w a y s 

l o c a t e d at o n e of the b o u n d a r i e s of e i t h e r t h e c o n t a m i n a t e d t i m e 

i n t e r v a l in the c a s e of a f i x e d p o s i t i o n or t h e c o n t a m i n a t e d 

r e g i o n in t h e c a s e of a f i x e d t i m e . H o w e v e r , w h e n N A O , o n e c a n 

see in F i g u r e 3.3 t h a t o n e m i g h t h a v e a i n t e r i o r m a x i m u m , i.e. 

w h e n the t i m e of m a x i m u m t2 o c c u r s i n s i d e the c o n t a m i n a t i o n t i m e 

i n t e r v a l . In t h i s c a s e , t h e e x t r e m u m c a n n o t be d e t e r m i n e d b a s e d 

s o l e l y on t h e m o n o t o n i c c h a r a c t e r of t h e f u n c t i o n s e n v o l v e d . 

T h e d o t t e d l i n e s in F i g u r e 3.3 r e p r e s e n t t h e c a s e w h e n the 

f i r s t t e r m c o n t r i b u t i o n is s m a l l e r t h a n the s e c o n d t e r m 

c o n t r i b u t i o n . F o r the c a s e s " b " and " c " t h e t i m e of m a x i m a is 

c l e a r l y t o = z / v 2 . H o w e v e r , in t h e c a s e s " a " and " d " , o n e m u s t 

e v a l u a t e N ( z , t = z / v A ) and N , ( z , t = z / v 2 ) u s i n g E q . (3.4.8) t o d e c i d e 

w h e t h e r t h e e x t r e m u m o c c u r s at z/v-, or z/v„. T a k i n g t h e r a t i o of 

B u t s i n c e w e h a v e a s s u m e d T<< 1/ A . , j = l , 2 , t h e 
J 



c) v, > v 2 ( X 2 k 2 < X, k,, z f ixed d) v 2 > v , , X 2 k2 > X, k,, z f i x e d 

F i g u r e 3.3 P o s s i b l e c o n f i g u r a t i o n s f o r t h e c o n c e n t r a t i o n N 2 ( z , t ) 

at a f i x e d p o s i t i o n z (N2 f 0 ) . 



a b o v e c o n c e n t r a t i o n s c a l c u l a t e d by u s i n g E q . (3.4.8) and d e n o t i n g 

it by R o n e h a s 

N 2 ( z , t = v 2 ) 
N n + 

R = 
A l B12l 

exp 
N , ( 2 , t = J-) 

( N J T ) , b . 
(3.4.9) 

t h e r e f o r e , w h e n R> 1 the c o n c e n t r a t i o n N 2 (z, t=z/^2) is t h e 

l a r g e s t and t = z / V b u t w h e n R < 1 t h e c o n c e n t r a t i o n N (z, t-z/v- A) 

is t h e l a r g e s t a n d in t h i s c a s e t 2 = z / V A . T h e c o e f f i c i e n t B - A is 

i n s i d e a m o d u l u s s i g n b e c a u s e the p r o d u c t B t i m e s t h e f u n c t i o n 

S ( v j t ; v 2 t ) is a l w a y s p o s i t i v e as it is s h o w n in E q . ( 3 . 4 . 2 ) . 

C o n s i d e r f i r s t the c a s e w h e n R > 1 . F o r t h e c a s e s " a " and 

"d" A 2 1 2 > 1 1 1 K n > I K I a n d i f o a e s o l v e s E q . (3.4.9) r e s u l t s 

N° ( N J T ) j B , 
In 

z > 
u ( H ? T » l B 12 | y i e l d s : t2 « 

(3.4.10) 

S i m i l a r l y , for the c a s e w h e n R < 1 , w h e n E q . ( 3 . 4 . 9 ) is s o l v e d 

for z o n e o b t a i n s 

In 2 
A 0 D , B , 

1B12 [ 

z < y i e l d s : t 0 = 
(3.4.11) 

1 

1 

D e n o t i n g t h e q u a n t i t y on t h e r i g h t h a n d s i d e of E q . (3.4.10) 

and E q . (3.4.11) by W 



T h e f o l l o w i n g T a b l e 3.5 s u m m a r i z e s the t i m e for the m a x i m a 

c o n c e n t r a t i o n of t h e s e c o n d m e m b e r at a f i x e d p o s i t i o n w h e n its 

i n i t i a l c o n c e n t r a t i o n is n o n z e r o . 

2 < W 2 > W 

2 v 2 
t - 2 ¬ 

2 v £ 

2 v 2 2 V | 

T a b l e 3.5 T h e t i m e w h e n t h e m a x i m u m c o n c e n t r a t i o n of the s e c o n d 

m e m b e r o c c u r s at a f i x e d p o s i t i o n w h e n t h e i n i t i a l d a u g h t e r 

c o n c e n t r a t i o n is n o n z e r o ( N A O ) . 

N e x t , the c a s e of the e x t r e m u m for t h e s e c o n d m e m b e r at a 

f i x e d t i m e is s t u d i e d . F i g u r e 3.4 s h o w s t h e d i f f e r e n t 

c o n f i g u r a t i o n s t h a t the s e c o n d m e m b e r c o n c e n t r a t i o n E q . (3.4.8) 

c a n t a k e , d e p e n d i n g on t h e r e l a t i v e m a g n i t u d e of t h e n u c l i d e 

v e l o c i t i e s . F o r a g i v e n f i x e d t i m e , t h e c a s e s " b " and "d" s h o w 

c l e a r l y t h a t t h e e x t r e m u m o c c u r s at z = v „ t . T h i s is b e c a u s e w h e n 

the t w o t e r m s a r e a d d e d , t h e l a r g e s t v a l u e of the c o n c e n t r a t i o n 

w i l l a l w a y s o c c u r at z->=v t. 
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v, ( t - T ) v~>t V t t 

2nd t e r m 

a) v > v 2 , x 2 > X-j , t f i x e d b) v 2 > v ,,a 2 < > i 1 ,t fixed 

«S 

1st tern 
t Ht 

\ t 

2 n d t e r m 

v 2 ( t - T ) v 2 t V]_t 

4J 
N 
CM 

1st terra 
-/ t 

- -

2nd t e r m 

v (t-T) 
2 

v xt v 2t 

c) v 1 > v 2 , A 2 < \ , t f i x e d d) v 2 > v 1 f > . 2 > x 1 f t fixed 

F i g u r e 3.4 P o s s i b l e c o n f i g u r a t i o n s for t h e c o n c e n t r a t i o n of t h e 

s e c o n d m e m b e r N 2 ( z , t ) at a f i x e d t i m e (N 2 #0) 



F o r the c a s e s " a " and " c " o n e m u s t c o m p u t e t h e 

c o n c e n t r a t i o n s at the p o i n t s z = v A t and z = v A t w h e r e t h e e x t r e m u m 

m a y o c c u r and c o m p a r e t h e m to d e c i d e w h i c h o n e is a c t u a l l y t h e 

m a x i m u m . By u s i n g E q . (3.4.8) o n e e v a l u a t e s t h e c o n c e n t r a t i o n s at 

z=v-j t and z = v _ t and d e n o t i n g t h e i r r a t i o by R' r e s u l t s 

N 2 (z = V 2 t , t ) N 2 + T N j B , 2 
R' = e x p ( X A - X 2 ) t (3.4.13) 

N 2 ( z A v - A t ) t n 0 | b , 2 

W h e n R ' > i / t h e c o n c e n t r a t i o n at z-v 2t is t h e l a r g e s t and t h e 

m a x i m u m o c c u r s at z~ = v t. T h e t i m e t is s o l v e d in E q . ( 3 . 4 . 1 3 ) 
2 

w h e n the c o n d i t i o n R > 1 is s a t i s f i e d ( i . e . t h e m a x i m u m o c c u r s at 

z = v 2 t ) 

N2 + ( N l T ) ! B 12 l 
In 

o 
L("'° T> ! B i ; (3.4.14) 

t < ~ 

C o n v e r s e l y , w h e n R < 1 , the c o n c e n t r a t i o n at z = v A t is t h e 

l a r g e s t and the e x t r e m u m o c c u r s at z A - v A t . S o l v i n g E q . ( 3 . 4 . 1 3 ) 

for t h e t i m e t w h e n t h e c o n d i t i o n R < 1 is s a t i s f i e d r e s u l t s 

N° * ( N j T ) 
In 

( NJT ) 

t > - 12 (3.4.15) 

( X l - '2 ) 

T h e d i f f e r e n t p o s s i b l e c a s e s for the e x t r e m u m of the 

0 

c o n c e n t r a t i o n of t h e s e c o n d m e m b e r w h e n N 2 * 0 at a f i x e d t i m e 

s h o w n in F i g u r e 3.4 and E q . (3.4.14) and E q . (3.4.15) are 

s u m m a r i z e d in T a b l e 3.6 b e l o w 



t < W t > w' 

72 • V 

x l < x 2 22 = V 2 t 

t2 = v x t 

where 

In 

w' s 

( N ? T ; 

J12l 

'12! 

T a b l e 3.6 T h e p o s i t i o n of the m a x i m u m c o n c e n t r a t i o n for the 

s e c o n d m e m b e r at a f i x e d t i m e w h e n N A O . 

W h e n the s e c o n d m e m b e r is i n i t i a l l y p r e s e n t at the 

r e p o s i t o r y , t h e c o n t a m i n a t i o n t i m e and the c o n t a m i n a t e d r e g i o n 

can be d e t e r m i n e d a c c o r d i n g to E q . ( 3 . 4 . 8 ) . T h e y are s u m m a r i z e d 

in T a b l e 3.7 b e l o w (see A p p e n d i x D for the d e r i v a t i o n s ) . O n e 

s h o u l d n o t i c e t h a t w h e n t h e i n i t i a l a m o u n t of t h e s e c o n d m e m b e r 

is n e g l i g i b l e T a b l e s 3.5 and 3.6 r e d u c e to T a b l e s 3.2 and 3.4 

0 

r e s p e c t i v e l y . T h i s is b e c a u s e W and W» are n u l l w h e n N 2 = 0 and 

the c o n d i t i o n s z>W and t>W' are a l w a y s s a t i s f i e d . 
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C a s e s Contarni n a t i o n t i m e C o n t a m i n a t e d r e g i o n 

Vl > V2 •*-(Vif)*T 
R 2 = V l t ~ v 2 A ~ T A 

V l < V 2 

9? = — if - — > T 
2 v i v 2 v i v2 

R 2 = (v,- V l)t if ( v 2 - v j t > v 2T 

V l < V 2 
e 0 = T i f — - — <T 
2 vj v 2 

R 2 = V 2 T ^ f ^ V 2 ~ V 1 ^ * V 2 T 

T a b l e 3.7 C o n t a m i n a t i o n t i m e a n d c o n t a m i n a t i o n r e g i o n f o r t h e 2 

m e m b e r w h e n N ° + 0. 



3.5 E x t r e m u m of the s o l u t i o n for t h e t h i r d m e m b e r 

T h i s p r o b l e m is a g a i n s u b d i v i d e d i n t o t w o s t a g e s : 

1-The initial amount of the third member present at the 
0 

r e p o s i t o r y is z e r o ( N 3 = 0 ) . 

2-The i n i t i a l a m o u n t of the t h i r d m e m b e r is s i g n i f i c a n t at 

the r e p o s i t o r y , ( N A A O ) „ 

3.5.1 T h e i n i t i a l a m o u n t of the t h i r d m e m b e r at t h e 

r e p o s i t o r y is z e r o 

By s e t t i n g N A = 0 in E q . ( 3 . 2 . 1 6 ) the s o l u t i o n for t h i s c a s e 

r e a d s 

N 3(z,t) = T ( B 2 3 N ° - AN° ) exp (-AAt - , i) S ( v 2 t ; v 3t) + 

NjTA exp ( - A l 3 t - a 1 3 z ) S ( V l t ; v 3 t ) (3.5.1) 

- N C
X T A e x p ( - A 1 2 t - a A z ) S ( v j t ; V?t) 

D e p e n d i n g on the r e l a t i v e m a g n i t u d e s of the n u c l i d e 

v e l o c i t i e s , t h e f u n c t i o n s S ( v A t ; v A t ) c a n a s s u m e t h e v a l u e s of -1 

,0 or + 1 . T h e r e f o r e , for e a c h o n e of t h e s i x p o s s i b l e d i f f e r e n t 

c o m b i n a t i o n s of t h e t h r e e n u c l i d e v e l o c i t i e s , d i f f e r e n t s i g n e d 

t e r m s in E q . (3.5.1) w i l l a r i s e . T h e t a s k of d e t e r m i n i n g t h e 

e x t r e m u m of the E q . (3.5.1) is i n d e e d e x p a n d e d to t h e t a s k of 



d e t e r m i n i n g t h e e x t r e m u m of s i x d i f f e r e n t f u n c t i o n s , d e p e n d i n g on 

the r e l a t i v e m a g n i t u d e of the n u c l i d e v e l o c i t i e s . 

In o r d e r to d e t e r m i n e t h e t i m e of t h e m a x i m u m c o n c e n t r a t i o n 

at a f i x e d p o s i t i o n , t h e f o l l o w i n g p r o c e d u r e is a d o p t e d . F o r a 

p a r t i c u l a r set of n u c l i d e v e l o c i t i e s , v , v , v f , w h e r e s u b s c r i p t 
o iii -l-

s s t a n d for s l o w e s t , m for m e d i u m and f for f a s t e s t , the s o l u t i o n 

c a n be s k e t c h e d as f o l l o w s 

A Reg ion Reg ion 

Z fixed 

T h e f o r m of t h e s o l u t i o n for the c o n c e n t r a t i o n of a t h i r d 

m e m b e r E q . ( 3 . 5 . 1 ) d o e s n o t p e r m i t t w o n u c l i d e s in t h e s a m e c h a i n 

to h a v e the s a m e v e l o c i t y . T h e t e r m s r e p r e s e n t e d by B. . (see 

Eq. ( 3 . 2 . 1 7 ) ) h a v e a s i n g u l a r i t y w h e n v . = v . . S i n c e t h e t h r e e 

n u c l i d e s h a v e n e c e s s a r i l y d i f f e r e n t v e l o c i t i e s , at a f i x e d 

p o s i t i o n z, the m i g r a t i o n b a n d b o u n d a r i e s z / v A , z/v m and z/v g 

h a v e d i f f e r e n t v a l u e s . T w o d i f f e r e n t r e g i o n s a r e t h u s d e f i n e d : 

r e g i o n 1 w h e r e z / v f < t < z/v and r e g i o n 2 w h e r e z/v < t< z/v . 
- C m J m s 

C o n s i d e r for i n s t a n c e t h e c a s e w h e r e v A > v A > v A 

(f=l,m=2 , s = 3 ) . T h e r e f o r e , in r e g i o n 1 z / v A < t < z / v 2 < z / v 3 and in 

r e g i o n 2 z / v A < z / v 2 < t < z / v A . R e c a l l i n g t h e d e f i n i t i o n of t h e 

f u n c t i o n s S ( v . t ; v . ) = h ( v A t - z ) - h ( v . t - z ) o n e c a n e v a l u a t e t h e v a l u e 
l 3 3 
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of t h e s e f u n c t i o n s in E q . ( 3 . 5 . 1 ) in e a c h r e g i o n . 

In r e g i o n 1 

S ( v 2 t ; v 3 t ) = h ( v 2 t - z ) - h ( v A t - z ) = 0 - 0 = 0 

S ( v 3 t ; v 3 t ) = h ( v x t - z ) - h ( v 3 t - z ) = 1 - 0 = 1 

S t ; v 2 t ) = h ( v - A - z ) -h ( v 2 t - z ) = 1 - 0 = 1 

In r e g i o n 2 

S ( v 2 t ; v 3 t ) = h ( v 2 t - z ) - h ( V g t - z ) = 1 - 0 = 1 

S ( v 1 t ; v 3 t ) = h ( V j t - z J - h ( v 3 t - z ) = 1 - 0 = 1 

S ( v A t ; v 2 t ) = h ( v 1 t - z ) - h ( v 2 t - z ) = 1 - 1 = 0 

T h e s o l u t i o n E q . ( 3 . 5 . 1 ) t a k e s d i f f e r e n t f o r m in e a c h of 

t h e s e r e g i o n s , b e c a u s e t h e f u n c t i o n s S ( v A t ; V j t ) a s s u m e s d i f f e r e n t 

v a l u e s in e a c h r e g i o n for the s a m e set of n u c l i d e v e l o c i t i e s . 

L e t us s u m m a r i z e in T a b l e 3.8 t h e v a l u e s of t h e f u n c t i o n s 

S(v-t,-v.t) in e a c h r e g i o n and for the six p o s s i b l e c o m b i n a t i o n s 
j 

of the n u c l i d e v e l o c i t i e s , (see E q . ( 3 . 2 . 2 1 ) ) . 

In the c a s e of the s o l u t i o n for the s e c o n d m e m b e r 

c o n c e n t r a t i o n d i s c u s s e d in l a s t s e c t i o n , t h e f u n c t i o n s w e r e 

a l w a y s m o n o t o n i c a l l y d e c r e a s i n g or i n c r e a s i n g i n s i d e t h e d o m a i n 

of d e f i n i t i o n and t h e e x t r e m u m w a s l o c a t e d at t h e b o u n d a r i e s of 

the d o m a i n of d e f i n i t i o n . H o w e v e r , for t h e t h i r d m e m b e r 

s o l u t i o n , t h e f i r s t p a r t i a l d e r i v a t i v e of the c o n c e n t r a t i o n w i t h 

r e s p e c t to t i m e m a y v a n i s h i n s i d e o n e of t h e t w o r e g i o n s d e f i n e d 

a b o v e . In t h i s c a s e , o n e m i g h t h a v e a i n t e r i o r m a x i m u m and t h i s 

p o s s i b i l i t y m u s t be i n v e s t i g a t e d , 



Region 1 Region 2 

Case 
W v s S ( v ! t ; v 3 t ) S ( v 1 t ; v 3 t ) S ( v 1 t ; v 2 t ) S ( v 3 t ; v 3 t ) S (Vjt;v 3 0 S ( v 1 t ; v ! t ) 

1 W ' 3 0 1 1 1 1 0 

2 W v i -1 -1 0 0 -1 -1 

3 
W V 2 0 1 1 -1 0 1 

4 2 3 I 1 0 -1 0 -1 -1 

5 V,>v,>v„ -1 -1 0 -1 0 1 

6 v 2 >v 1 > v3 1 0 -1 1 1 0 

Table 3.8: Values for the functions S (v . t; v . t) =h (v. t-z) -h (v •t-z) 
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T h e p r o c e d u r e a d o p t e d to e v a l u a t e t h e t i m e of m a x i m u m for 

e a c h of t h e s i x c a s e s w i l l be to e v a l u a t e the i n d i v i d u a l m a x i m u m 

of the c o n c e n t r a t i o n for e a c h r e g i o n and t h e n to c o m p a r e them in 

o r d e r to d e c i d e w h i c h o n e is a c t u a l l y t h e t r u e e x t r e m u m of t h e 

s o l u t i o n in b o t h r e g i o n s . T h e f i r s t of t h e s i x c a s e s l i s t e d in 

T a b l e 3.8 w i l l be s t u d i e d in d e t a i l e d . F o r t h e c a s e 1, w h e r e v A > 

'2'3 - * c ^ r e g i o n is s t u d i e d i n d i v i d u a l l y . In r e g i o n 1, f r o m 

E q . ( 3 . 2 . 1 6 ) and T a b l e 3.8 t h e c o n c e n t r a t i o n d i s t r i b u t i o n in t h i s 

r e g i o n is g i v e n by 

N , 

— (z,t) = TA e x p ( - A 1 3 t - o 1 3z) - TA exp (-AAt - auz) „ , 2) 

Nl 

and it is n o n t r i v i a l for a g i v e n z>0 in t h e t i m e i n t e r v a l : z/v A< 

t < z / v 2 w h i c h is t h e d o m a i n of d e f i n i t i o n of E q . ( 3 . 5 . 2 ) . T h e 

p a r t i a l d e r i v a t i v e w i t h r e s p e c t to t i m e of E q . ( 3 . 5 . 2 ) is 

o 3 T ~ ( 2 > t ) = A A 1 2 e x p ( _ A 1 3 t ~ H l 3 z ) - A A 1 , e x p ( - A 1 2 t - a „ z ) (3.5.3) 
TN 1 

T h e f u n c t i o n d e s c r i b e d by E q . (3.5.2) can h a v e , if a n y , o n l y 

o n e e x t r e m u m in its d o m a i n of d e f i n i t i o n b e c a u s e E q . ( 3 . 5 . 3 ) c a n 

h a v e o n l y o n e z e r o , if a n y , in its d o m a i n of d e f i n i t i o n (region 

1 ) . T h e z e r o of E q . ( 3 . 5 . 3 ) , if it e x i s t s , o c c u r s at 

1

 A2 1 
t 1 2 1 (3.5.4) 
3 - A 2 1 - A 3 1 

By e v a l u a t i n g E q . ( 3 . 5 . 3 ) at t h e b e g i n n i n g of its d o m a i n of 



d e f i n i t i o n t = z / v A o n e h a s 

1 3N3 z x] 
(3.5.5) 

f u r t h e r m o r e , o n e c a n s h o w t h a t 

A ( A 21 - A 31 ) = — V P V - > 0 ( 3 - 5 . 6 a ) 

h e n c e , 

3 N 
- r A (z,t = — ) > 0 for a n y 2 > 0. 

V L 

T h e r e f o r e , E q . ( 3 . 5 . 2 ) is i n i t i a l l y i n c r e a s i n g and if t h e 

z e r o of E q . (3.5.3) l i e s i n s i d e t h e d o m a i n of d e f i n i t i o n t h e 

e x t r e m u m w i l l be a m a x i m u m , i . e . , if z/v A< t 3 ( E q . (3.5.4))< z/v 2, 

t3 w i l l be a p o i n t of m a x i m u m . On t h e o t h e r h a n d , if t A g i v e n by 

E q . (3.5.4) d o e s n o t e x i s t or it l i e s o u t s i d e the d o m a i n of 

d e f i n i t i o n , the f u n c t i o n E q . ( 3 . 5 . 2 ) is m o n o t o n i c a l l y i n c r e a s i n g 

in its d o m a i n of d e f i n i t i o n and the m a x i m u m w i l l o c c u r at the end 

of t h e r e g i o n 1, i . e . t , = z / v , . T h e i n e q u a l i t y r e s u l t i n g f r o m t 
J 3 

l y i n g i n s i d e the d o m a i n of d e f i n i t i o n c a n be e x p r e s s e d in t e r m s 

of the p o s i t i o n z by u s i n g E q . (3.5.4) 

I n
 ( a 21 — o t 31 ) Z (3.5.6) 1 A21~A31 '13 ( a 2 1 3 1 ) 

T h e s a m e d e r i v a t i o n is r e p e a t e d for the s e c o n d r e g i o n . 

F r o m E q . (3.2.6) and vising T a b l e 3.8 t h e c o n c e n t r a t i o n 



d i s t r i b u t i o n in t h i s r e g i o n is g i v e n by 

N 2 B 2 3 
U,t) = T( * - A) e x p ( - A 2 3 t - a 2 3 2 ) + TA e x p ( - i * t - a * z ) (3.5.7) 

N 

a n d it is n o n t r i v i a l for a g i v e n z> 0 in the i n t e r v a l z / v 2 < t < 

z/v 3 w h i c h is t h e d o m a i n of d e f i n i t i o n of E q . ( 3 . 5 . 7 ) . T h e 

p a r t i a l d e r i v a t i v e w i t h r e s p e c t t o t i m e of E q . ( 3 . 5 . 7 ) is 

1 S N 3 I " 2 3 N 2 \ (3.5.8) 

- - 3 T - ( z , t ) = ( T A - — ) A 2 3 e x p ( - A 2 3 t - a , 3 z : 
N l N l 

T A A j 3 e x p ( ~ A 1 3 t - a j 3 z ) 

A g a i n , t h e f u n c t i o n d e s c r i b e d by E q . ( 3 . 5 . 7 ) c a n h a v e , if a n y , 

o n l y o n e e x t r e m u m in its d o m a i n of d e f i n i t i o n . T h i s is b e c a u s e 

E q . ( 3 . 5 . 8 ) c a n h a v e , if a n y , o n l y o n e z e r o in its d o m a i n of 

d e f i n i t i o n . T h e z e r o of E q . (3.5.8) , if a n y , o c c u r s at 

A - B n n a 2 3 N 2 / N 1 A 3 2 , , ( 3 5 0 ) 
I n - ( 8 2 3 - 8 , 3 ) 2 ( 3 . 5 . 9 ) 

6 3 2 A 3 1 '13 

L e t us e v a l u a t e E q . ( 3 . 5 . 8 ) at t h e end of t h e d o m a i n , t = z / v 3 

± ± (z t - — ) - T A ( A 2 3 - A d ) - N 2 B 2 3 A2 3 . ) ( 3 . 5 . 1 0 ) 
,o a t U . t - - T A _ If _ _ 

T w o p o s s i b i l i t i e s r e s u l t s f r o m E q . (3.5.10) 
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j A T i p * f < 1 yields A ( z . t . f - X O ( 3 5 2 ) 

S u p p o s e g i v e n by E q . (3.5.9) e x i s t s and it is i n t e r i o r , i.e, 

z/v 2 <L t 3 ( E q . 3 . 5 . 9 ) < z / v 3 (3.5.13) 

T h e n , w h e n E q . (3.5.11) is t r u e , if t h e p a r t i a l d e r i v a t i v e 

E q . (3.5.10) is p o s i t i v e t * is n e c e s s a r i l y a p o i n t of m i n i m u m , 

w h i l e if the i n v e r s e o c c u r s t * g i v e n by E q . (3.5.9) is a p o i n t of 

m a x i m u m . On the o t h e r h a n d , if t3 g i v e n by E q . (3.5.9) d o e s n o t 

e x i s t or it is o u t s i d e t h e d o m a i n of d e f i n i t i o n , the f u n c t i o n 

E q . (3.5.7) is m o n o t o n i c a l l y i n c r e a s i n g if t h e d e r i v a t i v e 

e v a l u a t e d in E q . ( 3 . 5 . 1 0 ) is p o s i t i v e and t h e e x t r e m u m o c c u r s at 

t 3 = z / v 3 . C o n v e r s e l y , N 3 ( zf t) is m o n o t o n i c a l l y d e c r e a s i n g if the 

d e r i v a t i v e in E q . (3.5.10) is n e g a t i v e and t h e r e r e s u l t s the 

e x t r e m u m on t 3 = z / v 2 . T h e i n e q u a l i t y E q . ( 3 . 5 . 1 3 ) c a n be r e w r i t t e n 

by u s i n g E q . (3.5.9) to e x p r e s s t h i s c o n d i t i o n in t e r m s of the 

p o s i t i o n z 

2 1 
< < ~ (3.5.14) 

V2 A 3 2 ~ A 3 1 3 

A f t e r h a v i n g d e t e r m i n e d t h e t i m e of the m a x i m u m in e a c h 

r e g i o n , o n e s u b s t i t u t e t h e s e v a l u e s of t i m e b a c k i n t o the 

c o r r e s p o n d i n g E q . (3.5.2) and E q . (3.5.7) to e v a l u a t e t h e m a x i m a 

c o n c e n t r a t i o n s in e a c h r e g i o n . By c o m p a r i n g t h e s e c o n c e n t r a t i o n s 

o n e c a n f i n a l l y d e c i d e a b o u t the a c t u a l m a x i m u m for b o t h r e g i o n s . 



A b o v e p r o c e d u r e w i l l y i e l d t h e e x t r e m u m for t h e t h i r d m e m b e r 

c o n c e n t r a t i o n for the f i r s t c a s e of t h e T a b l e 3.8 at a f i x e d 

p o s i t i o n . T h i s d e r i v a t i o n is r e p e a t e d for t h e o t h e r f i v e c a s e s 

l i s t e d in T a b l e 3.8 and a g e n e r a l f o r m of t h e e x t r e m u m c a n be 

o b t a i n e d and it is s u m m a r i z e d in T a b l e 3 . 9 . A s b e f o r e , a g i v e n 

c a s e is d e n o t e d b y : v p v > v . w h e r e t h e s u b s c r i p t s i n d i c a t e 
f m s 

f = f a s t e s t n u c l i d e v e l o c i t y , f = 1 , 2 , 3. 

m = i n t e r m e d i a t e n u c l i d e v e l o c i t y , m = l , 2 , 3 . 

s = s l o w e s t n u c l i d e v e l o c i t y , s = l , 2 , 3 . 

(For e x a m p l e , the c a s e 1 in T a b l e 3.8 w o u l d be f = 1 , m = 2 , s = 3 ) . 

3.5.2 E x t r e m u m of t h e s o l u t i o n for t h e t h i r d m e m b e r w h e n 

its i n i t i a l a m o u n t at t h e r e p o s i t o r y is n o n z e r o 

In t h i s c a s e , t h e c o m p l e t e s o l u t i o n E g . (3.5.1) is r e q u i r e d 

N T ( 2 i t i a N - : > s x p ( 

3 t ; v 3 ) S [ v 3 t ; v 3 ( t - T ) ] * ( t ) + 

(3.5.15) 

N ° T B 2 3 - N ° T A ) exp (~'23t~a 2 3 2 A A ( v A t ; v A t ) + 

*TA e x p ( - A 3 1 t - a 3 j 2 ) S ( v A t ; v 3 t ) + N°TA exp (-A* t-a*z ) S ( v A t , v A t 

T h e s e c o n d t e r m w h i c h is i n s i d e t h e b r a c k l e t w a s a n a l y z e d 

in the p r e v i o u s s e c t i o n and its e x t r e m u m c a n be d e t e r m i n e d by 

u s i n g T a b l e 3.9. W h e n N * * 0 , a n e w t e r m (first t e r m on t h e r i g h t 



Condi t i o n : 

Region 1 

Ma i, 

I " t - < » m f - f s ' 

77 i - Í S 
A m f - f s 

S a t i s f i e d 

.-17 

Not S a t i s f i e d 

C3 • 

ln(__mf)- ( o . f - i f . i ! 

Note: 

Cases I, 3: M . 1 

Cases 2,4: M =1 - Nj A 

Cases 5, 6: M 

Cases 1,3: t A 

Cases 2 ,4: i f : 

W, > 1 : t , « — 
I — 3 v. 

W, < 1 : t , 
1 3 v. 

Cases 5, 6; i f : 

W. < - l : t , 
1 - 3 v . 

¿1 

N f 

W, > -1 : t 
3 " v 

Region 2 

C o n d i t i o n : — < fs v 

ms f s 

S a t i s f i e d 

1 . . Ma i \ 
1" _!ü _ ( ° , s-'fs" 

Vs - 4fs 

Note: 

Cases 2, 4: M - 1 

•° B23 

Cases 1, 3: H - 1 n?a 

Cases 5, 6: H 

Not S a t i s f i e d 

Cases 2 ,4: t A 

Cases 1,3: if 

W 2 > l : t , . f -

W < 1 : 
2 3 vm 

Cases 5, 6; i f : 

W2 < - l : 13 . L . 

•23 23 
W2 > -1 : t3 

z 
< 

s 

w 

T a b l e 3 .9 S u m m a r y of the d e t e r m i n a t i o n of t h e e x t r e m u m f o r the 3 m e m b e r (N* = 0) 
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h a n d s i d e ) is s u p e r i m p o s e d . R e c a l l i n g t h e a s s u m p t i o n of s m a l l 

l e a c h t i m e , i . e . , T < < 1/ X j , j = l , 2 , 3 , a n d b y r e a l i z i n g t h a t t h i s 

a d d e d t e r m is n o n t r i v i a l in t h e i n t e r v a l ( z / v 3 , z / v 3 + T ) of 

d u r a t i o n T, o n e c a n n e g l e c t c h a n g e s in the B a t e m a n ' s f u n c t i o n s 

and t a k e $ (t) = 1 . T h e r e f o r e , the f i r s t t e r m c a n be s e e n as a 

b a n d of d u r a t i o n T and c o n s t a n t m a g n i t u d e . 

D e p e n d i n g on t h e r e l a t i v e m a g n i t u d e of t h e n u c l i d e 

v e l o c i t i e s , d i f f e r e n t c o n f i g u r a t i o n s r e s u l t f r o m t h e 

s u p e r i m p o s i t i o n of t h e t w o t e r m s . C o n s i d e r for e x a m p l e F i g u r e 

3 . 4 . In c a s e " a n o f F i g u r e 3 . 4 t h e t w o t e r m s are n o n t r i v i a l in 

i n d e p e n d e n t t i m e d o m a i n s and o n e can e v a l u a t e t h e e x t r e m u m of t h e 

s e c o n d t e r m (using T a b l e 3.9) and t h e e x t r e m u m of t h e f i r s t t e r m 

(using E q . ( 3 . 3 . 2 ) 5 s e p a r a t e l y . T h e l a r g e s t c o n c e n t r a t i o n w i l l 

d e f i n e the t r u e m a x i m u m for b o t h t e r m s . 

F i g u r e 3 .4 P o s s i b l e c o n f i g u r a t i o n s o f t h e s o l u t i o n f o r t h e 3 r d m e m b e r 

w h e n N ° f 0. 



In c a s e " b " of F i g u r e 3.4 we h a v e t w o p o s s i b i l i t i e s : w h e n 

t h e e x t r e m u m of the s e c o n d t e r m o c c u r s in r e g i o n 1 and w h e n it 

about the true maximum by evaluating the concentration 
E q . (3.5.15) at t = z / v 3 w h i c h is t h e p o i n t of e x t r e m a for t h e f i r s t 

t e r m and c o m p a r i n g to t h e c o n c e n t r a t i o n E q . (3.5.1) at t h e p o i n t 

of e x t r e m a for the s e c o n d t e r m a l o n e o b t a i n e d by u s i n g T a b l e 3.9 

and t a k i n g N ° = 0 in E q . ( 3 . 5 . 1 5 ) . A g a i n , t h e l a r g e r of t h e m w i l l 

d e f i n e the t r u e m a x i m u m . 

In c a s e " c " of F i g u r e 3.4 the e x t r e m u m o c c u r s c l e a r l y at 

the p o i n t of e x t r e m u m of the s e c o n d t e r m b u t t h e m a g n i t u d e is 

l a r g e r by the a d d i t i o n of t h e f i r s t t e r m . A b o v e e x a m p l e s d o e s 

n o t e x h a u s t a l l p o s s i b i l i t i e s , s i n c e w e m i g h t h a v e a s u f f i c i e n t l y 

l a r g e z so t h a t z/vA+T l i e s i n s i d e t h e d o m a i n of t h e s e c o n d t e r m . 

B u t in any c a s e , it c a n be s h o w n t h a t t h e f o l l o w i n g s t e p s w i l l 

y i e l d the t i m e of m a x i m u m tA at a f i x e d p o s i t i o n z 

o c c u r s in r e g i o n 2 (dotted l i n e ) . In e i t h e r c a s e , o n e c a n d e c i d e 

1 - E v a l u a t e (* z , t = z/ v 3 ) u s i n g E q . (3.5 .15) w i t h b o t h t e r m s . 

2-Use T a b l e 3.9 to o b t a i n t_ for t h e s e c o n d t e r m a l o n e . 
3 

3 - E v a l u a t e N 3 ( z , 1 3 ) w i t h 1 3 o b t a i n e d in s t e p 2 a b o v e . 

4 - C o m p a r e (z,t = z/v 3) f r o m s t e p 1 and N * ( z , 1 3 ) f r o m s t e p 

3 . 

5-If c o n c e n t r a t i o n f r o m s t e p 1 is l a r g e r t h a n t h a t f r o m 

s t e p 3 t h e n t - * z / v * 

6-If the o p p o s i t e is t r u e t h e n t 3 is o b t a i n e d f r o m s t e p 2 . 

T w o c a s e s c a n be d i s t i g u i s h e d in t h e d e t e r m i n a t i o n of the 



c o n t a m i n a t i o n t i m e and in t h e c o n t a m i n a t e d r e g i o n for t h e t h i r d 

m e m b e r , 

a - W h e n t h e t h i r d m e m b e r is n o t p r e s e n t at t h e r e p o s i t o r y 

i n i t i a l l y t h e c o n t a m i n a t i o n t i m e 6_ as w e l l as t h e c o n t a m i n a t e d 
3 

r e g i o n c a n b e r e a d i l y o b t a i n e d f r o m E q . ( 3 . 5 . 1 ) and T a b l e 3 . 8 . 

T h e y can b e e x p r e s s e d b y 

0 3 = z / v s - z / v j r ( 3 . 5 . 1 8 ) 

R , = ( V f - V s ) t ( 3 . 5 . 1 3 ) 

b - W h e n the t h i r d m e m b e r h a s n o n z e r o i n i t i a l c o n c e n t r a t i o n 

at the r e p o s i t o r y , u s i n g E q . ( 3 . 5 . 1 5 ) and T a b l e 3.8 one can 

c o n s t r u c t t h e f o l l o w i n g T a b l e 3 . 1 0 . T h e d e r i v a t i o n s a r e s h o w n in 

A p p e n d i x D. 
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6 3 R 3 

C a s e : — - + T > — 
' 3 

~ + J < ~ 
' 3 

v, ( t - T ) > v s t v 3 ( t - T J < v s t 

v 3 < v 2 < vx 

'3 < Vl < '2 
(*3 " *f ) + T 

v f t - v 3 ( t - T ) v f t - v 3 ( t - T ) 

v2 < v 3 < ' l 

'l < '3 < '2 

i-' T 
\ ' 3 ' f / 

( v f - v s ) t v f t - v 3 ( t - T ) 

'3 > '2 > 'l 

'3 > 'l > '2 

T 1«) (v3 - v s ) t 

T a b l e 3 . 1 0 : C o n t a m i n a t i o n t i m e a n d c o n t a m i n a t e d r e g i o n f o r t h e 3 m e m b e r 

(N AO) . 
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T o v e r i f y the v a l i d i t y of the a p p r o x i m a t i o n and t o 

d e t e r m i n e t h e r a n g e in l e a c h t i m e for w h i c h t h i s a p p r o x i m a t e 

s o l u t i o n is a c c u r a t e in r e p r e s e n t i n g t h e e x a c t s o l u t i o n to a 

d e c a y i n g b a n d r e l e a s e t h e r e s u l t s of t h e a p p r o x i m a t e s o l u t i o n 

w i t h t h o s e of t h e e x a c t s o l u t i o n s a r e c o m p a r e d . T h e s e 

c o m p a r i s o n s a r e d o n e for d i f f e r e n t l e a c h t i m e s . C o m p a r i s o n s for 

the f i r s t m e m b e r s o l u t i o n s a r e n o t n e c e s s a r y s i n c e the e x a c t and 

a p p r o x i m a t e s o l u t i o n s h a v e t h e s a m e f o r m . W e s t u d i e d t h e U - 2 3 4 

and the N p - 2 3 7 c h a i n s . F i r s t c o n s i d e r t h e f o l l o w i n g t h r e e m e m b e r 

c h a i n 

U - 2 3 4 T h - 2 30 R a - 2 2 6 

K l 1 . 4 E + 4 5.0E+4 5.0E+2 

2 . 8 E - 6 9.0E-6 4 . 3 E - 4 (1/yr) 

L e t u s c o n s i d e r the w a t e r v e l o c i t y as b e i n g v = 1 1 0 m / y r . 

T h e c a s e of n o i n i t i a l d a u g h t e r s at t h e r e p o s i t o r y is f i r s t 

s t u d i e d . In t h i s c a s e , v*> v*> v * . T h e e x t r e m u m for t h e s e c o n d 

m e m b e r T h - 2 30 c a n be r e a d i l y o b t a i n e d f r o m T a b l e 3.2 w i t h t h e 

c o n d i t i o n A 2 K 2 > A * I \ * „ T h e t i m e w h e n the m a x i m u m o c c u r s at a 

f i x e d p o s i t i o n is t 2 = z / v A a n d c o r r e s p o n d i n g c o n c e n t r a t i o n w i l l 

b e , by u s i n g E q . ( 3 . 4 . 1 ) 

( z , t , ) = ( N ? T ) * e x p ( - ) z 
( v r v 2 ) 

(3.6.1) 

3.6 E x a m p l e of t h e u t i l i z a t i o n of t h e m e t h o d and 

c o m p a r i s o n w i t h the e x a c t s o l u t i o n r e s u l t s 
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c o n s e q u e n t l y , t h e c o n t a m i n a t i o n t i m e is 

6 = z / v 2 - z / V l (3.6.2) 

T h e t i m e of m a x i m a for t h e t h i r d m e m b e r at a f i x e d p o s i t i o n 

c a n be o b t a i n e d f r o m T a b l e 3 . 9 . I n t h i s p r e s e n t c h a i n f = 3 , m = l 

a n d s = 2 . T h u s , a c c o r d i n g to T a b l e 3.8 w e a r e in c a s e 5 . T h e 

c o e f f i c i e n t s and cu_. a r e f i r s t e v a l u a t e d . 

i = 3 , j = 2 i = l , j = 3 i = l , j = 2 

a 4.75E-6 - 1 . 2 9 E - 5 1 . 1 4 E - 5 (1/yr) 

1.92E-3 2 . 0 1 E - 3 - 1 . 1 1 E - 3 (1/m) 

I n the c o l u m n t i t l e d r e g i o n 1 in T a b l e 3.9 we f i r s t c h e c k 

t h e c o n d i t i o n for t h e e x i s t e n c e of i n t e r i o r m a x i m u m . S i n c e N 2 = 0 

a nd B„ = 0 ; h e n c e M = l and W . = 0 . T h e r e f o r e , I n ( M A _ / A ) = l n ( 
2 3 J- rar fs 

A A A / A 3 2 ) . B u t s i n c e A A / A A < 0 , t h e c o n d i t i o n for i n t e r i o r 

m a x i m u m c a n n o t be s a t i s f i e d . U n d e r t h e c o l u m n " n o t s a t i s f i e d " , 

for the c a s e 5 and w i t h W j = 0 , t h e t i m e of m a x i m u m is r e a d o u t : 

t->=z/v = z / v , for t h e r e g i o n 1 . 
J m 1 

S i m i l a r l y , t h e c o n d i t i o n for e x i s t e n c e of i n t e r i o r m a x i m u m 

in r e g i o n 2 is first c h e c k e d : In ( M A * / A f _ J = ln ( A
 3 2 * = 0 * 8 ' * 

A n d a g a i n t h e c o n d i t i o n for i n t e r i o r m a x i m u m is n o t s a t i s f i e d , 

for c a s e 5 and w i t h W 2 = 0 t h e t i m e of m a x i m u m is r e a d f r o m T a b l e 

3.9 and it is t _ = z / v = z / v . . S i n c e the t i m e of m a x i m u m in b o t h 
J m l 

r e g i o n is the s a m e o n e c o n c l u d e s t h a t t 3 = z / v 1 . T h e c o r r e s p o n d i n g 

m a x i m u m c o n c e n t r a t i o n is 



( z , t J A 3 2 

— - = T A e x p ( a 3 2 ) z - T A e x p ( - X 1 / v 1 ) z (3.6.3) 

N l v l 

and t h e c o n t a m i n a t e d t i m e w i l l be g i v e n by 

e 3 = d / v 2 - l / v 3 ) z (3.6.4) 

T h e a b o v e r e s u l t s a g r e e w e l l w i t h t h e e x a c t s o l u t i o n 

p r e s e n t e d by H i g a s h i (H2) for l e a c h t i m e v a l u e s up to 3.OE+4 

y e a r s . (see F i g u r e 3,5a and F i g u r e 3 . 5 b ) . A m o r e d e t a i l e d s t u d y 

h a s b e e n c o n d u c t e d to d e t e r m i n e u p p e r b o u n d s for t h e e r r o r as o n e 

i n c r e a s e s t h e l e a c h t i m e for l a r g e r v a l u e s at t h e e n d of t h i s 

s e c t i o n . 

In F i g u r e 3.5a t h e m a x i m u m d i m e n s i o n l e s s R a - 2 2 6 

c o n c e n t r a t i o n ( N 3 ( z , t 3 ) / N * ) is p l o t t e d for e a c h f i x e d p o s i t i o n 

z. T h e r e are n o i n i t i a l d a u g h t e r s p r e s e n t at t h e r e p o s i t o r y and 

the l e a c h t i m e is 3 5 0 0 y e a r s . F o r t h i s v a l u e of l e a c h t i m e t h e 

a g r e e m e n t w a s c o m p l e t e . 

F i g u r e 3.5b is a s i m i l a r p l o t b u t for a l e a c h t i m e v a l u e of 

3 5 0 0 0 years,, A l t h o u g h t h i s v a l u e of l e a c h t i m e is l a r g e r t h a n 

the R a - 2 2 6 h a l f l i f e , t h e a p p r o x i m a t e s o l u t i o n d e v i a t i o n f r o m t h e 

e x a c t s o l u t i o n is s m a l l e r t h a n 1 0 % . T h i s is b e c a u s e t h e R a - 2 2 6 

c o n c e n t r a t i o n is c o n t r o l l e d by t h e d e c a y of U - 2 3 4 w h o s e h a l f l i f e 

is m u c h l a r g e r t h a n the l e a c h t i m e u s e d . 



In F i g u r e 3.6a t h e c a l c u l a t i o n w a s t h e s a m e as in F i g u r e 

3.5a b u t t h i s t i m e t h e d a u g h t e r s w e r e i n i t i a l l y in t r a n s i e n t 

e q u i l i b r i u m . F o r t h i s l e a c h t i m e (3500 y e a r s ) t h e a g r e e m e n t w a s 

c o m p l e t e . In F i g u r e 3.6b a leach t i m e of 3 5 0 0 0 years was used 
w h i c h is a b o u t a n o r d e r of m a g n i t u d e l a r g e r t h a n t h e R a - 2 2 6 h a l f -

l i f e . A l t h o u g h t h i s f a c t v i o l a t e s t h e b a s i c a s s u m p t i o n the 

c o m p a r i s o n w i t h e x a c t s o l u t i o n s h o w s t h a t t h e e r r o r is l a r g e r 

o n l y for d i s t a n c e s s m a l l e r t h a n 1 0 m e t e r s w h e r e t h e d e c a y of t h e 

i n i t i a l R a - 2 2 6 n u c l i d e s is i m p o r t a n t . For d i s t a n c e s l a r g e r t h a n 

1 0 m e t e r s w h e r e t h e c o n c e n t r a t i o n of R a - 2 2 6 is c o n t r o l l e d by t h e 

d e c a y of U - 2 3 4 the e r r o r is s m a l l e r t h a n 1 0 % . 

A s e c o n d i m p o r t a n t t h r e e m e m b e r d e c a y c h a i n s t a r t s w i t h N p -

2 3 7 

N p - 2 37 U - 2 3 3 T h - 2 2 9 

T. 2 . 1 E + 6 1 . 6 E + 5 7 . 3 E + 3 ( y e a r s ) 
H 

K i 1 . 0 E + 4 1 . 4 E + 4 5 . 0 E + 4 

T h e r e t a r d a t i o n c o e f f i c i e n t s u s e d w e r e t a k e n a r b i t r a r i l y 

for the p u r p o s e of t h i s i l l u s t r a t i o n . T h e s a m e c a l c u l a t i o n d o n e 

for t h e U - 2 3 4 c h a i n a r e r e p e a t e d h e r e . L e t us f i r s t d e t e r m i n e 

t h e e x t r e m u m of t h e s o l u t i o n for t h e s e c o n d m e m b e r . F r o m T a b l e 

3.2 and w i t h the c o n d i t i o n A
2

K 2 > * 1 K 1 w e r e a d the t i m e of 

m a x i m u m at a f i x e d z : t 2 = z / v 1 and t h e c o r r e s p o n d i n g m a x i m u m 

c o n c e n t r a t i o n w i l l be 
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D i s t a n c e f r o m r e p o s i t o r y , m X B L 812-26 

F i g u r e 3 . 5 b M a x i m a c o n c e n t r a t i o n s o f 2 2 6 , a a t d i f f e r e n t f i x e d p o s i t i o n s 

N o i n i t i a l d a u g h t e r s ( N A N o d i s p e r s i o n . T = 3 5 0 0 0 y e a r s . 
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F i g u r e 3 .6a M a x i m a c o n c e n t r a t i o n s of 

2 0 0 4 0 0 6 0 0 
D i s t a n c e f r o m r e p o s i t o r y , m 

2 2 6 

! 000 

XBL 8)2-219 

a t d i f f e r e n t f i x e d p o s i t i o n s 
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2 0 0 4 0 0 6 0 0 
D i s t a n c e f r o m r e p o s i t o r y , m 

2 2 6 r 

8 0 0 1000 
X B L 812-220 

F i g u r e 3 -6b M a x i m a c o n c e n t r a t i o n s o f R a a t d i f f e r e n t f i x e d p o s i t i o n s . 

I n i t i a l t r a n s i e n t e q u i l i b r i u m . N o d i s p e r s i o n . T = 3 5 0 0 0 y e a r s . 
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N 2 ( 2 , t 2 ) « l i - i i - i e V l 7 < 3 . 6 . 5 ) 

T h e t i m e of m a x i m u m for the t h i r d m e m b e r at a f i x e d 

p o s i t i o n c a n be d e t e r m i n e d f r o m T a b l e 3.9. T h e n u c l i d e 

v e l o c i t i e s a r e o r d e r e d in s u c h a w a y t h a t we h a v e a c a s e 5. T h e 

c o e f f i c i e n t s A . . and a. . a r e f i r s t e v a l u a t e d 
3-D 13 

i = 3 , j = 2 i=3 , j = l i = l , j=2 

A iD - - 4 . 5 6 E - 5 - 9 . 3 8 E - 5 1.45E-5 (1/yr) 

a. . 6.37E-3 8.5 5E-3 - 1 . 2 0 E - 3 (1/m) 

C o n s i d e r f i r s t t h e c a s e of n o i n i t i a l d a u g h t e r s . U n d e r t h e 

c o l u m n t i t l e d " R e g i o n 1" in T a b l e 3.9 t h e c o n d i t i o n for t h e 

e x i s t e n c e of i n t e r i o r m a x i m u m is f i r s t c h e c k e d . S i n c e N * O and 

B = 0 h e n c e M = l and W . = 0 , t h u s : In(M A ^ A. ^ )=ln ( A,-./A-..,) 2 3 1 mf fs 13 ' 32 

= 0 . 7 2 1 . T h e c o n d i t i o n for i n t e r i o r m a x i m u m c a n n o t b e 

s a t i s f i e d for p o s i t i v e z . U n d e r t h e c o l u m n n o t s a t i s f i e d , for a 

c a s e 5, o n e r e a d s the t i m e for t h e m a x i m u m : t->=z/v = z / v . . 
- s m l 

S i m i l a r l y , for r e g i o n 2 t h e c o n d i t i o n for i n t e r i o r m a x i m u m 

c a n n o t be s a t i s f i e d and f r o m T a b l e 3.9 t h e t i m e of m a x i m u m is 

o b t a i n e d : t^-z/v-^. S i n c e t h e m a x i m u m c o n c e n t r a t i o n in e i t h e r 

r e g i o n o c c u r s at t h e c o m m o n b o u n d a r y t * = z / v * , t h e m a x i m u m 

c o n c e n t r a t i o n for b o t h r e g i o n is t h e s a m e and can be e x p r e s s e d by 

N*(z,t*) 
- = T A

 A 2 3 / H (3.6.6) 
exp (- z - a 0-,z) - exp (- — z 

r K 2 3 ' * v l 



F i g u r e 3.7a and F i g u r e 3.7b s h o w t h e c a s e of z e r o i n i t i a l 

d a u g h t e r s c o n c e n t r a t i o n for l e a c h t i m e s of 3 5 0 0 and 3 5 0 0 0 y e a r s 

r e s p e c t i v e l y . A l s o for t h i s c h a i n , t h e a g r e e m e n t b e t w e e n t h e 

e x a c t and a p p r o x i m a t e s o l u t i o n is q u i t e g o o d for l e a c h t i m e s 

s m a l l e r t h a n 3 5 0 0 0 y e a r s . F i n a l l y , in F i g u r e 3.8a and F i g u r e 

3.8b the c o m p a r i s o n s a r e m a d e for t h e c a s e w h e n t h e i n i t i a l 

d a u g h t e r c o n c e n t r a t i o n s a r e in t r a n s i e n t e q u i l i b r i u m . T h e c u r v e s 

for the c a s e of a l e a c h t i m e of 3 500 y e a r s s t i l l s h o w g o o d 

a g r e e m e n t b u t t h e c u r v e s for t h e c a s e of a l e a c h t i m e of 3 5 0 0 0 

y e a r s s h o w a s m a l l d e v i a t i o n . 

A d d i t i o n a l c o m p a r i s o n s b e t w e e n m a x i m a c o n c e n t r a t i o n s 

o b t a i n e d by e v a l u a t i n g t h e e x a c t s o l u t i o n s f o r m u l a s ( r e f e r e n c e 

H i ) and by u s i n g the a p p r o x i m a t e m e t h o d d e v e l o p e d in t h i s w o r k 

are s u m m a r i z e d n e x t . D e v i a t i o n s of the v a l u e s o b t a i n e d by t h e 

a p p r o x i m a t e m e t h o d f r o m t h o s e of t h e e x a c t s o l u t i o n are e x p r e s s e d 

in t e r m s of p e r c e n t e r r o r w h i c h is d e f i n e d a s : 

e (%)= ( ( e x a c t - a p p r o x i m a t e ) / e x a c t ) * 1 0 0 (3.6.7) 

H e r e , the t w o c h a i n s a n a l y z e d p r e v i o u s l y in t h i s s e c t i o n 

a r e s t u d i e d a g a i n b u t u s i n g i n s t e a d the i n i t i a l c o n c e n t r a t i o n s 

and r e t a r d a t i o n c o e f f i c i e n t s l i s t e d in T a b l e 3 . 1 4 a . 

T a b l e s 3.10a t h r o u g h T a b l e 3.lOd s h o w t h e p e r c e n t e r r o r in 

the m a x i m a c o n c e n t r a t i o n s c a l c u l a t i o n s of R a - 2 2 6 , T h - 2 2 9 , T h - 2 30 

and U-2 33 r e s p e c t i v e l y , at d i f f e r e n t v a l u e s of the r a t i o 
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o f r o m approximate so lu t ion 

8 0 0 1 2 0 0 1600 

D i s t a n c e f r o m r e p o s i t o r y , m 

2?9 
X6L 812-221 

F i g u r e 3 .7a M a x i m a c o n c e n t r a t i o n s of 1 h at d i f f e r e n t f i x e d p o s i t i o n s 

N o i n i t i a l d a u g h t e r s ( N ° = N ° = 0 ) . N o d i s p e r s i o n . T = 3 5 0 0 y e a r s . 

M 

Z 

o 

D i s t a n c e f r o m r e p o s i t o r y , m 

XBL 812-222 

F i g u r e 3 .7b M a x i m a c o n c e n t r a t i o n s o f T h a t d i f f e r e n t f i x e d p o s i t i o n s . 

N o i n i t i a l d a u g h t e r s ( N ° = N ° = 0 ) . N o d i s p e r s i o n . T - 3 5 0 0 0 y e a r s . 



P o i n t s : • f rom exact so lu t ion 

o f r o m approximate solut ion 

T = 3 5 0 0 y r 

D i s t a n c e f r o m r e p o s i t o r y , m 

1 4 0 0 

X B L 8 1 2 - 2 2 3 

F i g u r e 3 . 8 a M a x i m a c o n c e n t r a t i o n s o f 22% T h a t d i f f e r e n t f i x e d p o s i t i o n s 

I n i t i a l t r a n s i e n t e q u i l i b r i u m . N o d i s p e r s i o n . T = 3 5 0 0 y e a r s . 
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P o i n t s : • f rom exact so lu t ion 

o f rom approximate solut ion 

T = 35QOOyr 

=3= - o 

4 0 0 8 0 0 1 2 0 0 

-a 

1 4 0 0 

D i s t a n c e f r o m r e p o s i t o r y , m 

X B L 8 I 2 - 2 2 4 

0 

F i g u r e 3 . 8 b M a x i m a c o n c e n t r a t i o n s o f T h a t d i f f e r e n t f i x e d p o s i t i o n s . 

I n i t i a l t r a n s i e n t e q u i l i b r i u m . N o d i s p e r s i o n . T = 3 5 0 0 0 y e a r s . 
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d i s t a n c e / w a t e r v e l o c i t y ( z / V , w a t e r t r a v e l t i m e ) and for d i f f e r e n t 

l e a c h t i m e s . 

A l l f o u r t a b l e s s h o w t h a t f o r l e a c h t i m e s s m a l l e r t h a n 1 0 0 0 

y e a r s w h e r e t h e c o n d i t i o n T < < T ^ is s a t i s f i e d , t h e e r r o r is 

n e g l i g i b l e for all v a l u e s of z/V. F o r l e a c h t i m e s b e t w e e n 1 0 0 0 

and 1 0 0 0 0 y e a r s the e r r o r is g r e a t e r t h a n 1 0 % o n l y for w a t e r 

t r a v e l t i m e s s m a l l e r t h a n 1 y e a r . S i n c e g r o u n d w a t e r v e l o c i t i e s 

are e x p e c t e d to be s m a l l e r t h a n 10 m / y r , for l e a c h t i m e s of the 

o r d e r of 1 0 0 0 0 y e a r s t h e a p p r o x i m a t e m e t h o d is a p p l i c a b l e for 

p a t h l e n g h t s z g r e a t e r t h a n 10 m e t e r s w h i c h in g e n e r a l is t h e 

r a n g e of i n t e r e s t for far f i e l d m i g r a t i o n s t u d i e s . 

5 

F i n a l l y , for l e a c h t i m e s of the o r d e r of 10 y e a r s or 

l a r g e r , the e r r o r b e c o m e s u n a c c e p t a b l e for a n y v a l u e of w a t e r 

t r a v e l t i m e . In v i e w of a b o v e r e s u l t s , t h e c o n d i t i o n T < < T ^ , c a n 

be r e l a x e d and the v a l i t y of t h e m e t h o d can be e x t e n d e d to l e a c h 

t i m e of the o r d e r of 1 0 0 0 0 y e a r s p r o v i d e d t h e w a t e r t r a v e l t i m e 

is l a r g e r t h a n o n e y e a r . 
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z / v ( y r ) T ( y r ) : 1 0 4 
5 

z / v ( y r ) T ( y r ) : 10 1 0 2 
10 1 0 4 

10° 

0 8.0 1 0 . 0 4 9 . 0 2 4 . 0 

1 0 - 1 0 1.0 3 .0 3 8 . 0 9 8 . 0 

10° 0 0 0.2 11.0 42 . 0 

10 1 0 0 0 3.0 3 9 . 0 

1 0 2 0 0 0 3.0 4 3 . 0 

1 0 3 0 0 0 3.0 4 0 . 0 

1 0 4 - - 5 0 . 0 

T a b l e 3 . 1 0 a : P e r c e n t e r r o r of t h e a p p r o x i m a t e m e t h o d in t h e e v a l u a t i o n of 
?2fi 

the m a x i m a c o n c e n t r a t i o n s of R a 

z / v ( y r ; T ( y r ) 10 1 0 ' 1 0 ' 10 10 ' 

10 -2 

10" 

10 0 

1 0 2 

1 0 3 

1 0 4 

7.0 

7.0 

5.0 

4.0 

0 

0 

5 5 . 0 

4 2 . 0 

1 8 . 0 

9.0 

0 

0 

0 

8 5 , 

75 

50 . 

19 

1 

1 

1 

9 5 . 0 

9 3 . 0 

8 2 . 0 

8 2 . 0 

1 4 . 0 

1 0 . 0 

1 0 . 0 

T a b l e 3 . 1 0 b : P e r c e n t e r r o r of t h e a p p r o x i m a t e m e t h o d i n t h e e v a l u a t i o n of 

the m a x i m a c o n c e n t r a t i o n s of 229 Th 



8 0 

z / v ( y r ) T ( y r ) 1 0 1 0 A 
5 

z / v ( y r ) T ( y r ) 1 0 1 0 A 1 0 4 

*> 

1 0 " " 0 7.0 1 9 . 0 52 0 33 0 
1 0 - 1 0 5.0 9.0 41 0 3 0 0 
10° 0 0 5.2 22 0 2 0 
1 0 1 0 0 1.0 8 0 9 4 0 
1 0 2 0 0 1.0 6 0 96 0 
1 0 3 0 0 1.0 6 0 124 0 
1 0 4 — — 

— — — 

T a b l e 3 . 1 0 c : P e r c e n t e r r o r of t h e a p p r o x i m a t e m e t h o a in t h e e v a l u a t i o n of 

t h e m a x i m a c o n c e n t r a t i o n s of T h 

z/v(yr) 

T a b l e 

T ( y r ) 10 1 0 ' 10 ' 10 10 ' 

10" 0 7.0 3 0 . 0 81 .0 9 9 . 0 
10" 0 6.0 2 2 . 0 7 2 . 0 9 9 . 0 
10 C 

0 0 9.0 5 5 . 0 9 9 . 0 
1 0 ' 0 0 5.0 2 3 . 0 9 8 . 0 

io-
0 0 1.0 2.0 2 7 . 0 

io- 0 0 1.0 2.0 3 3 . 0 
1 0 4 0 1.0 2.0 2 3 . 0 

3 . 1 0 d : P e r c e n t e r r o r of the a p p r o x i m a t e m e t h o d in the e v a l u a t i o n of 
71 ? 

the m a x i m a c o n c e n t r a t i o n s of U 
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3.7 A n a l y s i s of t h e e f f e c t s of v a r i a t i o n in p a r a m e t e r s 

v a l u e s o n the m a x i m a c o n c e n t r a t i o n s 

In t h i s s e c t i o n w e a p p l y t h e m e t h o d d e v e l o p e d in p r e v i o u s 

s e c t i o n s to a n a l y s e t h e e f f e c t s on t h e m a x i m u m c o n c e n t r a t i o n 

c a u s e d by v a r i a t i o n s in t h e v a l u e s of t h e p a r a m e t e r s . T h e m a i n 

a d v a n t a g e of t h i s p r e s e n t m e t h o d is t h a t it a v o i d s t h e n e e d of 

d e t a i l e d e v a l u a t i o n of t h e c o m p l e t e s o l u t i o n and t h e s u b s e q u e n t 

s e a r c h for the e x t r e m u m . O n e c a n u s e t h i s m e t h o d to a n a l y t i c a l l y 

e v a l u a t e d i r e c t l y the e x t r e m u m , s a v i n g t h e r e f o r e c o n s i d e r a b l y 

c o m p u t i n g t i m e . 

A l t h o u g h t h i s can be d o n e w i t h the h e l p of a p o c k e t 

c a l c u l a t o r , w h e n a l a r g e n u m b e r of c a s e s is to be e v a l u a t e d as in 

the c a s e of a p a r a m e t r i c a n a l y s i s , it is v e r y u s e f u l to p r o g r a m 

t h i s m e t h o d i n t o t h e c o m p u t e r so t h a t o n e c a n e v a l u a t e t h e 

e x t r e m u m of any n u m b e r of n u c l i d e s and for a n y n u m b e r of s e t s of 

p a r a m e t e r s all at o n c e . A c o m p u t e r p r o g r a m c a l l e d U C B N E 2 0 w a s 

d e v e l o p e d w h i c h u s e s t h i s m e t h o d in e v a l u a t i n g t h e p o t e n t i a l 

h a z a r d at the b i o s p h e r e r e s u l t a n t f r o m the r e l e a s e of 

r a d i o n u c l i d e s p r e s e n t in the w a s t e p a c k a g e s . A c o m p l e t e l i s t i n g 

and d e s c r i p t i o n of d a t a i n p u t r e q u i r e m e n t s a r e g i v e n in A p p e n d i x 

B . 

A c c o r d i n g to the a s s u m p t i o n s m a d e in t h e d e v e l o p m e n t of t h e 

m e t h o d , U C B N E 2 0 w i l l be r e s t r i c t e d to t h e f o l l o w i n g : 

1 . O n e d i m e n s i o n a l s y s t e m s . 
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2 . C o n s t a n t w a t e r v e l o c i t i e s , s o i l and w a t e r p r o p e r t i e s . 

3 . N e g l i g i b l e d i s p e r s i o n e f f e c t s . 

4. L e a c h t i m e s s m a l l e r t h a n n u c l i d e h a l f l i v e s . 

5. M a x i m u m c h a i n s i z e is t h r e e m e m b e r s . 

If a b o v e c o n d i t i o n s a r e m e t , U C B N E 2 0 w i l l e v a l u a t e t h e 

f o l l o w i n g q u a n t i t i e s for a g i v e n i-th m e m b e r of a c h a i n : 

1. T i m e of m a x i m u m at a f i x e d p o s i t i o n , 

2 . T h e c o r e e s p o n d e n t m a x i m u m c o n c e n t r a t i o n . 

3 . T h e c o r r e s p o n d e n t m a x i m u m w a t e r d i l u t i o n r a t e . 

4 . T h e c o n t a m i n a t i o n t i m e for t h a t p o s i t i o n . 

In o r d e r to a p p l y t h i s m e t h o d for any n u c l i d e , it is n e c e s s a r y 

f i r s t to r e d u c e t h e l o n g a c t i n i d e c h a i n s i n t o t h r e e m e m b e r s or 

l e s s c h a i n s by s u i t a b l e s i m p l i f i c a t i o n s . 

3.7.1 R e d u c t i o n of a c t i n i d e c h a i n s 

T h e a c t i n i d e c h a i n s p r e s e n t in h i g h l e v e l w a s t e s h a v e m o r e 

t h a n t h r e e m e m b e r s a n d c a n n o t be t r e a t e d by t h e m e t h o d a b o v e . 

B u t b e c a u s e s o m e e l e m e n t s h a v e v e r y s h o r t h a l f l i v e s w h i l e s o m e 

o t h e r s h a v e v e r y l o n g h a l f l i v e s , t h e s e c h a i n s c a n be b r o k e n i n t o 

s h o r t e r c h a i n s . 

T h e r e a r e f o u r d i s t i n c t c o m p l e t e a c t i n i d e c h a i n s p r e s e n t in 

h i g h l e v e l w a s t e s . T h e y are s h o w n in T a b l e 3.11 b e l o w . In o r d e r 

to r e d u c e t h e s e c h a i n s i n t o s m a l l e r c h a i n s , the f o l l o w i n g f a c t o r s 



T a b l e 3 .11: A c t i n ides Chains Present in PWR S p e n t F u e l and 

R e p r o c e s s e d W a s t e . 

I) The 4n+3 chain: 

251 247 _ 243 _ 243 . 239, 
Cf 9 8 ^ 9 6 7 P" 94 u

 M 9 5 „ N P 93 
900 yr *° 1 . 5 4 X 1 0 ' yr 4 . 9 6 hr 7370 hr 

239 N
 6 . 239 u, ° 235.. 0 . 23 1,. 6 ,_ 231¬ 

" • p u " Z "92 i T A qn -gi 
93 2350 d * e % A 2.44*10 yr a 7.o»io yr ^" 25.52 hr y i 

/28yr 
243r 

C m 9 6 

2 3 1 P 3 2 2 7 . 6 _ , 2 2 7 T . 0

 L 2 2 3 - " ,_ 2 1 9 D 

9 1 *3 . ^ x f l ) 8 9 2 1 /8 yr R H 9 0 , a 1 8 ; 27 D
 R A 8 8 . 4 3 D " 8 6 ~ 

?19r u 215 , . 211 211 207 

" U 8 6 b.Q96s K 0 8 4 , 17.7^8ms " 8 2 36.1m 8 3 ,2.14m ^ 

207,, 20 7,» 
8 1 4.77 m 



11) The 4n+2 chain: 

2 4 6 ^ 9 6
 2 4 2 P" 2 3 8 , 234 h 234 p a 

4.76xlO ,yr 9 4 3 . 87* 1 05yr " 9 2 4.47*!@ 9/ * " ' 9 0 24.1 d , 

91 
2.44xlO Jyr 3 0 7.7*10%r 1 6 0 0 y r 

R n86 7 7 , P o84 7 7 - P b82 " 2 H B i n , ^^ 4Po 
3 . 8 d 3 . 0 5 R N 26.8m 8 3 19.8m 

2 1 4 P o 2 1 0 P b r 2 1 0 B i 210 206P. 
8 4 163.7 ,s ' A 8 2 22.3yr "'8 3 5.01 d 1 3 8 4 d 82 

H a ) : Branch of 4n+2 chain 

242m. , - C - 242, p ?&? <* ->» a 
A95 - 4 m 9 5 " C m , - 2 3 8 p n 

152yr 9 5 ] t hr 9 5 163 d 9 4 84.8 yr 
2 3 4 

9 2 



Ill) The 4n+l chain: 

245 24ir 

C m 9 6 T P u n 

8.5x10 yr y 4 

41. ' 237 
^ k " ' 9 5 N P 9 , tttZJZ 2 " % R 

15 yr A 433 yr A 2.14*1(Fyr 

233 P, _V 233.. 229 T * 225. 225. 
P ' 9 1 Z j 7 : T h 9 0 R'88 T T T T - c 8 9 ~ 

1.58x10"yr A 
27 d 7340 y r 14.8d 

- C 8 9 « r 8 7 8 5 7 2 7 m s B l 8 3 7 4 7 m P ° 8 4 

209 
74 US B 2 T.3 Thr " 83 

IV) The 4n chain: 

° ,_ 240 °° „ 236.. 232,. 228D 

8 R ' 
5.75 yr 

'Ac,, — 2 2 ' T h 9 Q — 
8 9 6.13 hr A 9 0 }.91 yr 

4 Ra R 

3.64 d 

"92 

220R" 216 

55.6 S 0 4 0.15 S 

212 P 

10.64 hr 
212 J_ 212 p 

8 3 60 m 8 4 

212Po 7 _ 208 
8 4 45 S 

2 1 3 

8 8 88 3 6 



m u s t be t a k e n i n t o a c c o u n t : 

a ) W h e t h e r t h e w a s t e is u n r e p r o c e s s e d or r e p r o c e s s e d , - w h i c h 

t y p e of r e a c t o r h a s g e n e r a t e d it ;when t h e l e a c h i n g s t a r t s a f t e r 

the b u r i a l . T h e s e f a c t o r s d e t e r m i n e b a s i c a l l y t h e i n i t i a l a m o u n t 

of a g i v e n n u c l i d e . 

b ) T h e r e l a t i v e m a g n i t u d e of t h e r e t a r d a t i o n c o e f f i c i e n t s 

and the h a l f l i v e s of a p r e c u r s o r and its d a u g h t e r s . (See 

d i s c u s s i o n a b o u t s e c u l a r e q u i l i b r i u m for m i g r a t i n g c h a i n s in 

H I , s e c t i o n 4 . 5 ) . 

F o r t h i s p r e s e n t s t u d y , w e w i l l c o n s i d e r t h e i n i t i a l a m o u n t 

of a c t i n i d e s in t h e w a s t e as b e i n g t h a t of t h e r e p r o c e s s e d H L W 

f r o m s p e n t f u e l s of a PWR and the r a n g e of t i m e for b e g i n n i n g of 
5 

l e a c h i n g is b e l o w 10 y e a r s . W i t h t h e s e a s s u m p t i o n s w e h a v e 

d e f i n e d the n u c l i d e s a c t i v i t i e s t h a t a r e i n i t i a l l y p r e s e n t in the 

r e p o s i t o r y . 

In a d d i t i o n , w e a s s u m e t h a t the s o r p t i o n e q u i l i b r i u m 

c o n t a n t s of t h e a c t i n i d e s d o n o t d i f f e r m o r e t h a n f o u r o r d e r s of 

m a g n i t u d e f r o m e a c h o t h e r . W i t h a b o v e a s s u m p t i o n s t h e f o l l o w i n g 

s i m p l i f i c a t i o n s can be m a d e : 

1. A v e r y s h o r t - l i v e d n u c l i d e c a n be c o n s i d e r e d as b e i n g in 

s e c u l a r e q u i l i b r i u m w i t h its l o n g - l i v e d p r e c u r s o r , i . e . X ^ K ^ N ^ = X ^ 

A c c o r d i n g t o r e f e r e n c e ( H i ) , t h e n e c e s s a r y c o n d i t i o n t o h a v e 

s e c u l a r e q u i l i b r i u m is t h a t X . K » > > X . -,K. .,.Since we h a v e a s s u m e d 
i l i-l i-l 

t h a t the r e t a r d a t i o n c o e f f i c i e n t s d o n o t d i f f e r m o r e t h a n f o u r 

o r d e r s of m a g n i t u d e f r o m e a c h o t h e r , t h e h a l f l i f e of t h e 



d a u g h t e r m u s t be at l e a s t f o u r o r d e r s of m a g n i t u d e s m a l l e r . 

2. On t h e o t h e r h a n d , if a n u c l i d e h a s a m u c h s h o r t e r h a l f 

l i f e t h a n its p r e c u r s o r s o n e c a n a s s u m e t h a t e v e r y s h o r t l i v e d 

p r e c u r s o r i n i t i a l l y p r e s e n t in t h e w a s t e h a s d e c a y e d b y t h e t i m e 

t h a t t h e w a s t e d i s s o l u t i o n b e g i n s . T h e i n i t i a l c o n c e n t r a t i o n of 

t h i s l o n g - l i v e d n u c l i d e s h o u l d i n c l u d e t h o s e n u c l i d e s of t h e 

p r e c u r s o r s w h i c h h a v e a l r e a d y d e c a y e d . 

W i t h t h e s e t w o a s s u m p t i o n s , e a c h o n e of t h e f o u r c h a i n s c a n be 

b r o k e n i n t o the f o l l o w i n g s m a l l e r c h a i n s : (The n u c l i d e in 

p a r e n t h e s e s a r e in s e c u l a r e q u i l i b r i u m w i t h its p r e c u r s o r ) . 

T h e f i r s t c h a i n 1, (4n+3 c h a i n ) c a n be s u b d i v i d e d i n t o t h e 

f o l l o w i n g c h a i n s 

a 
2 5 1, c » 

• 1) "'' C f 
98 
y ° 9 0 0 y r 

* 9 4 1 . 5 7 x l 0 7 y r 9 5 7 3 7 0 y r 9 4 2 . 4 4 x l 0 4 y r 

( a s s u m e t h a t all 2 4 3 C m * h a s d e c a y e d t o £ 3 9 P u g 4 ) 

1 - 3 ) 2 3 5 U ( 2 3 1 T h ) * ""PA C-'ar \ 
y 0 7 . 0 x 1 0 V 9 1 8 9 3 . 2 5 x l 0 y r 

S u b s e q u e n t e l e m e n t s a r e in s e c u l a r e q u i l i b r i u m w i t h P a - 2 3 1 . T h e 

n e x t c h a i n I I , (4n+2 c h a i n ) c a n be s u b d i v i d e d i n t o the f o l l o w i n g 

c h a i n s 



8 8 

a a 
.. 2 4 6 r m » 2 4 2 p > 
II-!) C m q , _ P u , . 5 

9 5 4 .7 6 x ! 0 V A 3 . 8 7 x ! u V 
234 

If the times of interest are of the order of the U g 2 half-life or 
l o n g e r o n e s h o u l d c o n s i d e r t h e f o l l o w i n g c h a i n : 

A A A 
1T _ , 2 3 8 . . ,234.. 2 3 4 t , 2 3 4 P a , > 23 0 > 2 2 6 r > 
I I - 2 a ) U p „ U q „ , l h q n , P a , , ) q I n , K a 8 

9 2 9 2 9 U y i 4 . 5 x 1 0 y r y u 7 . 7 x l 0 4 y r o o 1 6 0 0 y r 

234 
O n t h e o t h e r h a n d , if the t i m e s c a l e is s m a l l e r t h a n U g m h a l f - l i f e 

t h e f o l l o w i n g c h a i n s s h o u l d b e c o n s i d e r e d i n s t e a d o f ( I I - 2 a ) : 

T T x 
I I - 2 b ) 

2 3 8 . , /2 3 4 t , 
U ( T h 

2 3 4 d 3 

Pa 
4 . 4 7 x 1 0 y r 

T i - ) \ 
I I - 3 ) 

2 3 4 . . 
U q 

, A 2 . 4 4 x l O V 

2 3 0 t 2 2 6d 
T h q 

' 7 . 7 x 1 0 y r 
R a „ R 

a u 1 6 0 0 y r 

A 
» 

A A A 
> > > 

I n t h i s l a t e r c a s e , if t h e d i s s o l u t i o n b e g i n s a f t e r 

h u n d r e d s of y e a r s or m o r e o n e c a n a s s u m e t h a t e v e r y n u c l i d e in 

t h e b r a n c h Ila of t h e 4n + 2 c h a i n h a s d e c a y e d to f o r m U - 2 3 4 

n u c l i d e s . B u t s o m e t i m e s w e a r e i n t e r e s t e d in t h e e f f e c t s of f u e l 

d i s s o l u t i o n b e g i n n i n g at the t i m e t h e w a s t e is e m p l a c e d , and at 

o t h e r t i m e s w e a r e i n t e r e s t e d in w h a t h a p p e n s if d i s s o l u t i o n d o e s 

n o t b e g i n for h u n d r e d s of y e a r s or m o r e . T h e d e c a y of t h e 

i n i t i a l P u - 2 3 8 , A m - 2 4 2 m a n d C m - 2 4 2 in the w a s t e to f o r m U-2 3 4 is 

i m p o r t a n t . In w a s t e f r o m f u e l r e p r o c e s s e d a f e w m o n t h s a f t e r 

d i s c h a r g e , C m - 2 42 is t h e m o s t i m p o r t a n t s o u r c e of U-2 34 ( B 2 ) . 



T h i s and the l e s s i m p o r t a n t s o u r c e s P u - 2 3 8 and A m - 2 4 2 m w o u l d h a v e 

to be c o n s i d e r e d as m e m b e r s of the c h a i n if t h e d i s s o l u t i o n w e r e 

a s s u m e d to o c c u r i m m e d i a t e l y a n d if w e w e r e i n t e r e s t e d in t h e 

c o n t a m i n a t i o n of g r o u n d w a t e r q u i t e n e a r t h e r e p o s i t o r y . I n a n y 

of a b o v e c a s e s , a l l r e m a i n i n g n u c l i d e s are in s e c u l a r e q u i l i b r i u m 

w i t h R a - 2 2 6. 

In c h a i n I I I , ( 4 n + l c h a i n ) , o n e can n e g l e c t the f i r s t 

e l e m e n t C m - 2 4 5 b e c a u s e of t h e l o w q u a n t i t i e s i n i t i a l l y p r e s e n t in 

the r e p r o c e s s e d w a s t e . O n t h e o t h e r h a n d , t h e r e is a l a r g e 

a m o u n t of P u - 2 4 1 . F o r p r a c t i c a l p u r p o s e s , t h e c h a i n b e g i n n i n g 

w i t h the d e c a y of P u - 2 4 1 , to f o r m A m - 2 41 and N p - 2 3 7 is q u i t e 

i m p o r t a n t . I f w a s t e d i s s o l u t i o n w e r e to b e g i n at t h e t i m e w a s t e 

is p u t i n t o a r e p o s i t o r y , the e x i s t i n g i n v e n t o r y of P u - 2 4 1 in 

u n r e p r o c e s s e d s p e n t fuel is i m p o r t a n t , e v e n a f t e r a d e l a y t i m e of 

10 y e a r s f r o m r e a c t o r d i s c h a r g e to e m p l a c e m e n t in a r e p o s i t o r y . 

I f w a s t e d i s s o l u t i o n w e r e n o t to b e g i n for a h u n d r e d y e a r s or s o , 

from a p r a c t i c a l p o i n t of v i e w A m - 2 41 b e c o m e s t h e f i r s t m e m b e r , 

i.e., t h e h a l f l i f e for t h e e f f e c t i v e d e c a y of t h e p a r e n t of A m -

2 4 1 is o n l y 13 y e a r s i n s t e a d of 8 5 0 0 y e a r s . I f w a s t e d i s s o l u t i o n 

b e g i n s h u n d r e d s of y e a r s or m o r e a f t e r e m p l a c e m e n t t h e c h a i n I I I 

( 4 n + l c h a i n ) c a n be r e d u c e d to t h e f o l l o w i n g c h a i n 

237 ,233 , - — > 233 2 2 9 „ > 
P 9 3 ( P a 9 1 1 6 U 9 2 5 T h 9 0 

1 2 . 1 4 x 1 0 y r s 3 1 . 5 8 x 1 0 y r 9 U 7 3 4 0 y r 

W h e r e t h e i n i t i a l a m o u n t of N p - 2 3 7 s h o u l d i n c l u d e the d e c a y of -

P u - 2 4 1 and A m - 2 4 1 . A l l o t h e r s u b s e q u e n t n u c l i d e s are in s e c u l a r 



9 0 

3.7.2 E v a l u a t i o n of p e a k w a t e r d i l u t i o n r a t e 

T o e s t i m a t e t h e p o t e n t i a l h a z a r d to t h e b i o s p h e r e we u s e 

the M a x i m u m P e r m i s s i b l e C o n c e n t r a t i o n (MPC) a c c o r d i n g to 1 0 C F R 

p a r t 2 0 , A p p e n d i x B . T h e s e a r e t h e n u c l i d e c o n c e n t r a t i o n s in 

w a t e r w h i c h w i l l r e s u l t in the m a x i m u m a l l o w a b l e d o s e for an 

a v e r a g e i n d i v i d u a l w h o h a s all h i s d a i l y w a t e r i n t a k e f r o m s u c h a 

s o u r c e . T h e w a t e r d i l u t i o n r a t e is the v o l u m e t r i c f l o w r a t e of a 

a q u i f e r o r s u r f a c e w a t e r i n t o w h i c h t h e m i g r a t i n g r a d i o n u c l i d e s 

d i s c h a r g e s u c h t h a t t h e c o n c e n t r a t i o n of any n u c l i d e w i l l n o t be 

a b o v e the M P C c o n c e n t r a t i o n s . T h e r e f o r e , t h e p e a k w a t e r d i l u t i o n 

r a t e is c a l c u l a t e d as f o l l o w s 

w , = Q X.N., ( z , t , ) / ( M P C ) (3.7.1) 
1 x 1 i l 

3 
W h e r e Q is t h e v o l u m e t r i c g r o u n d w a t e r f l o w r a t e (m / y r ) a c r o s s the 

w a s t e and (MPC) . h a s u n i t s of (Ci/m ) and t h e y are l i s t e d in 
i 

T a b l e 3 . 1 4 a ) . 

e q u i l i b r i u m w i t h T h - 2 2 9 . F i n a l l y , c h a i n IV (4n c h a i n ) c a n be 

r e d u c e d to the f o l l o w i n g c h a i n 

240 — - ~ > 236 — - . — > 232 - - _ — _ > 
K U Q A U Q ? 7 "'qn 10 

9 4 6 5 4 0 y r 9 2 2 . 3 x l 0 y r 9 U 1 . 4 x l 0 l u y r 

U - 2 3 2 c a n be n e g l e c t e d , and a l l o t h e r s u b s e q u e n t n u c l i d e s are in 

s e c u l a r e q u i l i b r i u m w i t h T h - 2 3 2 ) . 
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3,7.3 T h e r e f e r e n c e c a s e and t h e r a n g e of v a r i a t i o n of t h e 

p a r a m e t e r s 

T h e r e f e r e n c e c a s e is d e f i n e d by t h e f o l l o w i n g set of 

p a r a m e t e r s : 

1. T h e t i m e l a p s e d b e t w e e n t h e e m p l a c e m e n t and t h e 

b e g i n n i n g of t h e w a s t e d i s s o l u t i o n is d e n o t e d by t and is t a k e n 

to be 1 0 0 0 y e a r s . T h i s p a r a m e t e r r e p r e s e n t s t h e e x p e c t e d 

l i f e t i m e of t h e p r o t e c t i v e b a r r i e r s . tg d o e s n o t s h o w u p 

d i r e c t l y in the s o l u t i o n s b u t its v a r i a t i o n l e a d s to c h a n g e s in 

the i n i t i a l i n v e n t o r i e s of e a c h n u c l i d e p r e s e n t in t h e w a s t e w h e n 

t h e l e a c h i n g s t a r t s . T h e n u c l i d e i n v e n t o r i e s p r e s e n t in t h e 

w a s t e at t g = 1 0 0 0 y e a r s are l i s t e d in T a b l e 3.14a and t h e y w e r e 

o b t a i n e d f r o m r e f e r e n c e (B2) . T h e s e i n v e n t o r i e s are f r o m the 

r e p r o c e s s e d w a s t e of s p e n t f u e l s of a PWR a f t e r g e n e r a t i n g 1 

G w ( e ) y r of e l e c t r i c i t y w i t h a load f a c t o r of 8 0 % , a t h e r m a l 

e f f i c i e n c y of 3 4 % and a b u r n u p of 3 0 . 4 M w D / k g . T h e s e s p e n t f u e l s 

a r e r e p r o c e s s e d a f t e r 150 d a y s c o o l i n g p e r i o d and 0.5% of t h e Pu 

and U are l o s t to the w a s t e . T h e t i m e e l a p s e d b e t w e e n d i s c h a r g e 

and e m p l a c e m e n t in the r e p o s i t o r y is a s s u m e d to be n e g l i g i b l e . 

2. T h e d u r a t i o n of t h e r e l e a s e (leach t i m e ) is d e n o t e d by T 

4 

and is t a k e n to be 10 y e a r s . T h i s n u m b e r r e p r e s e n t s t h e 

e x p e c t e d l i f e t i m e of a p r o p o s e d w a s t e f o r m . It is a s s u m e d t h a t 

the w a s t e m a t r i x d i s s o l v e s at a c o n s t a n t r a t e o v e r t i m e T and all 



92 

c o n t a i n e d r a d i o n u l i d e s d i s s o l v e w h e n the m a t r i x d i s s o l v e s . 

3 . T h e p o s i t i o n d o w n s t r e a m w h e r e t h e c o n t a m i n a t e d w a t e r 

s t r e a m l i n e m e e t s the a q u i f e r is c a l l e d the p a t h l e n g h t . I t is 

d e n o t e d by z a n d for t h e r e f e r e n c e c a s e it w i l l be 1 0 0 0 m e t e r s . 

4 . T h e r e f e r e n c e v e l o c i t y of the w a t e r f l o w i n g p a s t t h e 

r e p o s i t o r y w i l l be v = 1 0 m / y r . T h e r e f e r e n c e w a t e r t r a v e l t i m e 

w i l l t h e r e f o r e be z / V = 1 0 0 y e a r s . 

5. T h e s o r p t i o n r e t a r d a t i o n c o e f f i c i e n t is d e n o t e d by K*. 

T h e r e f e r e n c e set of v a l u e s is g i v e n in T a b l e 3 . 1 4 a , o b t a i n e d 

f r o m ( B 2 ) . 

T h e p r o c e d u r e a d o p t e d h e r e to a n a l y s e t h e e f f e c t s of the 

v a r i a t i o n of t h e p a r a m e t e r s v a l u e s on the p e a k w a t e r d i l u t i o n 

r a t e is to k e e p a l l p a r a m e t e r s f i x e d at t h e r e f e r e n c e v a l u e s w i t h 

the e x c e p t i o n of o n e of t h e m w h i c h is v a r i e d . T h i s is d o n e in 

t u r n for e a c h o n e of t h e r e l e v a n t p a r a m e t e r s . E a c h p a r a m e t e r is 

v a r i e d in the r a n g e g i v e n by T a b l e 3.12 b e l o w . T h e a n a l y s i s of 

the v a r i a t i o n of t h e r e t a r d a t i o n c o e f f i c i e n t for n u c l i d e s w h i c h 

a r e f i r s t m e m b e r s of a c h a i n c a n be s t u d i e d by t h e r e s u l t s of t h e 

v a r i a t i o n in w a t e r v e l o c i t y . T h i s is b e c a u s e t h e y a r e b o t h 

r e l a t e d to the s a m e p a r a m e t e r V * = V / K * . F o r t h r e e m e m b e r c h a i n s 

t h e f o l l o w i n g c a s e s s h o w n in T a b l e 3.13 w e r e c a l c u l a t e d . 

I n e a c h o n e of t h e s i x c a s e s d e s c r i b e d in T a b l e 3.13 o n e of 
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M i n i m u m M a x i m u m 

T i m e of b e g i n n i n g of l e a c h i n g 1 yr 1 0 s yr 

L e a c h t i m e T 10 yr 5 0 , 0 0 0 y r 

W a t e r t r a v e l t i m e z/v 1 0 ~ 3 yr 1 0 " yr 

E q u i l i b r i u m c o n s t a n t 1 0 2 10« 

T a b l e 3 . 1 2 R a n g e of v a r i a t i o n of t h e p a r a m e t e r s 

C a s e s : 
K L K 2 K 3 

1 K 2 >k 2 >K A IO 2 V a r ied 1 0 4 

2 K A >K 2 >K 2 IO 4 V a r i e d 1 0 2 

3 K 2 >K 2 >K J 1 0 2 1 0 4 V a r i e d 

4 
K 1 > K 3 > K 2 10? 

V a r i e d 

5 K 2 >K J >K 2 V a r i e d 1 0 4 1 0 2 

6 K 3 > K 1 > K 2 V a r i e d 
2 

1 0 4 

T a b l e 3 . 1 3 V a r i a t i o n of e q u i l i b r i u m c o n s t a n t s v a l u e s f o r 

t h r e e - m e m b e r c h a i n a n a l y s i s . 



the r e t a r d a t i o n c o e f f i c i e n t is k e p t f i x e d at t h e l o w e r l i m i t 

4 

( 1 0 0 ) , the o t h e r at t h e u p p e r l i m i t (10 ) , w h i l e t h e t h i r d is 

v a r i e d i n s i d e t h e r a n g e ( 1 0 0 - 1 0 0 0 0 ) . T h e c a l c u l a t i o n s are d o n e 

for e v e r y o n e of t h e s i x p o s s i b l e c o m b i n a t i o n s d e s c r i b e d in T a b l e 

3 . 1 3 . W i t h t h e s e s i x c a s e s w e c o v e r t h e p o s s i b l e d i f f e r e n t 

c o m b i n a t i o n s of r e t a r d a t i o n c o e f f i c i e n t for t h r e e m e m b e r c h a i n s . 

C o n s i d e r for i n s t a n c e c a s e 1. W h e n K 2 a p p r o a c h e s K * = 1 0 0 , c a s e 1 

t e n d s to c a s e 6 and if K_ a p p r o a c h e s K = 1 0 0 0 0 , c a s e 1 in t h i s 
Z 3 

c a s e t e n d s to c a s e 3. By a n a l y z i n g t h e s e s i x c a s e s o n e c a n 

p r e d i c t q u a l i t a t i v e l y the b e h a v i o u r of the s o l u t i o n for a t h r e e 

m e m b e r c h a i n for a n y d i f f e r e n t c o m b i n a t i o n of s o r p t i o n 

c o e f f i c i e n t s . 

3.7.4 R e s u l t s of t h e c a l c u l a t i o n s 

T a b l e 3.14a and T a b l e 3.14b s h o w t h e r e s u l t s of the 

c a l c u l a t i o n s for t h e r e f e r e n c e c a s e . In T a b l e 3.14a t h e n u c l i d e 

p a r a m e t e r s a r e l i s t e d . T h e c o l u m n t i t l e d " m e m b e r " i n d i c a t e s 

w h e t h e r the e l e m e n t is c o n s i d e r e d a f i r s t , s e c o n d or t h i r d m e m b e r 

in a c h a i n . A n u m b e r 4 i n d i c a t e s t h a t the n u c l i d e is in s e c u l a r 

e q u i l i b r i u m w i t h the n e a r e s t l o n g l i v e d p r e c u r s o r . 

T h e l a s t c o l u m n w h i c h is t i t l e d " A t t e n u a t i o n f a c t o r " is t h e 

p r o d u c t X * K * , ( l / y r ) . T a b l e 3.14b a c t u a l l y s h o w s the r e s u l t s of 

the c a l c u l a t i o n . T h e n u m b e r u n d e r the c o l u m n " 1 - s t " is the 

i d e n t i f i c a t i o n n u m b e r of t h e f i r s t p r e c u r s o r of t h a t n u c l i d e (if 



a n y ) in t h e c h a i n , and t h e n u m b e r u n d e r c o l u m n " 2 - n d " is t h e 

i d e n t i f i c a t i o n n u m b e r of t h e s e c o n d p r e c u r s o r . L e t us i d e n t i f y 

the r e s u l t s in e a c h c o l u m n w i t h the n o m e n c l a t u r e u s e d in p a s t 

s e c t i o n s 

" T I M E OF P E A K ( Y R ) " = t i 

" M A X I M U M N / N " = N . ( z , t . ) / N ? 

" W A T . D I L . ( m 3 / y r . G w ( e ) y r ) " = w i 

" C O N T A M . T I M E (YR)"= 

F o r the r e f e r e n c e c a s e , t h e l a r g e s t p e a k w a t e r d i l u t i o n 

r a t e is t h a t of 1-129 w h i c h is a v o l a t i l e f i s s i o n p r o d u c t . 

A l t h o u g h it h a s b e e n r e c o v e r e d s e p a r a t e l y it is a s s u m e d to be 

a l s o p r e s e n t in the d i s s o l v i n g w a s t e m a t e r i a l . In a d d i t i o n , it 

is a l s o a s s u m e d t h a t 1-129 h a s a d i s s o l u t i o n l e a c h t i m e e q u a l to 

t h a t of the r e p r o c e s s i n g h i g h l e v e l w a s t e . S i m i l a r a s s u m p t i o n s 

a r e m a d e a b o u t H-3 and C - 1 4 . 

B e c a u s e of its u n i t r e t a r d a t i o n c o e f f i c i e n t , 1-129 p e a k is 

the f i r s t to a r r i v e at the r e f e r e n c e w a t e r t r a v e l t i m e . 

F o l l o w i n g 1 - 1 2 9 , the n e x t i m p o r t a n t c o n t r i b u t o r is the a c t i n i d e 

N p - 2 3 7 w h i c h h a s h i g h t o x i c i t y a n d i n i t i a l a c t i v i t y . R a - 2 2 6 

p r o d u c e d by t h e d e c a y of t h e U - 2 3 4 o r i g i n a l l y p r e s e n t at t h e 

r e p o s i t o r y p r e s e n t s a l s o s i g n i f i c a n t p e a k w a t e r d i l u t i o n r a t e at 

t h i s r e f e r e n c e w a t e r t r a v e l t i m e b e c a u s e of its l o w M P C v a l u e . 

R a - 2 2 6 h a s the s m a l l e s t M P C v a l u e f o l l o w e d by 1 - 1 2 9 . In a d d i t i o n 

to 1 - 1 2 9 , t h e f i s s i o n p r o d u c t s T c - 9 9 , S n - 1 2 6 , S e - 7 9 and Z r - 9 3 

a l s o p r e s e n t s i g n i f i c a n t p e a k w a t e r d i l u t i o n r a t e s . 



Table 3.14a Sample Output - Nuclide Parameters for the Reference Case. (The Nuclide Parameters 
are Listed Below) Time for Beginning of Leaching is 1.00E+03(YR) 

SORPTION INITIAL ATTENUATION 
NUMBER NUCLIDE MEMBER HALF-LIFE (YR) CONST. MPC (CI/M**3) ACTIVITY(CI) FACTOR (1/YR) 

1 H-3 1 1.20E+01 1.00E+00 3.00E-03 1.58E-21 5.78E-02 
2 C-14 1 5.60E+03 1.00E+01 8.00E-04 1.15E+01 1.24E-03 
3 SE-79 1 6.50E+04 1.00E+02 3.00E-04 1.09E+01 1.07E-03 
4 SR-90 1 2.80E+01 1.00E+02 3.00E-07 3.74E-05 • 2.48E+00 
5 ZR-93 1 9.50E+05 1.00E+04 8.00E-04 5.2OE+01 7.29E-03 
6 NB-93M 1 1.40E+01 l.OOE+04 4.00E-04 1.59E-21 4.95E+02 
7 TC-99 1 2.10E+05 1.00E+00 2.00E-04 3.89E+02 3.30E-06 
8 RU-106 1 1.00E+00 1.00E+01 1.00E-05 1.00-200 6.93E+00 
9 CO-113 1 1.40E+01 l.OOE+04 3.00E-05 4.13E-19 4.95E+02 

10 SM-126 1 1.00E+05 1.O0E+03 2.00E-05 1.49E+01 6.93E-03 
11 SB-125 1 2.70E+00 1.00E+02 1.00E-04 7.13-107 2.57E+01 
12 1-129 1 1.70E+07 1.00E+00 6.00E-08 l.OOE+OO 4.08E-08 
13 CS-134 1 2.00E+00 1.00E+03 2.00E-05 1.91-144 3.47E+02 
14 CS-135 1 3.00E+06 1.00E+03 1.00E-04 7.80E+00 2.31E-04 
15 CS-137 1 3.00E+01 1.00E+03 2.00E-05 2.69E-04 2.31E+01 
16 CE-144 1 7.80E-01 2.20E+03 l.OOE-05 1 . 0 0 - 2 0 0 1.95E+03 
17 PM-147 1 4.40E+00 2.50E+03 2.00E-04 1.07E-62 3.94E+02 
18 SM-151 1 8.70E+01 2.50E+03 4.00E-04 1.18E+01 1.99E+01 
19 EU-152 1 

1.3 0 E + 0 1 2.50E+03 6.00E-05 2.33E-21 1.33E+02 
20 EU-154 1 1 . 6 0 E + 0 1 2.50E+03 2.00E-05 2.94E-14 1.08E+02 
21 EU-155 1 1.80E+00 2.50E+03 2.00E-04 1.06-162 9.62E+02 
22 RA-225 4 4.10E-02 5.00E+02 5.00E-07 2.86E-03 8.45E+03 
23 RA-226 3 1.60E+03 5.00E+02 3.00E-08 3.25E-03 2.17E-01 
24 TH-228 4 1.90E+00 5.00E+04 7.00E-06 2.45E-02 1.82E+04 
25 TH-229 3 7.30E+03 5.00E+04 5.00E-07 2.86E-03 4.75E+00 
26 TH-230 2 8.00E+04 5.00E+04 2.00E-06 1 . 7 2 E - 0 2 4.33E-01 
27 U-233 2 1 . 6 0 E + 0 5 1.40E+04 3.00E-05 6.22E-02 6.06E-02 
28 U-234 1 2.50E+05 1.40E+04 3.00E-05 I.99E+00 3.88E-02 
29 U-235 i 7.10E+08 1.40E+04 3.00E-05 7.60E-03 1.37E-05 
30 U-238 i 4.50E+09 1.40E+04 4.00E-05 4.50E-02 2.16E-06 
31 NP-237 1 2.10E+06 1.00E+02 3.00E-06 1.44E+01 3.30E-05 
32 PU-238 2 8.60E+01 1.00E+04 5.00E-06 2.84E+00 8.06E+01 
33 PU-239 2.40E+04 1.00E+04 5.00E-06 5.58E+01 2.S9E-01 



T a b l e 3 . 1 4 a ( C o n t i n u e d ) 

N U M B E R N U C L I D E M E M B E R H A L F - L I F E (YR) 
S O R P T I O N 
C O N S T . M P C ( C I / M * * 3 ) 

I N I T I A L 
A C T I V I T Y ( C I ) 

A T T E N U A T I O N 
F A C T O R ( 1 / Y R ) 

34 P U - 2 4 0 2 6 . 6 0 E + 0 3 l . O O E + 0 4 5 . 0 0 E - 0 6 2 . 4 5 E + 0 2 1 . 0 5 E + 0 0 
35 P U - 2 4 1 4 1 0 . 3 E + 0 1 l . O O E + 0 4 2 . 0 0 E - 0 4 9 . 1 0 E + 0 0 5 . 3 3 E + 0 2 
36 P U - 2 4 2 2 3 . 8 0 E + 0 5 l . O O E + 0 4 5 . 0 0 E - 0 6 1 . 9 3 E - 0 1 1 . 8 2 E - 0 2 
37 A M - 2 4 1 2 4 . 6 0 E + 0 2 1 . 1 0 E + 0 4 4 . 0 0 E - 0 6 1 . 9 1 E + 0 4 1 . 6 6 E + 0 1 
38 A M - 4 2 M 1 1 . 5 0 E + 0 2 1 . 1 0 E + 0 4 4 . 0 0 E - 0 6 1 . 1 8 E + 0 0 5 . 0 8 E + 0 1 
39 A M - 2 4 3 1 7 . 9 0 E + 0 3 1 . 1 0 E + 0 4 4 . 0 0 E - 0 6 4 . 4 0 E + 0 2 9 . 6 5 E - 0 1 
40 C M - 2 4 2 4 4 . 5 0 E - 0 1 3 . 0 0 E + 0 3 2 . 0 0 E - 0 5 1 . 1 8 E + 0 0 4 . 6 2 E + 0 3 
41 C M - 2 4 3 1 3 . 2 0 E + 0 1 3 . 0 0 E + 0 3 5 . 0 0 E - 0 6 3 . 5 4 E - 0 8 6 . 5 0 E + 0 1 
42 C M - 2 4 4 1 1 . 8 0 E + 0 1 3 . 0 0 E + 0 3 7 . 0 0 E - 0 6 1 . 4 1 E - 1 2 1 . 1 6 E + 0 2 
43 C M - 2 4 5 1 9 . 3 0 E + 0 3 3 . 0 0 E + 0 3 4 . 0 0 E - 0 6 9 . 1 0 E + 0 0 2 . 2 4 E - 0 1 
44 C M - 2 4 6 1 5 . 5 0 E + 0 3 3 . 0 0 E + 0 3 4 . 0 0 E - 0 6 1.63E+00 3 . 7 8 E - 0 1 

a ) 1 , 2 , 3 ; i n d i c a t e f i r s t , s e c o n d o r t h i r d m e m b e r of a c h a i n r e s p e c t i v e l y ; 4 i n d i c a t e s s e c u l a r e q u i l i b r i u m 
wi th t h e n e a r e s t long l i v e d p r e c u r s o r 

b ) S o r p t i o n c o n s t a n t s a r e the o v e r a l l e q u i l i b r i u m c o n s t a n t , i . e . , t h e r a t i o of the a m o u n t in w a t e r a n d 
sol id to the a m o u n t in w a t e r ( s e e B 3 ) 

c) M P C a r e t h e m a x i m u m p e r m i s s i b l e c o n c e n t r a t i o n s in w a t e r ( s e e B 2 ) 

d) N u c l i d e a c t i v i t i e s i n w a s t e , 1 0 3 y r s a f t e r e m p l a c e m e n t . H i g h l e v e l r e p r o c e s s i n g w a s t e f r o m 
7 G w e p r o d u c e d in a L W R (see B 2 ) 

e) A t t e n u a t i o n f a c t o r s a r e the p r o d u c t s of d e c a y c o n s t a n t s a n d s o r p t i o n c o n s t a n t s . 



T a b l e 3.14b S a m p l e o u t p u t , r e s u l t s for the r e f e r e n c e c a s e u s i n g U C B N E 2 0 

LEACH TIME (YR) PATH LENGTH(M) WATER VELOCITY (M/YR) 
1.OOOOE+04 1.0000E+02 1.0000E+00 

TIME OF WAT. OIL. (M**3/ CONTAM. 
No. NUCLIDE MEMBER 1ST 2ND PEAK (YR) MAXIMUM N/NO GW*YR**2) TIME (YR) PERCENTAGE 

1 H-3 1 0 0 1.00E+02 3.10E-03 1.63E-25 l.OOE+04 .000 
2 C-14 1 0 0 1.00E+03 8.84E-01 1.27E+00 1.00E+04 .047 
3 SE-79 1 0 0 l.OOE+04 8.99E-01 3.26E+00 l.OOE+04 .121 
4 RB-90 1 0 0 l.OOE+04 3.25-108 4.06-110 l.OOE+04 .000 
5 ZR-93 1 0 0 1.00E+06 4.82E-01 3.13E+00 l.OOE+04 .116 
6 NB-93M 1 0 0 1.00E+06 0. 0. l.OOE+04 0. 
7 TC-99 I 0 0 1.00E+02 1.00E+00 1.94E+02 1.00E+04 7.195 
8 RU-106 1 0 0 1.00E+03 0. 0. l.OOE+04 0. 
9 CD-113 I 0 0 1.00E+06 0. 0. l.OOE+04 0. 

10 SM-126 1 0 0 1.00E+05 5.00E-01 3.72E+01 l.OOE+04 1.379 
11 SB-125 1 0 0 l.OOE+04 0. 0. l.OOE+04 0. 
12 1-129 1 0 0 1.00E+02 1.00E+00 1.67E+03 l.OOE+04 61.715 
13 CS-134 1 0 0 1.00E+05 0. 0. l.OOE+04 0. 
14 CS-135 1 0 0 1.00E+05 9.77E-01 7.62E+00 l.OOE+04 .282 
15 CS-137 1 0 0 1.00E+05 0. 0. l.OOE+04 0. 
16 CF-144 1 0 0 2.20E+05 0. 0. l.OOE+04 0. 
17 PM-147 1 0 0 2.50E+05 0. 0. l.OOE+04 0. 
18 SM-151 I 0 0 2.50E+05 0. 0. l.OOE+04 0. 
19 EU-152 1 0 0 2.50E+05 0. 0. l.OOE+04 0. 
20 EU-154 1 0 0 2.50E+05 0. 0. 1.00E+04 0. 
21 EU-155 1 0 0 2.50E+05 0. 0. l.OOE+04 0. 
22 RA-225 4 25 0 4.4 0E+04 3.77E-01 2.16E+01 4.99E+06 .008 
23 RA-226 3 26 28 1.40E+06 2.96E-04 3.07E+02 4.95E+06 11.381 
24 TH-228 4 34 0 1.00E+06 2.51E-467 8.78E-43 1.00E+06 .000 
25 TH-229 3 27 31 4.40E+04 2.61E-07 2.16E-01 4.99E+06 .008 
26 TH-230 2 28 0 1.40E+06 2.22E-04 6.93E-02 5.00E+06 .003 
27 U-233 2 31 0 l.OOE+04 2.44E-05 1.54E-02 1.40E+06 .001 
28 U-234 1 0 0 1.40E+06 2.06E-02 1.37E-01 l.OOE+04 .005 
29 U-235 1 0 0 1.40E+06 9.99E-01 2.53E-02 l.OOE+04 .001 
30 U-238 1 0 0 1.40E+06 1.00E+00 1.12E-01 l.OOE+04 .004 
31 NP-237 1 0 0 l.OOE+04 9.97E-01 4.78E+02 1.00E+04 17.710 



T a b l e 3.14b ( c o n t i n u e d ) 

L E A C H T I M E (YR) P A T H L E N G T H ( M ) W A T E R V E L O C I T Y ( M / Y R ) 
1 . 0 0 0 0 E + 0 4 1 . 0 0 0 0 E + 0 2 1 . 0 0 0 0 E + 0 0 

T I M E O F W A T . D I L . ( M * * 3 / C O N T A M . 
N o . N U C L I D E M E M B E R 1 S T 2 N D P E A K (YR) M A X I M U M N / N O G W * Y R * * 2 ) T I M E (YR) P E R C E N T A C 

32 P U - 2 3 8 2 38 0 1 . 1 0 E + 0 6 0. 0. 1 . 0 0 E + 0 6 0. 
33 P U - 2 3 9 2 39 0 1 . 0 0 E + 0 6 2 . 8 9 E - 1 2 8 . 3 7 E - 0 9 1 . 0 0 E + 0 6 .000 
34 P U - 2 4 0 2 42 0 1 . 0 0 E + 0 6 1 . 6 0 E - 2 9 1 . 2 3 E - 4 2 1 . 0 0 E + 0 6 .000 
35 P U - 2 4 1 4 43 0 3 . 0 0 E + 0 5 1 . 9 6 E - 1 0 8 . 9 0 E - 1 0 l . O O E + 0 4 .000 
36 P U - 2 4 2 2 44 0 1 . 0 0 E + 0 6 1 . 3 7 E + 0 0 6 . 6 5 E - 0 1 1 . 0 0 E + 0 6 .025 
37 A M - 2 4 1 2 43 0 3 . 0 0 E + 0 5 5 . 4 7 E - 1 1 2 . 5 1 E - 0 7 1 . 1 0 E + 0 6 .000 
38 A M - 4 2 M 1 0 0 1 . 1 0 E + 0 6 0. 0. l . O O E + 0 4 0. 
39 A M - 2 4 3 1 0 0 1 . 1 0 E + 0 6 1 . 2 4 E - 4 2 1 . 3 6 E - 3 8 l . O O E + 0 4 .000 
40 C M - 2 4 2 4 38 0 1 . 1 0 E + 0 6 0. 0. l . O O E + 0 4 0. 
41 C M - 2 4 3 1 0 0 3 . 0 0 E + 0 5 0. 0. l . O O E + 0 4 0. 
42 C M - 2 4 4 1 0 0 3 . 0 0 E + 0 5 0. 0. l . O O E + 0 4 0. 
43 C M - 2 4 5 1 0 0 3 . 0 0 E + 0 5 1 . 9 6 E - 1 0 4 . 4 5 E - 0 8 l . O O E + 0 4 .000 
44 C M - 2 4 6 1 0 0 3 . 0 0 E + 0 5 3 . 8 3 E - 1 7 1 . 1 5 E - 1 5 l . O O E + 0 4 .000 

I d e n t i f i c a t i o n n u m b e r ( f i r s t c o l u m n ) o f t h e f i r s t p r e c u r s o r ; 

I d e n t i f i c a t i o n n u m b e r of the 2 n d p r e c u r s o r 

T i m e of m a x i m u m c o n c e n t r a t i o n at the g i v e n p a t h l e n g t h 

M a x i m u m d i m e n s ionl e s s c o n c e n t r a t i o n : ; N-j (z , t-j )/N-j 

C o r r e s p o n d e n t m a x i m u m w a t e r d i l u t i o n r a t e (see E q . ( 2 . 7 . 6 8 ) ) 

T i m e i n t e r v a l t h a t t h i s n u c l i d e is p r e s e n t at t h e g i v e n p a t h l e n g t h 

P e r c e n t a g e of t h e sum of all p e a k w a t e r d i l u t i o n r a t e s (in C o l u m n 8 ) f o r all n u c l i d e s . 
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T h e v a r i a t i o n of p e a k w a t e r d i l u t i o n r a t e w A w i t h w a t e r 

t r a v e l t i m e is s h o w n in F i g u r e 3 . 9 . F o r w a t e r t r a v e l t i m e s 

s m a l l e r t h a n 10 y e a r s , A m - 2 4 1 and P u - 2 39 p r o d u c e t h e l a r g e s t p e a k 

w a t e r d i l u t i o n r a t e s . T h e i r p e a k s d i e o u t q u i c k l y for l a r g e r 

w a t e r t r a v e l t i m e s . R a - 2 2 6 w a t e r d i l u t i o n r a t e b u i l d s u p f r o m 

the d e c a y of U-2 34 and r e a c h e s t h e l a r g e s t v a l u e at a w a t e r 

t r a v e l t i m e of a b o u t 100 y e a r s . B e t w e e n 10 and 1 0 0 0 y e a r s , R a -

226 is t h e l a r g e s t c o n t r i b u t o r . F o r w a t e r t r a v e l t i m e s l a r g e r 

t h a n 1000 y e a r s o n l y t h o s e n u c l i d e s w i t h s m a l l a t t e n u a t i o n f a c t o r 

w i l l be p r e s e n t . T h i s is t h e c a s e of 1-129 w h i c h h a s the 

s m a l l e s t a t t e n u a t i o n f a c t o r of t h e m all b e i n g the l a s t to d i e o u t 

at a b o u t 1 0 8 y e a r s . A l l i e d t o its h i g h t o x i c i t y , 1-129 is o n e of 

t h e m o s t i m p o r t a n t n u c l i d e s to be c o n t a i n e d . B e s i d e s 1 - 1 2 9 , at 

l a r g e w a t e r t r a v e l t i m e s , N p - 2 37 and T c - 9 9 a l s o p r e s e n t 

s i g n i f i c a n t w a t e r d i l u t i o n r a t e s . T h e y r o l l o f f at a b o u t 1 0 A 

y e a r s . W i t h the e x c e p t i o n of 1 - 1 2 9 , N p - 2 3 7 and T c - 9 9 a l l o t h e r 

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

w h i c h r o l l - o f f q u i c k l y b e f o r e w a t e r t r a v e l t i m e of 1000 y e a r s . 

T h e v a r i a t i o n of t h e t i m e for p e a k t A w i t h w a t e r t r a v e l 

t i m e is s h o w n in F i g u r e 3 . 1 0 . T h e l i n e a r v a r i a t i o n is e x p e c t e d 

for t h e f i r s t a n d s e c o n d m e m b e r s of c h a i n s a c c o r d i n g to t h e 

r e s u l t s of the m e t h o d d e v e l o p e d in p r e c e d i n g s e c t i o n s . F o r t h i r d 

m e m b e r n u c l i d e s R a - 2 2 5 (Th-229) and R a - 2 2 6 w e see t h a t t h e i r 

t i m e s for p e a k a r e i n t e r i o r to t h e t i m e d o m a i n o n l y for v e r y 

s h o r t w a t e r t r a v e l t i m e s (less t h a n 0.1 y e a r ) . F o r l a r g e r t i m e s 



1 0 1 

Water travel t ime, yr 
XBL 812-225 

F i g u r e 3 .9 V a r i a t i o n o f p e a k w a t e r d i l u t i o n r a t e w i t h w a t e r t r a v e l t i m e 

f o r r e p r o c e s s e d P W R h i g h l e v e l w a s t e . 
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! 0 ! 3
r 

Water travel t ime, yr 
XBL8I2-226 

F i g u r e 3 . 1 0 V a r i a t i o n o f t i m e f o r p e a k w i t h w a t e r t r a v e l t i m e f o r 

r e p r o c e s s e d P W R h i g h l e v e l w a s t e . 
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t h e i r p e a k s t r a v e l o n t h e U - 2 3 4 a n d U-2 3 3 c h a r a c t e r i s t i c s 

r e s p e c t i v e l y . 

A t a f i x e d w a t e r t r a v e l t i m e t h e f i r s t p e a k s t o a r r i v e a r e 

t h o s e o f 1 - 1 2 9 a n d T c - 9 9 w h i c h t r a v e l w i t h t h e w a t e r f r o n t 

v e l o c i t y b e c a u s e o f t h e i r a s s u m e d u n i t r e t a r d a t i o n c o e f f i c i e n t . 

O n e h u n d r e d y e a r s l a t e r t h e N p - 2 3 7 p e a k r e a c h e s t h a t p o s i t i o n 

4 

f o l l o w e d b y C s - 1 3 5 p e a k 10 y e a r s l a t e r . O n l y a f t e r a b o u t 10 

y e a r s l a t e r a l l o t h e r n u c l i d e s p e a k s s t a r t t o a r r i v e . T h e 

n u c l i d e s R a - 2 2 6 , P u - 2 4 0 , P u - 2 3 9 , A m - 2 4 1 a n d A m 2 4 3 t a k e a m u c h 

l o n g e r t i m e ( 1 0 A y e a r s ) t o r e a c h a g i v e n p o s i t i o n t h a n d o 1 - 1 2 9 

and T c - 9 9 . I f t h e s e n u c l i d e s ( 1 - 1 2 9 , T c - 9 9 , R a - 2 2 6 ( U - 2 3 8 ) and 

N p - 2 3 7 ) c o u l d b e c o n t a i n e d , t h e r a n g e o f w a t e r t r a v e l t i m e o f 

c o n c e r n w o u l d b e r e d u c e d t o 1 0 0 0 y e a r s , b e c a u s e a l l o t h e r 

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

d e c a y e d t o n e g l i g i b l e v a l u e s o f w a t e r d i l u t i o n r a t e s b e f o r e w a t e r 

t r a v e l t i m e s o f 1 0 0 0 y e a r s . 

F i g u r e 3 . 1 1 s h o w s t h e v a r i a t i o n o f p e a k w a t e r d i l u t i o n r a t e 

w i t h l e a c h t i m e T f o r a f i x e d w a t e r t r a v e l t i m e . F o r a l l f i r s t 

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

t i m e w e h a v e a n o r d e r o f m a g n i t u d e d e c r e a s e in i t s p e a k w a t e r 

d i l u t i o n r a t e . H o w e v e r , f o r t h e t h i r d m e m b e r s T h - 2 2 9 ( R a - 2 2 5) 

a n d R a - 2 2 6 c h a n g e s in l e a c h t i m e h a v e n o e f f e c t o n t h e i r p e a k 

w a t e r d i l u t i o n r a t e s . T h e r e f o r e , c h a n g e s i n w a s t e f o r m s w i l l n o t 

a f f e c t t h e m a g n i t u d e o f t h e p e a k w a t e r d i l u t i o n r a t e s o f R a - 2 2 6 

a n d R a - 2 2 5 ( T h - 2 2 9 ) . A n o t h e r i m p o r t a n t r e s u l t w h i c h i s n o t s h o w n 



104 

10 ! 0 2 I 0 3 I 0 4 I 0 

Leach t ime, yr 
X B L 812-227 

Figure 3 .11 Variation of peak water di1ution rate with 1 each time for 

reprocessed PWR high level waste. 
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g r a p h i c a l l y b u t it is i m p l i c i t in the m e t h o d is t h a t the t i m e for 

p e a k of any n u c l i d e is i n d e p e n d e n t of the l e a c h t i m e . 

T h e e f f e c t of v a r i a t i o n of t h e t i m e for b e g i n n i n g of 

l e a c h i n g on t h e p e a k w a t e r d i l u t i o n r a t e is m i n i m a l as o n e c a n 

see in F i g u r e 3 . 1 2 . A d e l a y in s t a r t i n g the d i s s o l u t i o n c a n 

e l i m i n a t e the s h o r t e r l i v e d f i s s i o n p r o d u c t l i k e H - 3 , C - 1 4 , S r - 9 0 

and C s - 1 3 7 . W h e n l e a c h i n g b e g i n s as e a r l y as o n e y e a r a f t e r 

e m p l a c e m e n t the a c t i n i d e s P u - 2 4 1 , P u - 2 3 8 and C m - 2 4 2 h a v e n o t 

d e c a y e d to t h e i r l o n g l i v e d d a u g h t e r s y e t and t h e y w i l l be 

p r e s e n t in the g r o u n d w a t e r . B u t at the a s s u m e d r e f e r e n c e w a t e r 

t r a v e l t i m e of F i g u r e 3 . 1 2 , t h e y h a v e a l r e a d y d e c a y e d b e f o r e t h e y 

can m i g r a t e s u c h a d i s t a n c e . A l l o t h e r i m p o r t a n t n u c l i d e s h a v e 

h a l f l i v e s l a r g e r t h a n 1 0 5 y e a r s . T h e i n i t i a l i n v e n t o r y w i l l n o t 

be c h a n g e d s i g n i f i c a n t l y by t h e p r e s e n c e of e n g i n e e r e d b a r r i e r s . 

A l t h o u g h t h e s e b a r r i e r s w i l l n o t a f f e c t the m a g n i t u d e of the p e a k 

w a t e r d i l u t i o n r a t e s t h e y w i l l d e l a y t h e t i m e w h e n t h e s e p e a k s 

o c c u r . 

T h e v a r i a t i o n of p e a k w a t e r d i l u t i o n r a t e of the t h i r d 

m e m b e r s R a - 2 2 5 and R a - 2 2 6 w i t h the v a l u e of the r e t a r d a t i o n 

c o e f f i c i e n t a r e s h o w n in F i g u r e 3.13 t h r o u g h F i g u r e 3 . 1 8 . E a c h 

f i g u r e s h o w s e a c h o n e of t h e six c a s e s d e s c r i b e d in T a b l e 3 . 1 3 . 

T h e h a l f l i v e s of the r a d i o n u c l i d e s in t h e U - 2 3 4 c h a i n are 

o r d e r e d in t h e s a m e w a y as t h e h a l f l i v e s of the n u c l i d e s in the 

N p - 2 3 7 c h a i n a r e o r d e r e d . W h e n the e q u i l i b r i u m c o e f f i c i e n t of 

c o r r e s p o n d e n t n u c l i d e s in e a c h c h a i n a r e e q u a l , t h e b e h a v i o u r of 
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F i g u r e 3 .12 V a r i a t i o n of p e a k w a t e r d i 1 u t i o n r a t e w i t h t h e t i m e f o r 

b e g i n n i n g o f l e a c h i n g f o r r e p r o c e s s e d P W R h i g h l e v e l w a s t e . 
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t h e s o l u t i o n s is e x p e c t e d to be a l s o the s a m e . In t h e f i g u r e s 

for e a c h o n e of the six c a s e s , t h e a b o v e m e n t i o n e d f a c t is 

c o n f i r m e d . T h e v a r i a t i o n of the p e a k w a t e r d i l u t i o n r a t e s w i t h 

w a t e r t r a v e l t i m e for e a c h c a s e s h o w s its o w n c h a r a c t e r i s t i c 

b e h a v i o u r d i f f e r i n g f r o m c a s e to c a s e in e a c h of t h e six c a s e s . 

F i g u r e 3.13 s h o w s the. c a s e 1 w h e r e K A > K A > K A . T h e c u r v e s 

for R a - 2 2 6 s h o w s a m e b e h a v i o u r as t h e c u r v e s for T h - 2 2 9 d i f f e r i n g 

o n l y in the m a g n i t u d e of t h e p e a k w a t e r d i l u t i o n r a t e s . In c a s e 

4 2 

1 the v a l u e of and w e r e f i x e d at 10 and 10 , r e s p e c t i v e l y 

and K- w a s v a r i e d b e t w e e n t h o s e e x t r e m e s . F o r all v a l u e s of K 
2 2 

t a k e n , the p e a k w a t e r d i l u t i o n r a t e is a p p r o x i m a t e l y c o n s t a n t for 

w a t e r t r a v e l t i m e s of up to 100 and d e c a y i n g m o n o t o n i c a l l y 

t h e r e a f t e r . W h e n K 2 v a l u e t e n d s to 1 0 0 , c a s e 1 is a p p r o a c h i n g 

c a s e 6 . T h i s f a c t c a n be c o n f i r m e d by l o o k i n g at the c u r v e s 

r e p r e s e n t i n g the c a s e 6 (Figure 3.18) w h e r e K > K . > K ~ and 
J 1 2 

c o m p a r i n g to the c u r v e s in c a s e 1 w h e n K2 is s m a l l e s t . In c a s e 1 

as w e l l as in c a s e 6, no i n c r e a s e in p e a k w a t e r d i l u t i o n r a t e 

w i t h i n c r e a s e d w a t e r t r a v e l t i m e is o b s e r v e d . 

F i g u r e 3.14 s h o w s c a s e 2 w h e r e > K2 > . In t h i s c a s e , 

an i n c r e a s e in p e a k w a t e r d i l u t i o n r a t e w i t h w a t e r t r a v e l t i m e is 

o b s e r v e d . A s K 2 is r e d u c e d t o v a l u e s c l o s e t o 100 w e a r e 

d e p a r t i n g f r o m c a s e 2 and e n t e r i n g t h e c a s e 4 w h e r e n o i n c r e a s e 

is o b s e r v e d for a n y v a l u e of w h i c h is b e i n g v a r i e d . On the 

o t h e r h a n d , w h e n K2 a p p r o a c h e s 1 0 4 , c a s e 2 t e n d s t o c a s e 5 w h o s e 

c u r v e s a l s o s h o w an i n c r e a s e in p e a k w a t e r d i l u t i o n r a t e w i t h 
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Water travel t ime, yr 
X B L 8 1 2 - 2 3 0 

F i g u r e 3 .14 V a r i a t i o n o f p e a k w a t e r d i l u t i o n r a t e of t h i r d m e m b e r s 
2 2 9 T h , 2 2 6 R a w i t h t h e s o r p t i o n c o e f f i c i e n t a n d w i t h w a t e r t r a v e l t i m e 

f o r r e p r o c e s s e d P W R hi-gh l e v e l w a s t e . 
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Water travel t ime, yr 
X B L 812-231 

F i g u r e 3 .15 V a r i a t i o n of p e a k w a t e r d i l u t i o n r a t e o f t h i r d m e m b e r s 
2 2 9 2 2 6 

T h , R a w i t h t h e s o r p t i o n c o e f f i c i e n t a n d w i t h w a t e r t r a v e l t i m e 

f o r r e p r o c e s s e d P W R h i g h l e v e l w a s t e 
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Water travel t ime, yr 
XBL8I2 -232 

F i g u r e 3 .16 V a r i a t i o n o f p e a k w a t e r d i l u t i o n r a t e o f t h i r d m e m b e r s 
2 2 9 T h , 2 2 6 R a w i t h t h e s o r p t i o n c o e f f i c i e n t a n d w i t h w a t e r t r a v e l t i m e 

f o r r e p r o c e s s e d P W R h i g h l e v e l w a s t e . 
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Water travel t ime, yr 
X B L 6 1 2 - 2 3 3 

F i g u r e 3 .17 V a r i a t i o n o f peak w a t e r d i l u t i o n r a t e o f t h i r d m e m b e r s 
2 2 9 2 2 6 

T h , R a w i t h t h e s o r p t i o n c o e f f i c i e n t a n d w i t h w a t e r t r a v e l t i m e 

f o r r e p r o c e s s e d P W R h i g h l e v e l w a s t e 
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F i g u r e 3 .18 V a r i a t i o n of p e a k w a t e r d i l u t i o n r a t e of t h i r d m e m b e r s 
2 2 9 2 2 6 

T h , R a w i t h t h e s o r p t i o n c o e f f i c i e n t a n d w i t h w a t e r t r a v e l t i m e 

f o r r e p r o c e s s e d P W R h i g h l e v e l w a s t e . 
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t i m e . C a s e 2 and c a s e 5 a r e the o n l y c a s e s w h e r e t h e s e b u i l d up 

and s u b s e q u e n t r o l l o f f in p e a k w a t e r d i l u t i o n r a t e o c c u r . T h e s e 

t w o c a s e s h a v e t h e c o m m o n f a c t t h a t h a s a s m a l l e r v a l u e t h a n 

K and K 2 . In a l l o t h e r c a s e s , t h e p e a k w a t e r d i l u t i o n r a t e 

d e c r e a s e s m o n o t o n i c a l l y w i t h w a t e r t r a v e l t i m e . 

3.7.5 L e a c h i n g of n a t u r a l u r a n i u m o r e and o r e m i l l 

t a i l i n g s 

T h e n u c l i d e i n v e n t o r i e s of the r e p r o c e s s e d h i g h l e v e l w a s t e 

u s e d in the r e f e r e n c e c a s e is the r e s u l t of the g e n e r a t i o n of 1 

G w ( e ) y r of e l e c t r i c i t y by a P W R . T h e y o p e r a t e at 3 3 % t h e r m a l 

e f f i c i e n c y , 8 0 % l o a d f a c t o r and w i t h a b u r n u p of 3 0 . 4 M w D / k g . 

S u c h an e l e c t r i c a l g e n e r a t i o n r e q u i r e s t h e t o t a l a m o u n t of 30.3 

M g of U 0 2 f u e l e n r i c h e d to 3 . 3 % U - 2 3 5 . T o e v a l u a t e the a m o u n t of 

n a t u r a l u r a n i u m o r e r e q u i r e d to p r o d u c e t h i s a m o u n t of fuel let 

us c o n s i d e r a g a s e o u s d i f f u s i o n e n r i c h m e n t p l a n t w i t h a d e p l e t e d 

u r a n i u m s t r e a m w i t h 0.0036 a t o m f r a c t i o n of U - 2 3 5 . By a s i m p l e 

m a s s b a l a n c e in b o t h the t o t a l n u m b e r of a t o m s and in U-2 35 

a t o m s , o n e c o n c l u d e t h a t it is r e q u i r e d 2 50 M g of n a t u r a l u r a n i u m 

o r e . T h e e v e n t u a l l o s s e s d u r i n g f a b r i c a t i o n a r e 1%, in 

c o n v e r s i o n to h e x a f l u o r i d e is 0.5% and in m i l l i n g and 

c o n c e n t r a t i o n is 5% (B2) . T h e t o t a l a c t i v i t y of the u r a n i u m 

p r e s e n t in s u c h o r e w i l l be 82 Ci of U-2 3 8 and 1.7 Ci of U- 23 5. 

W h e n the u r a n i u m o r e is p r o c e s s e d , it is m i l l e d and 



115 

p u r i f i e d to r e m o v e the n o n - u r a n i u m r o c k . T h e n o n - u r a n i u m 

r a d i o a c t i v e d e c a y d a u g h t e r s , e.g. T h - 2 3 0 and R a - 2 2 6 a r e a l s o 

s e p a r a t e d and a r e l e f t w i t h t h e p i l e s of m i l l t a i l i n g s . S u p p o s e 

t h e s e p i l e s of m i l l t a i l i n g s a r e b u r i e d in s u c h a w a y t h a t a 

e q u i v a l e n t i n i t i a t i n g e v e n t w h i c h s t a r t e d t h e l e a c h i n g of t h e 

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

of m i l l t a i l i n g s . O n e c a n a s s u m e t h a t the l e a c h r a t e of t h e m i l l 

t a i l i n g s is t h e s a m e as t h e r e f e r e n c e v a l u e a d o p t e d for H L W , i.e. 

1 0 0 0 0 y e a r s . 

S i n c e the o r e b o d y is e x p e c t e d to be w h e r e it h a s b e e n for 

p e r i o d s l o n g e r t h a n 1 0 5 y e a r s , t h e i n i t i a l a c t i v i t i e s of all 

d a u g h t e r s a r e in t r a n s i e n t e q u i l i b r i u m w i t h U - 2 3 8 . A l s o , for t h e 

p u r p o s e of t h i s i l l u s t r a t i o n , o n e c a n a s s u m e t h a t U-2 38 and U - 2 3 4 

a r e in s o l u t i o n w i t h t h e s a m e c h e m i c a l f o r m ( t h u s , w i t h the s a m e 

r e t a r d a t i o n c o e f f i c i e n t ) w h i c h a l l o w s us to c o n s i d e r U-2 34 as in 

s e c u l a r e q u i l i b r i u m w i t h U - 2 3 8 b e c a u s e t h e i n t e r m e d i a t e s T h - 2 3 4 

and P a - 2 34 h a v e v e r y s h o r t h a l f - l i v e s . 

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

of s u c h p i l e s of m i l l t a i l i n g s a r e c a l c u l a t e d and s h o w n in F i g u r e 

3 . 1 9 . T h e p e a k w a t e r d i l u t i o n r a t e for R a - 2 26 f r o m the m i l l 

t a i l i n g s as w e l l as the e n v e l o p e of the p e a k w a t e r d i l u t i o n r a t e s 

of all n u c l i d e s p r e s e n t in a r e p r o c e s s e d H L W (Figure 3.9) a r e 

p l o t t e d a g a i n s t w a t e r t r a v e l t i m e . R a - 2 2 6 p e a k w a t e r d i l u t i o n 

r a t e d u e to the d i s s o l u t i o n of t h e m i l l t a i l i n g s is l a r g e r t h a n 

t h e e n v e l o p e of the p e a k s d u e to t h e l e a c h i n g of the h i g h l e v e l 
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w a s t e c a n i s t e r s . A f t e r w a t e r t r a v e l t i m e of 10 y e a r s R a - 2 2 6 

p e a k w a t e r d i l u t i o n r a t e r o l l o f f r a p i d l y b e c a u s e its p r e c u r s o r 

h a s a l r e a d y d e c a y e d . H o w e v e r , for w a t e r t r a v e l t i m e s l a r g e r t h a n 
g 

10 , H L W c u r v e s t i l l s h o w s t h e c o n t r i b u t i o n of 1-129 a l t h o u g h 

t h r e e o r d e r s of m a g n i t u d e s m a l l e r t h a n t h a t of R a - 2 2 6 r e s u l t i n g 

f r o m m i l l t a i l i n g l e a c h i n g . 

T h e s a m e c a l c u l a t i o n d o n e for the l e a c h i n g of the m i l l 

t a i l i n g s is r e p e a t e d for t h e e q u i v a l e n t a m o u n t of n a t u r a l u r a n i u m 

o r e . In t h i s c a s e all t h e u r a n i u m w i l l be p r e s e n t , n o t o n l y 5% 

as in t h e c a s e of m i l l t a i l i n g s . O n e a s s u m e a g a i n t h a t the s a m e 

s c e n a r i o a d o p t e d for the h i g h l e v e l w a s t e is v a l i d for the 

u r a n i u m o r e . F i g u r e 3.2 0 s h o w s t h e p e a k w a t e r d i l u t i o n r a t e of 

R a - 2 2 6 d u e to the l e a c h i n g of the u r a n i u m o r e c o m p a r e d to the 

e n v e l o p e of the p e a k w a t e r d i l u t i o n r a t e s of all n u c l i d e s p r e s e n t 

in the H L W . A g a i n , the p e a k w a t e r d i l u t i o n r a t e for R a - 2 2 6 in 

the o r e is a l w a y s l a r g e r t h a n the e n v e l o p e of t h e H L W n u c l i d e s 

i n d i c a t i n g t h a t for t h i s set of r e t a r d a t i o n c o e f f i c i e n t s , the 

l e a c h i n g of the e q u i v a l e n t a m o u n t of n a t u r a l u r a n i u m o r e u s e d to 

p r o d u c e the a m o u n t of w a s t e c o n s i d e r e d is p o t e n t i a l l y m o r e 

h a z a r d o u s t h a n the h i g h l e v e l w a s t e i t s e l f . 
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4. M i g r a t i o n of R a d i o n u c l i d e s in T w o - D i m e n s i o n a l G r o u n d w a t e r 

F l o w s T h r o u g h G e o l o g i c M e d i a 

4.1 I n t r o d u c t i o n 

T h i s r e s e a r c h is c o n c e r n e d w i t h t h e p r e d i c t i o n of 

r a d i o n u c l i d e c o n c e n t r a t i o n s in a q u i f e r s in w h i c h a s t a t i o n a r y 

t w o - d i m e n s i o n a l g r o u n d w a t e r f l o w is e s t a b l i s h e d . R e p o s i t o r i e s 

w i l l be l o c a t e d in r o c k f o r m a t i o n s w i t h n o s i g n i f i c a n t w a t e r 

c o n t e n t . H o w e v e r , a b n o r m a l e v e n t s c a n o c c u r w h i c h c a n c a u s e 

r a d i o n u c l i d e r e l e a s e f r o m t h e w a s t e p a c k a g e . T h e s e n u c l i d e s c a n 

e v e n t u a l l y r e a c h a n e a r b y a q u i f e r d i s c h a r g i n g i n t o a f r e s h - w a t e r 

s o u r c e . 

B o t h m i g r a t i o n of l o n g a c t i n i d e c h a i n s and l o n g l i v e d 

f i s s i o n p r o d u c t s in t w o - d i m e n s i o n a l g e o l o g i c a l m e d i a as w e l l as 

t h e i r d i s c h a r g e s i n t o t h e b i o s p h e r e is m o d e l l e d in t h i s w o r k . 

T h e t h e o r y on w h i c h t h i s m o d e l l i n g is b a s e d u p o n w a s d e v e l o p e d 

and p r e s e n t e d in a p r e v i o u s r e p o r t ( C h a m b r e , P 1 ) . T h i s m e t h o d 

p r o v i d e s a m o r e r e a l i s t i c w a y t h a n a o n e - d i m e n s i o n a l m o d e l to 

a s s e s s the p o t e n t i a l h a z a r d to t h e b i o s p h e r e p o s e d by t h e 

a c c i d e n t a l r e l e a s e of r a d i o n u c l i d e s f r o m a h i g h - l e v e l w a s t e 

r e p o s i t o r y . 

A n a l y t i c a l s o l u t i o n s t o t h e r a d i o n u c l i d e t r a n s p o r t e q u a t i o n 

e x i s t e n t to d a t e h a v e b e e n r e s t r i c t e d t o o n e - d i m e n s i o n a l 
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g r o u n d w a t e r f l o w s . W h e n t w o - d i m e n s i o n a l f l o w f i e l d s n e e d e d to b e 

c o n s i d e r e d , n u m e r i c a l s c h e m e s h a d t o be i n v o k e d . B e s i d e s t h e 

c a p a b i l i t y of a n a l y z i n g t w o - d i m e n s i o n a l f l o w f i e l d s , t h e 

a n a l y t i c a l n o n - r e c u r s i v e c h a r a c t e r of t h e p r e s e n t s o l u t i o n to t h e 

t r a n s p o r t e q u a t i o n a l l o w s o n e to e v a l u a t e t h e c o n c e n t r a t i o n of an 

a r b i t r a r y m e m b e r of a c h a i n of any l e n g t h w i t h o u t h a v i n g to s o l v e 

for its p r e c u r s o r s . T h e e v a l u a t i o n of t h i s s o l u t i o n r e q u i r e s 

l i t t l e c o m p u t i n g t i m e . 

In t h i s p r e s e n t s t u d y , t h e t w o - d i m e n s i o n a l g r o u n d w a t e r f l o w 

is in s t e a d y s t a t e and d i s p e r s i o n e f f e c t s a r e n e g l e c t e d . 

A d s o r p t i o n r e a c t i o n s b e t w e e n n u c l i d e s in t h e w a t e r w i t h t h e 

g e o l o g i c m e d i a a r e a s s u m e d to be in e q u i l i b r i u m and t h e r e is n o 

s o l u b i l i t y l i m i t of t h e n u c l i d e s in t h e g r o u n d w a t e r . 

T h e m o s t i m p o r t a n t r e s u l t d e r i v e d in t h e t h e o r y is t h a t 

w h e n d i s p e r s i o n is n e g l i g i b l e , the s o l u t i o n to t h e o n e -

d i m e n s i o n a l r a d i o n u c l i d e t r a n s p o r t e q u a t i o n is a p p l i c a b l e a l o n g a 

s t r e a m l i n e of the t w o - d i m e n s i o n a l p o t e n t i a l f l o w ( D a r c y ' s f l o w ) . 

T h e p r o b l e m is t h e n d i v i d e d i n t o t w o p a r t s , n a m e l y : t h e 

d e t e r m i n a t i o n of t h e h y d r o l o g i c a l f l o w n e t ( i . e . the p o t e n t i a l 

l i n e s and the s t r e a m l i n e s of t h e f l o w ) and t h e e v a l u a t i o n of t h e 

r a d i o n u c l i d e c o n c e n t r a t i o n s a l o n g t h e s t r e a m l i n e s w h i c h p a s s e d by 

t h e s o u r c e l i n e in t h e a q u i f e r b e i n g t h e r e b y c o n t a m i n a t e d . T h e 

d i s c h a r g e r a t e i n t o t h e b i o s p h e r e is a l s o o b t a i n e d . 

T h e g r o u n d w a t e r f l o w f i e l d c a n be r e p r e s e n t e d e i t h e r by 
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a n a l y t i c a l e x p r e s s i o n s or by ( s c a t t e r e d ) f i e l d m e a s u r e m e n t s of 

t h e g r o u n d w a t e r p o t e n t i a l s . T h e a n a l y t i c a l r e p r e s e n t a t i o n is 

a f f e c t e d by s u p e r i m p o s i n g an a r b i t r a r y n u m b e r of p o i n t s i n k s and 

p o i n t s o u r c e s . T h i s s u p e r i m p o s i t i o n c a n r e p r e s e n t f l o w f i e l d s of 

a r b i t r a r y c o m p l e x i t y . On t h e o t h e r h a n d , a g i v e n n u m b e r of 

s c a t t e r e d p o t e n t i o m e t r i c f i e l d d a t a can be u s e d to r e p r e s e n t t h e 

f l o w n e t by f i t t i n g t h e d a t a w i t h a m i n i m a l t o t a l c u r v a t u r e 

s p l i n e f u n c t i o n ( B l ) . T h e a b o v e t w o m e t h o d s c a n be c o m b i n e d to 

a n a l y z e the e f f e c t s of i n j e c t i o n and p u m p i n g w e l l s in e x i s t i n g 

a q u i f e r s . 

O n c e the p o t e n t i o m e t r i c s u r f a c e is d e t e r m i n e d and v a l u e s 

for the h y d r a u l i c c o n d u c t i v i t y at t h e s i t e o b t a i n e d , t h e 

s t r e a m l i n e s and t h e w a t e r t r a v e l t i m e f u n c t i o n (see E q . ( 4 . 2 . 1 0 ) ) 

c a n be o b t a i n e d by t h e m e t h o d of c h a r a c t e r i s t i c s . T h e n e x t s t e p 

is to a p p l y t h e s o l u t i o n of t h e o n e d i m e n s i o n a l n u c l i d e t r a n s p o r t 

e q u a t i o n a l o n g a s t r e a m l i n e . F i n a l l y , if t h e l o c a t i o n of t h e 

i n t e r s e c t i o n of t h e b i o s p h e r e w i t h the c o n t a m i n a t e d s t r e a m l i n e s 

is k n o w n o n e c a n e v a l u a t e t h e d i s c h a r g e r a t e i n t o t h e b i o s p h e r e . 

T h e a b o v e d e s c r i b e d s t e p s a r e p e r f o r m e d by t h e c o m p u t e r 

p r o g r a m ( U C B N E 2 1 ) . D u e to t h e s e m i - a n a l y t i c a l c h a r a c t e r of t h i s 

p r o g r a m , t h e c o m p u t i n g t i m e is m u c h s m a l l e r t h a n f i n i t e -

d i f f e r e n c e s c h e m e s u s e d to s o l v e t h e e q u i v a l e n t p r o b l e m . A 

c o m p l e t e l i s t i n g of t h e p r o g r a m is g i v e n in A p p e n d i x C . T h e 

p r o g r a m h a s t h e c a p a b i l i t y of u s i n g t h e L B L C o m p u t e r C e n t e r 

p l o t t i n g s o f t w a r e t o a u t o m a t i c a l l y g e n e r a t e g r a p h s . 



A s an a p p l i c a t i o n of t h e u t i l i z a t i o n of t h i s c o m p u t e r 

p r o g r a m w e s t u d i e d t h e far f i e l d m i g r a t i o n of r a d i o n u c l i d e s for 

t w o c a n d i d a t e r e p o s i t o r y s i t e s . T h e s e a r e t h e W a s t e I s o l a t i o n 

P i l o t P l a n t (WIPP) in E d d y C o u n t y , N e w M e x i c o and t h e B a s a l t 

W a s t e I s o l a t i o n P r o j e c t (BWIP) in H a n f o r d , W a s h i n g t o n . 

H y d r o l o g i c a l d a t a a v a i l a b l e for b o t h s i t e s a r e r e v i e w e d and t h e 

c o n t a m i n a t e d r e g i o n s for t h e m o s t i m p o r t a n t n u c l i d e s as w e l l as 

the n u c l i d e d i s c h a r g e r a t e s , a r e e s t i m a t e d by a p p l y i n g t h i s t w o 

d i m e n s i o n a l a n a l y t i c a l t h e o r y for r a d i o n u c l i d e t r a n s p o r t . 



4.2 T h e o r e t i c a l B a c k g r o u n d 

T h e t h e o r e t i c a l d e v e l o p m e n t s l e a d i n g to t h e s o l u t i o n of t h e 

r a d i o n u c l i d e t r a n s p o r t e q u a t i o n in a t w o - d i m e n s i o n a l g e o l o g i c a l 

m e d i a a r e p r e s e n t e d in a p r e v i o u s r e p o r t ( C h a m b r é , PI. ) . In t h i s 

s e c t i o n we s u m m a r i z e the i m p o r t a n t s t e p s s h o w n in t h a t w o r k and 

w e a l s o e m p h a s i z e the i m p o r t a n t r e s u l t s n e e d e d in t h e p r e s e n t 

w o r k . 

4.2.1 T h e g o v e r n i n g e q u a t i o n s 

T h e t w o - d i m e n s i o n a l h y d r o l o g i c a l g r o u n d w a t e r f l o w is t i m e 

i n d e p e n d e n t , i n c o m p r e s s i b l e and it is a D a r c y - t y p e f l o w . 

D i s p e r s i o n e f f e c t s a r e n e g l e c t e d and s o r p t i o n r e a c t i o n s a r e 

a s s u m e d to be in e q u i l i b r i u m . N o s o l u b i l i t y l i m i t s a r e 

c o n s i d e r e d , b u t by s u i t a b l y d e f i n i n g t h e b o u n d a r y c o n d i t i o n o n e 

s h o u l d be a b l e to a p p l y the p r e s e n t s o l u t i o n w i t h s o l u b i l i t y 

l i m i t of the f i r s t m e m b e r . W a t e r d e n s i t y and s o i l p o r o s i t y a r e 

c o n s i d e r e d c o n s t a n t s . 

S u b j e c t to a b o v e a s s u m p t i o n s , t h e c o n s e r v a t i o n e q u a t i o n for 

t h e n u c l i d e c o n c e n t r a t i o n in w a t e r (x,y, t) for t h e i-th m e m b e r 

of a c h a i n is g i v e n by ( P I , E q . ( 5 . 1 . 1 ) ) 

3N. i = l, 2 , . . . 
K, + V « ( v N . ) = K. -I X . , N . , - K - X . N . (4.2.1) 
i 1 i-l i-l i-l 1 1 1 , 
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H e r e K a r e the r e t a r d a t i o n c o e f f i c i e n t s , v is the g r o u n d w a t e r 
i 

v e l o c i t y ( m / y r ) , * i a r e t h e d e c a y c o n s t a n t s ( 1 / y r ) . In v i e w of 

the i n c o m p r e s s i b i l i t y a s s u m p t i o n the g r o u n d w a t e r v e l o c i t y 

satisfies t h e f o l l o w i n g c o n s e r v a t i o n of m a s s r e l a t i o n 

V - v -0 (4.2.2) 

w h e r e t h e g r o u n d w a t e r v e l o c i t y is g i v e n by D a r c y ' s l a w 

v = -kV<}> ; k = k'/e (4.2.3) 

H e r e k' is t h e h y d r a u l i c c o n d u c t i v i t y of the s o i l ( m / y r ) , c 

is the p o r o s i t y and <p is the h y d r a u l i c h e a d (m) . A l t h o u g h k is 

the h y d r a u l i c c o n d u c t i v i t y d i v i d e d by the p o r o s i t y , we w i l l r e f e r 

to k as b e i n g t h e h y d r a u l i c c o n d u c t i v i t y . S u b s t i t u t i n g 

E g . (4.2.3) i n t o E q . (4.2.1) and u s i n g E q . (4.2.2) the t r a n s p o r t 

e q u a t i o n is r e w r i t t e n as 

3 N . / 8 N . a N 

k . i A I <H< l , a £ i + A . J K . - - N - = A . , K- - » N . i (A, j A K i a t 1 a x a x ' a y a y ill i-l l - l l-l 'C4.2.4) 

i = 1,2... A = 0 
' ' o 

L e t us d e n o t e by R t h e r e g i o n of i n t e r e s t and by P a n y 

p o i n t i n s i d e R (see F i g u r e 4 . 1 ) . T h e r a d i o n u c l i d e s a r e a s s u m e d 

to be r e l e a s e d a l o n g a l i n e s o u r c e S in R and a p o i n t on S w i l l 

be c a l l e d Q. W i t h t h e a b o v e n o t a t i o n , t h e i n i t i a l c o n d i t i o n 

( P i , E q . ( 5 . 1 . 4 ) ) a n d the b o u n d a r y c o n d i t i o n ( P i , E q . (5.1.5)) c a n be 

e x p r e s s e d b y t h e f o l l o w i n g r e l a t i o n s h i p s 

N. (P,0) = 0 ; P * Q ; P e R (4.2.5) 
l 
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F i g u r e 4.1 P i c t o r i a l v i e w of the s y s t e m b e i n g s t u d i e d : R is t h e 
r e g i o n of i n t e r e s t , P is a n y p o i n t i n s i d e R, S is t h e 
t h e s o u r c e l i n e , Q is a p o i n t on t h e s o u r c e l i n e 
are t h e s t r e a m l i n e s a n d <f)j_ are p o t e n t i a l l i n e s . 
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4 . 2 . 2 T w o - d i m e n s i o n a l g r o u n d w a t e r f l o w f i e l d s and t h e 

w a t e r t r a v e l t i m e f u n c t i o n 

T w o - d i m e n s i o n a l g r o u n d w a t e r f l o w s a r e r e p r e s e n t a b l e by 

p o t e n t i a l f l o w s and o n e c a n d e f i n e the s t r e a m f u n c t i o n of t h e 

f l o w $ (x,y) by the f o l l o w i n g (Pl,Eq. (5.2.2) ) 

3I|I 3<}> 
=- k (4.2.8) 

3* 3y 
3^ 3c(> 

= k (4.2.9) 
3y 3x 

T h e w a t e r t r a v e l t i m e f u n c t i o n o ( x , y ) , ( y r ) , is d e f i n e d 

a l o n g a f i x e d s t r e a m l i n e by t h e f o l l o w i n g e q u a t i o n 

(Pl,Eq. (5.2.7) ) 

N . ( 0 , t ) = N ° G . ( Q , t ) ; Q c S , t > 0 (4.2.6) 
i l l 

G i ( P , t ) = 0 ; t < 0 , P e R U S (4.2.7) 

w h e r e G A ( Q , t ) is an a r b i t r a r y r e l e a s e f u n c t i o n w h i c h d e s c r i b e s 

the t i m e d e p e n d e n t d i s s o l u t i o n and r e l e a s e of t h e w a s t e i n t o t h e 

a q u i f e r . is t h e i n i t i a l c o n c e n t r a t i o n of t h e i-th 

n u c l i d e . E q . ( 4 . 2 . 2 ) and E q . ( 4 . 2 . 3 ) d e s c r i b e the g r o u n d w a t e r f l o w 

field w h i l e Eq. ( 4 . 2 . 4 ) , E q . ( 4 . 2 . 6 ) and Eq. ( 4 . 2 . 7 ) g o v e r n the 

r a d i o n u c l i d e t r a n s p o r t t h r o u g h t h e g e o l o g i c m e d i a . 
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'"' I for J) (x,y) = c o n s t a n t ( 4 . 2 . 1 0 ) 
|l'X | | 3y 

P h y s i c a l l y , o ( x , y ) r e p r e s e n t s t h e t i m e an e l e m e n t a r y v o l u m e 

of w a t e r , i n i t i a l l y at a p o s i t i o n (x Q , y 0 ) , t a k e s to r e a c h a g i v e n 

p o s i t i o n (x,y) d o w n s t r e a m t r a v e l l i n g a l o n g t h e s t r e a m l i n e w h i c h 

p a s s e s t h r o u g h t h e s e t w o p o i n t s . B y u s i n g t h e o r t h o g o n a l i t y 

c o n d i t i o n b e t w e e n t h e s t r e a m f u n c t i o n \ J j(x,y) and t h e p o t e n t i a l 

f u n c t i o n i j)(x,y) in a d d i t i o n to t h e d e f i n i t i o n of t h e w a t e r 

t r a v e l t i m e f u n c t i o n o ( x , y ) , t h e c o n s e r v a t i o n e q u a t i o n for t h e i~ 

th m e m b e r of a r a d i o a c t i v e c h a i n E q . ( 4 . 2 . 4 ) c a n be r e d u c e d to t h e 

f o l l o w i n g g r e a t l y s i m p l i f i e d f o r m ( P l , E q . (5.2.6)) 

3N. 3N. 

E q . (4.2.11) is v a l i d a l o n g a s t r e a m l i n e w h e r e i M x , y ) =c . 

T h e c o n c e n t r a t i o n a l o n g t h i s s t r e a m l i n e is n o w a f u n c t i o n of o n l y 

t w o v a r i a b l e s , i . e . N A = N A ( o ( x , y ) , t ) . W e w i l l n o w c h a n g e t h e 

n o t a t i o n o ( x , y ) s h o w i n g e x p l i c i t l y t h e d e p e n d e n c e on (x,y) a l o n g 

a s t r e a m l i n e by s i m p l y w r i t i n g a. T h e r e f o r e , t h e c o n c e n t r a t i o n of 

t h e i-th m e m b e r w i l l be d e n o t e d b y N . ( a , t ) . 

T h u s t h e t w o - d i m e n s i o n a l p r o b l e m of e v a l u a t i n g (x,y,t) 

c a n be r e d u c e d to a o n e - d i m e n s i o n a l p r o b l e m of e v a l u a t i n g (o,t) 

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

v a r i e s a l o n g t h a t s t r e a m l i n e . I n t h e n e x t s e c t i o n w e w i l l s h o w 

h o w t h i s p r o b l e m c a n b e s o l v e d by m a k i n g u s e of t h e p r e v i o u s l y 
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4.2.3 T h e s o l u t i o n of t h e t w o - d i m e n s i o n a l t r a n s p o r t 

e q u a t i o n 

F r o m t h e d e f i n i t i o n of t h e w a t e r t r a v e l t i m e f u n c t i o n o 

E q . ( 4 . 2 . 1 0 ) o n e c a n r e a l i z e t h a t l i n e s of c o n s t a n t p o t e n t i a l a r e 

p a r a l l e l to l i n e s of c o n s t a n t w a t e r t r a v e l t i m e a l o n g a 

s t r e a m l i n e (i.e. , w h e n d$ = 0 i m p l i e s d o=0 in E q . (4 . 2 .10 ) w h e n d' |' = 0 . 

T h i s p a r a l l e l i s m is m a t h e m a t i c a l l y e x p r e s s e d as 

(kv**) • (V c) = -1 ; * M x , y ) = c (4.2.12) 

T h e s i d e c o n d i t i o n s t h a t o ( x , y ) m u s t s a t i s f y a r e 

(Pl,Eq. (5.3.3) and E q . ( 5 . 3 . 4 ) ) , s e e F i g u r e 4 . 1 . 

a(Q) = 0 ; QcS ( 4 . 2 . 1 3 ) 

a(P) > 0 ; P is a p o i n t in t h e s h a d o w r e g i o n ( 4 . 2 . 1 4 ) 
(see F i g u r e 4.1) 

T h e i n i t i a l and b o u n d a r y c o n d i t i o n s for t h e r a d i o n u c l i d e 

c o n c e n t r a t i o n s a l o n g a s t r e a m l i n e c a n be r e s t a t e d as 

( P l , E q . (5.3.8) ) 

Ni ( P , 0 ) = N i ( a , 0 ) = 0 ; o >0 (4.2.15) 

d e r i v e d a n a l y t i c a l s o l u t i o n for t h e o n e - d i m e n s i o n a l p r o b l e m 

( C h a m b r e , H i , s e c t i o n 4 . 4 ) . 
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N (Q,t) = 1 ^ ( 0 , 0 = N i G i ( 0 , t ) ; t > 0 , o=0 ( 4 - 2 - 1 6 ) 

L e t us d e f i n e G. (t)=G. ( 0 , t ) . F i q u r o 4.1 i l l u s t r a t e s t h e 
i x 

s y s t e m b e i n g s t u d i e d . O n l y t h o s e s t r e a m l i n e s w h i c h c r o s s the 

s o u r c e l i n e S w i l l be c o n t a m i n a t e d . In the c a s e of F i g u r e 4.1 

all the s t r e a m l i n e s c o n t a i n e d b e t w e e n the l i n e s and \h f o r m 
1 2 

the r e g i o n w h i c h c a n c o n t a i n r a d i o n u c l i d e s s i n c e t h e r e is no 

d i s p e r s i o n . T h i s r e g i o n d o w n s t r e a m f r o m the r e p o s i t o r y w i l l be 

c a l l e d the " s h a d o w r e g i o n " . T h e r e f o r e , t h e s h a d o w r e g i o n is the 

s p e c i f i c r e g i o n of i n t e r e s t w h e r e the c a l c u l a t i o n s a r e g o i n g to 

be p e r f o r m e d . 

F o r a g i v e n s t r e a m l i n e c r o s s i n g the l i n e s o u r c e S at. a 

p o i n t Q o n e m u s t s o l v e Eq. (4.2.11) s u b j e c t to the i n i t i a l 

c o n d i t i o n Eq. (4.2.15) and the b o u n d a r y c o n d i t i o n E q . ( 4 . 2 . 1 6 ) . 

T h e r a d i o n u c l i d e c o n c e n t r a t i o n s are n o w e x p r e s s e d as a f u n c t i o n 

of the t i m e t s t a r t e d a f t e r the b e g i n n i n g of t h e r e l e a s e and of 

the w a t e r t r a v e l t i m e o c o u n t e d f r o m t h e t i m e w h e n the w a t e r 

l e a v e s t h e s o u r c e l i n e S. 

M a t h e m a t i c a l l y , t h i s p r o b l e m c a n be m a d e e q u i v a l e n t to its 

o n e - d i m e n s i o n a l c o u n t e r p a r t w i t h a c o n s t a n t w a t e r v e l o c i t y . 

R e p l a c i n g (z/v) in the g o v e r n i n g e q u a t i o n Eq. (2.2.1) for the 

e q u i v a l e n t o n e - d i m e n s i o n a l p r o b l e m by o , o n e o b t a i n s the 

g o v e r n i n g e q u a t i o n for the t w o - d i m e n s i o n a l p r o b l e m v a l i d a l o n g a 

s t r e a m l i n e of the f l o w i.e. E q . ( 4 . 2 . 1 1 ) . T h e r e f o r e , the s o l u t i o n 

for the o n e - d i m e n s i o n a l c a s e N j _ ( z / v , t ) c a n be u s e d to e x p r e s s 
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T h e c o e f f i c i e n t s a r e d e f i n e d as f o l l o w s 

(4.2.18) 

AP 1 = n . . A K l r=j r r 

n. (K -K ) ( 4 - 2 . 1 9 ) 

m r=j r m 

D C j ) n. (A - A 'N 
q=j qm rmJ 

il K. 

A.K. 

K. 

(4.2.20) 

(4.2.21) 

T h e f u n c t i o n g (t) is d e f i n e d by t h e f o l l o w i n g e x p r e s s i o n 

the r a d i o n u c l i d e c o n c e n t r a t i o n a l o n g a s t r e a m l i n e N , ( o , t ) o n c e w e 
i 

r e p l a c e z/V by cr . T h e s o l u t i o n to t h e o n e - d i m e n s i o n a l 

r a d i o n u c l i d e t r a n s p o r t e q u a t i o n w i t h c o n s t a n t w a t e r v e l o c i t y w a s 

d e v e l o p e d in a p r e v i o u s r e p o r t ( C h a m b r e , H l ) . H e r e t h e s o l u t i o n 

is r e w r i t t e n 

i K t ) = N ° ; A i K i ° ( t - K i 0 ) f 

. - A K o . (4.2.17) 
i-l r-i 1 m m 1

 c \ 

j=l 1 J m=i 7 " r=j ™ 1 8 ™ ° J 3 J J 

r?% 



131 

-A (t-K a) 
% nr(tj)= e Mt-iyj) (4.2.22) 

T h e s y m b o l * r e p r e s e n t s t h e c o n v o l u t i o n i n t e g r a l of t h e 

f u n c t i o n in the b r a c k l e t e d t e r m 

g mC+)®G j(t) = f g m ( 0 GjCt-c) D R 3

 ( 4 . 2 _ 2 3 ) 

o 

R e p o s i t o r i e s w i l l be l o c a t e d in r o c k f o r m a t i o n s w i t h n o 

s i g n i f i c a n t q u a n t i t i e s of w a t e r , a n d r e l e a s e of r a d i o n u c l i d e s f r o m 

the w a s t e p a c k a g e and c o n s e q u e n t c o n t a m i n a t i o n of s u r r o u n d i n g 

a q u i f e r s w i l l o c c u r in c a s e of an a b n o r m a l e v e n t . T h e p r o p o s e d 

s c e n a r i o (Dl,R2) for t h e a c c i d e n t a l r e l e a s e of r a d i o n u c l i d e s f r o m 

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

the r e p o s i t o r y to a s u r r o u n d i n g a q u i f e r . T h e w a t e r f l o w i n g 

t h r o u g h t h i s f r a c t u r e l e a c h e s o u t r a d i o n u c l i d e s f r o m t h e w a s t e 

p a c k a g e and c a r r i e s t h e m to t h e a q u i f e r . A l t h o u g h t h e t r a n s p o r t 

of r a d i o n u c l i d e s t h r o u g h t h i s f r a c t u r e t a k e s a c t u a l l y s o m e 

t i m e , i n t h i s s t u d y we a s s u m e t h i s t i m e to be n e g l i g i b l e . In 

o t h e r w o r d s , t h e r e p o s i t o r y is a s s u m e d to be p l a c e d d i r e c t l y in 

the a q u i f e r b e i n g c o n s i d e r e d . T h i s is a c o n s e r v a t i v e a s s u m p t i o n . 

T h e r e f o r e , t h e s o u r c e l i n e S d e s c r i b e d in F i g u r e 4.1 w i l l i n d e e d 

r e p r e s e n t t h e r e p o s i t o r y . 

A c o m m o n l y u s e d r e l e a s e m o d e of r a d i o n u c l i d e s f r o m t h e 

r e p o s i t o r y is t h e so c a l l e d d e c a y i n g b a n d r e l e a s e . T h i s m o d e l 

s t a t e s t h a t e v e r y n u c l i d e is r e l e a s e d w i t h t h e s a m e c o n s t a n t 



r e l e a s e r a t e d u r i n g a p e r i o d c a l l e d l e a c h t i m e T (yr) . 

M a t h e m a t i c a l l y t h i s r e l e a s e m o d e is e x p r e s s e d by t h e f o l l o w i n g 

(HI) 

i 
G,U) = I B. . e x p ( - X . t ) [h (t)-h (t-T)] (4.2.24) 

j=l 1 3 1 

w h e r e B A j a r e the B a t e m a n c o e f f i c i e n t s . T h e i n i t i a l 

c o n c e n t r a t i o n N ? is g i v e n b y t h e f o l l o w i n g e x p r e s s i o n 

( H i , s e c t i o n 3.2) 

0 m ° 
N = ( 4 . 2 . 2 4 a ) 

1 QT 

h e r e M A is the t o t a l a c t i v i t y of the i-th n u c l i d e w h e n the 

l e a c h i n g s t a r t e d , Q is the t o t a l g r o u n d w a t e r f l o w r a t e in the 
3 

a q u i f e r t h r o u g h t h e w a s t e (m / y r ) and T is the l e a c h t i m e (yr) . 

In t h i s p r e s e n t w o r k w e a d o p t e d t h e a b o v e m o d e l and t h e s o l u t i o n 

Eq. ( 4 . 2 . 1 7 ) is r e w r i t t e n a f t e r s u b s t i t u t i n g E q . (4.2.24) and 

e v a l u a t i n g t h e c o n v o l u t i o n i n t e g r a l 

0 
N. ( o,t) = N . e x p ( - X . K . 0) [ I B e x p (-X , (t-K . 0 ) ) ] f h (t-K. a) -h ( t - T - K . 

1 1 1 1 1 • 1 ii 1 1 J 1 1 1 

+ V z Z 1 Q ^ B ( e x p [ - A ( t ^ O - H o ] [hft-I^a)-
j = l m = j r̂ j k - 1 

r*m (4.2.26) 

- e x p ( - T " - A " ) ) h ( t - K M 0) - e x p [ - X K t ~ ( X M - X K ) 0] [h ( t - " a ) -

-h (t-T-K 0)] ) 
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w h e r e the n e w c o e f f i c i e n t is d e f i n e d by 

i - 1 

' r m \ V \ V À r K r * w H tVq W"VVXL-,»r>+ r• r J 
q * r # m 

( 4 . 2 . 2 7 ) 

A n i m p o r t a n t f e a t u r e of t h i s l a t e r f o r m of t h e s o l u t i o n is 

t h a t it a l l o w s t h e p o s s i b i l i t y of t w o or m o r e n u c l i d e s in t h e 

s a m e c h a i n to h a v e t h e s a m e r e t a r d a t i o n c o e f f i c i e n t v a l u e . T h e 

s i n g u l a r i t y c a u s e d by e q u a l v a l u e s t h a t t h e p r e v i o u s s o l u t i o n 

c o n t a i n e d is t h u s r e m o v e d . 

If the b o u n d a r y c o n d i t i o n a l o n g e v e r y p o i n t on t h e s o u r c e 

l i n e S h a s t h e s a m e v a l u e , t h i s w i l l c a u s e t h e c o n c e n t r a t i o n a l o n g 

a l i n e of c o n s t a n t w a t e r t r a v e l t i m e ( i s o c h r o n o u s l i n e s ) to be 

a l s o c o n s t a n t (see E q . ( 4 . 2 . 2 6 ) ) . H e n c e , t h e i s o c h r o n o u s l i n e s and 

the i s o - c o n c e n t r a t i o n l i n e s c o i n c i d e w i t h e a c h o t h e r a l t h o u g h 

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

T h e r e f o r e , t o c o m p l e t e l y d e s c r i b e t h e c o n c e n t r a t i o n h i s t o r y 

o n e m u s t o b t a i n t h e g r o u n d w a t e r f l o w n e t ( i . e . t h e s t r e a m l i n e s of 

t h e f l o w ) and h o w e ( x , y ) v a r i e s a l o n g e a c h s t r e a m l i n e . W h e n 

o (x,y) is s u b s t i t u t e d i n t o E q . ( 4 . 2 . 2 6 ) , i t w i l l y i e l d t h e 

c o n c e n t r a t i o n of t h e i-th m e m b e r in t h e g r o u n d w a t e r . 

In t h e n e x t S e c t i o n 4.3 a s u p e r p o s i t i o n of an a r b i t r a r y 

n u m b e r of p o i n t s i n k s a n d p o i n t s o u r c e s is u s e d to r e p r e s e n t s o m e 
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c o m p l e x g r o u n d w a t e r f l o w s . A n a n a l y t i c a l e x p r e s s i o n for t h e 

P o t e n t i o m e t r i e s u r f a c e is d e r i v e d and w e s h o w h o w to d e t e r m i n e 

the s t r e a m l i n e s , t h e w a t e r t r a v e l t i m e f u n c t i o n and t h e 

r a d i o n u c l i d e c o n c e n t r a t i o n s . In S e c t i o n 4.4 ,a set of ( s c a t t e r e d ) 

P o t e n t i o m e t r i e f i e l d d a t a for a g r o u n d w a t e r a q u i f e r is u s e d to 

c o n s t r u c t t h e P o t e n t i o m e t r i e s u r f a c e . T h i s is d o n e by f i t t i n g 

the d a t a w i t h a m i n i m a l t o t a l c u r v a t u r e s p l i n e s u r f a c e . 
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4.3.1 T h e a n a l y t i c a l s o l u t i o n for a p o i n t s i n k - p o i n t 

s o u r c e f l o w f i e l d 

B e f o r e s t u d y i n g t h e g e n e r a l c a s e of an a r b i t r a r y n u m b e r of 

p o i n t s i n k s and s o u r c e s , let us f i r s t c o n s i d e r an i n j e c t i o n w e l l 

and a p u m p i n g w e l l l o c a t e d at a d i s t a n c e 2a a p a r t in an i n f i n i t e 

h o m o g e n e o u s i s o t r o p i c m e d i u m . T h e h y d r a u l i c h e a d is g i v e n by the 

e x p r e s s i o n ( P I , S e c t i o n 5.4) 

q • (x-al - y -
(x,y) = In ( 4 - 3 - 1 ) 

k e D r . 2 T ! . (x + a ) 2 - y' 
0 

3 

W h e r e Q is t h e v o l u m e t r i c f l o w r a t e (m / y r ) of e i t h e r t h e 

s o u r c e or t h e s i n k . DQ is t h e a q u i f e r t h i c k n e s s (m) and e is t h e 

p o r o s i t y of t h e g e o l o g i c m e d i a . H e r e t h e h y d r a u l i c c o n d u c t i v i t y 

k (m/yr) is t a k e n as b e i n g c o n s t a n t . T h e c o r r e s p o n d i n g s t r e a m 

f u n c t i o n is g i v e n by the f o l l o w i n g r e l a t i o n s h i p 

4.3 T w o - D i m e n s i o n a l G r o u n d w a t e r F l o w s R e p r e s e n t e d by an 

A n a l y t i c a l E x p r e s s i o n 

M a n y g r o u n d w a t e r f l o w s c a n be a d e q u a t e l y s i m u l a t e d by t h e 

s u p e r p o s i t i o n of an a r b i t r a r y n u m b e r of p o i n t s i n k s and p o i n t 

s o u r c e s in an u n i f o r m f l o w . In a d d i t i o n , w h e n s u c h an a n a l y t i c a l 

p o t e n t i a l f u n c t i o n is s u p e r i m p o s e d o n t o t h e p o t e n t i o m e t r i e 

s u r f a c e of an a c t u a l a q u i f e r (see n e x t S e c t i o n 4.4) o n e c a n 

a n a l y z e the e f f e c t s of i n j e c t i o n a n d / o r p u m p i n g w e l l s . 



Q y y 
f ( x , y ) = a r c t a n ( — ) - a r c t a n ( ) (4.3.2) 

GDQ2TT x-a x+a 

T o o b t a i n t h e w a t e r t r a v e l t i m e f u n c t i o n for t h i s f l o w 

f i e l d o n e s u b s t i t u t e s E q . (4.3.1) i n t o E q . (A.2 . 1 0 ) . O n e t h e n 

i n t e g r a t e s t h e r e s u l t a n t e x p r e s s i o n a l o n g a s t r e a m l i n e (i.e. 

h o l d i n g V c o n s t a n t ) s t a r t i n g f r o m a c u r v e of c o n s t a n t p o t e n t i a l 

on w h i c h o n e a s s u m e s t h e s o u r c e to be l o c a t e d , u p to a l i n e of 

c o n s t a n t p o t e n t i a l * d o w n s t r e a m . A l o n g t h e i n i t i a l c o n s t a n t 

p o t e n t i a l l i n e <> , o=0. In t h e p r e v i o u s r e p o r t ( C h a m b r e , PI) t h i s 

i n t e g r a t i o n w a s p e r f o r m e d and the r e s u l t a n t e x p r e s s i o n is 

a 2 E D n 2 T r 1 sinh<J> 2c _ A 1-c x <J> 
o ( x , y ) = (— - - , t a n " | ( ) t a n h (-) | } 2 

(1-c 2) c + c o s h * ( l - c 2 ) A 1 + c 2 * 
i 

(4.3.3) 
w h e r e o e D 0 2 r r / Q ; <t>2 - 4 > eD 0 2 t t / Q 

if c = c o s ( A e D 0 2 T r / Q ) = ±1 and (4.3.4) 

E a 2 D q 2 7 T 1 1 3 f> 
o ( x , y ) = {-tanh (x/2) t a n h (x/2) } 2 

Q 2 6 • , (4.3.5) 

if c * ±1 

L e t us f i r s t d e f i n e t h e d i m e n s i o n l e s s h y d r a u l i c h e a d * by 

the f o l l o w i n g 

* = * k D 0 e 2 7 r / Q (4.3.5a) 

and t h e d i m e n s i o n l e s s s t r e a m f u n c t i o n by 



Y = A D _ e 2 i r / Q (4.3.5b) 

and f i n a l l y , the d i m e n s i o n l e s s w a t e r t r a v e l t i m e f u n c t i o n by 

I = o Q / a 2 e D 0 2 î r (4. 3.5c) 

Eq. ( 4 . 3 . 5 a ) , E q . (4.3.5b) and Eq. ( 4 . 3 . 5 c ) are p l o t t e d in 

F i g u r e 4 . 2 . T h e s t r e a m l i n e s are c i r c u l a r s e g m e n t s c e n t e r e d a l o n g 

t h e d i m e n s i o n l e s s o r d i n a t e a x i s (y/a) and t h e p o t e n t i a l l i n e s are 

c i r c l e s w i t h c e n t e r s o n t h e d i m e n s i o n l e s s a b a i s s a s ( x / a ) . T h e 

l i n e s of c o n s t a n t w a t e r t r a v e l t i m e a r e s h o w n by t h e d o t t e d 

c u r v e s . 

To e v a l u a t e t h e c o n c e n t r a t i o n of a g i v e n m e m b e r of a 

r a d i o a c t i v e c h a i n at a g i v e n t i m e t a f t e r t h e l e a c h i n g s t a r t e d 

o n e s i m p l y s u b s t i t u t e s E q . (4.3.3) or Eq. (4.3.5) i n t o t h e g e n e r a l 

n o n - r e c u r s i v e s o l u t i o n E q . ( 4 . 2 . 2 6 ) . C l e a r l y , t h e i s o c h r o n o u s 

l i n e s w i l l a l s o b e t h e i s o - c o n c e n t r a t i o n l i n e s . T h i s c o m p l e t e l y 

a n a l y t i c a l s o l u t i o n w i l l be u s e d as a b e n c h m a r k e x a m p l e for 

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

u s e d in n e x t S e c t i o n 4.3.2 w h e r e c o m p l e t e l y a n a l y t i c a l s o l u t i o n s 

a r e d i f f i c u l t t o o b t a i n . 

A p o i n t s i n k - p o i n t s o u r c e c o n f i g u r a t i o n c a n be u s e d in 

p r a c t i c e t o e x p e r i m e n t a l l y d e t e r m i n e a q u i f e r p a r a m e t e r s l i k e t h e 

h y d r a u l i c c o n d u c t i v i t y k and r a d i o n u c l i d e m i g r a t i o n p a r a m e t e r s 
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F i g u r e 4.2 P o t e n t i a l l i n e s and s t r e a m l i n e s for t h e p o i n t s o u r c e 
and p o i n t s i n k f l o w . D o t t e d l i n e s i n d i c a t e i s o c h r o n o u s 
l i n e s (which a l s o a r e t h e i s o - c o n c e n t r a t i o n l i n e s ) . 



l i k e the r e t a r d a t i o n c o e f f i c i e n t . F o r t h i s i l l u s t r a t i o n , let 

us a s s u m e t h a t t h e h y d r o l o g i c a l p a r a m e t e r s a r e k n o w n and o n e is 

i n t e r e s t e d in e x p e r i m e n t a l l y d e t e r m i n e t h e r e t a r d a t i o n 

c o e f f i c i e n t of a n u c l i d e . 

In o r d e r to u s e t h e s o l u t i o n to t h e t w o - d i m e n s i o n a l n u c l i d e 

c o n c e n t r a t i o n E q . (4.2.26) o n e m u s t s i m u l a t e a d e c a y i n g b a n d 

r e l e a s e E q . (4.2.24) at the i n j e c t i o n w e l l (the p o i n t s o u r c e ) . 

T h i s is d o n e by p r e p a r i n g an i n i t i a l i n v e n t o r y (Ci) for e a c h 

m e m b e r of the c h a i n . T h e s e n u c l i d e s are i n j e c t e d at a r a t e M ? / T 
3 

i n t o the we 1 1 , o f v o l u m e t r i c f l o w r a t e Q (m / y r ) , d u r i n g a p e r i o d 

of t i m e T ( y r ) . F o r a c h o o s e n m e d i u m , t h e t r a n s m i s s i v i t y (i.e. 

the p r o d u c t k D A (m / y r ) is k n o w n . T h e r e t a r d a t i o n c o e f f i c i e n t s 

of the p r e c u r s o r s are a l s o a s s u m e d to be k n o w n . T h e p a r a m e t e r s Q 

and T a r e s e l e c t e d to p r o v i d e r e a s o n a b l e w a t e r t r a v e l t i m e s at 

the p u m p i n g w e l l (point s i n k ) so t h a t t h e a r r i v a l t i m e of the 

f i r s t n u c l i d e is n o t t o o l o n g . By m o n i t o r i n g t h e c o n c e n t r a t i o n 

h i s t o r y at the p u m p i n g w e l l and c o m p a r i n g w i t h t h e a n a l y t i c a l 

s o l u t i o n o n e can d e t e r m i n e t h e r e t a r d a t i o n c o e f f i c i e n t for t h e i¬ 

th m e m b e r of t h e c h a i n . 

F o r t h e p u r p o s e of t h i s i l l u s t r a t i o n , let us c o n s i d e r a 

g e o l o g i c m e d i u m w i t h t h e f o l l o w i n g p a r a m e t e r s : 0 A = 1 0 m e t e r s and 
3 

k = 5 m / y r , t h e i n j e c t i o n w e l l f l o w r a t e is 0 = 7 0 0 0 m /yr and the 

d u r a t i o n of t h e r e l e a s e is T = 0 . 3 y e a r s . F u r t h e r m o r e , o n e c u r i e 

of p u r e R a - 2 26 is r e l e a s e d at a c o n s t a n t r a t e of 1/0.3 C i / y r i n t o 

t h e i n j e c t e d w a t e r . T h e i n j e c t i o n w e 1 1 and t h e p u m p i n g w e l l are 
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f cd = K m a x ° m a x * T < 4 . 3 . 5 e ) 

w h e r e K m a x is t h e l a r g e s t r e t a r d a t i o n c o e f f i c i e n t of all n u c l i d e s 

in the c h a i n . if t h e n u c l i d e h a s no p r e c u r s o r s , K is its o w n ' ' m a x 

r e t a r d a t i o n c o e f f i c i e n t . a is t h e l o n g e s t of a l l w a t e r t r a v e l 
m a x 

t i m e to the p u m p i n g w e l l for any of t h e c o n t a m i n a t e d s t r e a m l i n e s . 

O n e c a n c o n c l u d e t h a t t h e d u r a t i o n of r e l e a s e w i l l be g i v e n 

by 

t, - t = K 0 - K . o . + T 
d a m a x m a x m m m i n 

(4.3.5f) 

s e p a r a t e d by a d i s t a n c e 2 a = 6 0 m e t e r s . 

T h e f i r s t n u c l i d e a r r i v e s at t h e p u m p i n g w e l l at a t i m e 

g i v e n by 

= K . o ( 4 . 3 . 5 d ) 
m x n m m 

w h e r e K . is t h e s m a l l e s t r e t a r d a t i o n c o e f f i c i e n t of a l l m m 

n u c l i d e s in t h e c h a i n , if t h e n u c l i d e h a s no p r e c u r s o r s , K . - i s 
m m A 

its o w n r e t a r d a t i o n c o e f f i c i e n t . a
m i n is t h e s m a l l e s t w a t e r 

t r a v e l t i m e to t h e p u m p i n g w e l l of all t h e c o n t a m i n a t e d 

s t r e a m l i n e s . 

T h e last n u c l i d e a r r i v e s at t h e p u m p i n g w e l l at a t i m e 

g i v e n by 



14 

T h e l i n e a r c h a r a c t e r of t h e a b o v e g o v e r n i n g e q u a t i o n for 

the g r o u n d w a t e r p o t e n t i a l a l l o w s o n e t o s u p e r i m p o s e d i f f e r e n t 

F i g u r e 4.2a and F i g u r e 4.2b s h o w t h e l o c a t i o n of the R a - 2 2 6 

c o n t a m i n a t e d r e g i o n (dotted a r e a ) for t w o d i f f e r e n t t i m e s a f t e r 

the e x p e r i m e n t s t a r t e d . F o r t h e s e f i g u r e s , t h e a s s u m e d 

r e t a r d a t i o n c o e f f i c i e n t is 1 0 . F i g u r e 4.2c s h o w s t h e R a - 2 2 6 

d i s c h a r g e r a t e h i s t o r y E q . (4.4.20) at t h e p u m p i n g w e l l for 

d i f f e r e n t v a l u e s of t h e r e t a r d a t i o n c o e f f i c i e n t . F i g u r e 4.2d 

s h o w t h e R a - 2 2 6 c u m u l a t i v e d i s c h a r g e h i s t o r y Eq. (4.4.21) at the 

p u m p i n g w e l l for t h e s a m e r e t a r d a t i o n c o e f f i c i e n t s of F i g u r e 

4.2c. By p l o t t i n g t h e a c t u a l m e a s u r e d R a - 2 2 6 c u m u l a t i v e 

d i s c h a r g e a n d / o r t h e d i s c h a r g e r a t e h i s t o r y on F i g u r e 4.2c a n d / o r 

F i g u r e 4.2d o n e c a n e x t r a p o l a t e an e x p e r i m e n t a l v a l u e for the R a -

226 r e t a r d a t i o n c o e f f i c i e n t in t h a t g e o l o g i c m e d i a . 

4.3.2 S u p e r p o s i t i o n of an a r b i t r a r y n u m b e r of p o i n t s i n k s 

and p o i n t s o u r c e s on an u n i f o r m f l o w f i e l d 

W h e n D a r c y ' s l a w E q . (4.2.3) w i t h c o n s t a n t h y d r a u l i c 

c o n d u c t i v i t y k is c o m b i n e d w i t h t h e c o n s e r v a t i o n of m a s s 

Eq. (4.2.2) t h e r e r e s u l t s 
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F i g u r e 4.2a R a - 2 2 6 c o n t a m i n a t e d r*»<fion a f t e r 0.5 y e a r s in t h e 
p o i n t s i n k and p o i n t s o u r c e e x p e r i m e n t w i t h an 
i n j e c t i o n a n a l e of (-V2 t o V 2 ) at t h e i n j e c t i o n 
p u m p . T h e f l o w r a t e is 7 0 0 0 m V y r . P o t e n t i a l s a r e in 
m e t e r s a b o v e M S L . 
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R A - 2 2 6 C O N T A M I N A T E D R E G I O N - P O I N T S I N K - S O U R C E 

A F T E R 1 . 0 0 E + 0 0 Y R S 

- 4 . O 0 C + 0 1 - 2 . O O E + 0 ) O . n o 2 . 0 0 E + 0 1 4 . 0 0 E 4 0 1 

X - C C 0 R D 1 N A T E ( M E T E R S ) 

F i g u r e 4,2b R a ~ 2 2 6 c o n t a m i n a t e d r e g i o n a f t e r 1 y e a r in t h e p o i n t 
s i n k and p o i n t s o u r c e e x p e r i m e n t w i t h an i n j e c t i o n 
a n g l e of (-V2.to T/2) at the i n j e c t i o n w e l l . T h e f l o w 
r a t e is 7 0 0 0 m / y r . P o t e n t i a l s a r e in m e t e r s a b o v e M S L . 
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10 1 0 to 
T I M E A T T E » L E A C H I N G S T A R T E D (YRS) 

F i g u r e 4.2c and 4 . 2 d R a - 2 2 6 w a t e r d i l u t i o n r a t e ( d i s c h a r g e r a t e / 
M P C ) and R a - 2 2 6 w a t e r d i l u t i o n v o l u m e ( c u m u l a t i v e 
d i s c h a r g e / M P C ) at t h e p u m p i n g w e l l for r e t a r d a t i o n 
c o e f f i c i e n t s of 1,10 and 1 0 0 . 



p o t e n t i a l f i e l d s to o b t a i n a c o m p o s i t e c o n f i g u r a t i o n . A s i n g l e 

p o i n t s o u r c e or p o i n t s i n k l o c a t e d at a p o s i t i o n (x A ,y_. ) p r o d u c e s 

a p o t e n t i a l f i e l d g i v e n by ( L 2 ) 

-Q 
t> (x,y) l n [ ( x - x . ) 2 + ( y - y . ) 2 ] ' 5 ( 4 . 3 . 7 ) 

3 

w h e r e Q_. is t h e v o l u m e t r i c f l o w r a t e (m / y r ) and w h e n Q.. > 0, 

E g . ( 4 . 3 . 7 ) r e p r e s e n t s the h y d r a u l i c h e a d of a p o i n t s o u r c e , w h i l e 

w h e n Q j < 0, it w i l l r e p r e s e n t t h e h y d r a u l i c h e a d of a p o i n t s i n k . 

T h e u n i f o r m f l o w in t h e x - d i r e c t i o n y i e l d s a h y d r a u l i c h e a d g i v e n 

b y 

J> (x,y) = - v , x A ( 4 . 3 . 8 ) 

S u p e r i m p o s i n g t h e h y d r a u l i c h e a d s d u e to N d i s t i n c t p o i n t 

s o u r c e s or p o i n t s i n k s w i t h an u n i f o r m f l o w w i l l g e n e r a t e t h e 

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

< M x , y ) =_ 
N 

- 1 -
Q • 

— 3 _ -In [ (x-x . ) + (y-y . ) " ] " 
j = l k e D 0 2 T T 

( 4 . 3 . 9 ) 

A (x,y) = - v T O y 
N Q . 
E I—[arctan ( 

y - y . 
*)] 

j=l eDQ27r x-xj 
( 4 . 3. 10) 

T h e v e l o c i t i e s in t h e x and y d i r e c t i o n s w i l l be 

v x 

k 

r e s p e c t i v e l y be g i v e n by 
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3c|> N 0. x-x . 
v = - k = v + E 2 — [ 1 ( 4 . 3 . 1 1 ) 

X 3x j=l eD 2tt ( x - x . ) 2 + ( y - y * ) 2 " 
0 J J 

3(f) N Q. y-y 
V.. = - k = I 3 [ 3 

3y j=l eD Q2iT (x-"x"7) A~ + (y-y j ) 2 ( 4 . 3 . 1 2 ) 

A l t h o u g h in the l a s t s e c t i o n it w a s p o s s i b l e to 

a n a l y t i c a l l y o b t a i n t h e w a t e r t r a v e l t i m e f u n c t i o n for t h e c a s e 

o f a s i n g l e p o i n t s i n k and a s i n g l e p o i n t s o u r c e , t h e i n t e g r a t i o n 

of E q . ( 4 . 2 . 1 0 ) , w h e n E q . (4.3.9) is u s e d i n s t e a d , b e c o m e s 

d i f f i c u l t to be p e r f o r m e d a n a l y t i c a l l y . W e w i l l r e s o r t to t h e 

u s e of t h e m e t h o d of c h a r a c t e r i s t i c s in c o n j u n c t i o n w i t h a R u n g e -

K u t t a n u m e r i c a l i n t e g r a t i o n s c h e m e t o o b t a i n the w a t e r t r a v e l 

t i m e f u n c t i o n . F i r s t r e c a l l t h e p a r a l l e l i s m c o n d i t i o n b e t w e e n 

the p o t e n t i a l l i n e s and t h e i s o c h r o n o u s l i n e s , E q . (4.2.12) 

3(6» 3 o 3(f» 3 o 
(k ) + (k ) = -1 ; d" = 0 (4.3.13) 

3x 3x 3y 3y 

w h i c h is a f i r s t o r d e r p a r t i a l d i f f e r e n t i a l e q u a t i o n ( h y p e r b o l i c 

e q u a t i o n ) for t h e v a r i a b l e o, s i n c e t h e p a r t i a l d e r i v a t i v e s of 

the h y d r a u l i c h e a d m u l t i p l i e d by t h e c o n s t a n t h y d r a u l i c 

c o n d u c t i v i t y k are k n o w n (Eq. (4.3.11.) and (4.3.12) ) . T h e m e t h o d 

of c h a r a c t e r i s t i c s c o n s i s t s in d e t e r m i n i n g a d i r e c t i o n at e a c h 

p o i n t of t h e (x,y) p l a n e a l o n g w h i c h t h e i n t e g r a t i o n of 

E q . (4.3.13) t r a n s f o r m s to an i n t e g r a t i o n p r o b l e m of an o r d i n a r y 

d i f f e r e n t i a l e q u a t i o n (CI) . 
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dx + — d y 
3x 8y 

(4.3.13a) 

E l i m i n a t i n g the p a r t i a l d e r i v a t i v e of w i t h r e s p e c t to x 

f r o m E q . ( 4 . 3 . 1 3 ) and ( 4 . 3 . 1 3 a ) r e s u l t s 

8 c 
(v do + d x ) + (v dx - v d y ) = 0 

x y x
 3 y 

8 a 
T h i s e q u a t i o n is i n d e p e n d e n t of 

( 4 . 3 . 1 3 b ) 

b e c a u s e and v a r e 
8 a 9 o Y 

f u n c t i o n s of x,y o n l y and do n o t d e p e n d on , yy- . T h e 
9 o 

e q u a t i o n c a n a l s o b e m a d e i n d e p e n d e n t of b y c h o o s i n g p o i n t s 

on a c u r v e C in s u c h a w a y t h a t t h e f o l l o w i n g r e l a t i o n s h i p is 

s a t i s f i e d 

v dx - v dy = 0 
y x

 J 

( 4 . 3 . 1 3 c ) 

W i t h t h i s c h o i c e E q . ( 4 . 3 . 1 3 b ) y i e l d s 

d 0 

v d o + dx = 0 ( 4 . 3 . 1 3 d ) 
x 

E q . ( 4 . 3 . 1 3 c ) is a d i f f e r e n t i a l e q u a t i o n for t h e c u r v e C 

w h i c h is c a l l e d t h e c h a r a c t e r i s t i c e q u a t i o n of t h e p a r t i a l 

d i f f e r e n t i a l e q u a t i o n E q . (4.3.13) and E q . ( 4 . 3 . 1 3 d ) is an o r d i n a r y 

d i f f e r e n t i a l e q u a t i o n for t h e s o l u t i o n a a l o n g t h e c u r v e C. T h e 

s o l u t i o n of t h e p a r t i a l d i f f e r e n t i a l e q u a t i o n for o, E q . (4.3.13) 

C o n s i d e r f i r s t t h e d e f i n i t i o n of t o t a l d e r i v a t i v e of t h e 

w a t e r t r a v e l t i m e f u n c t i o n 



c a n t h u s be o b t a i n e d b y t h e s i m u l t a n e o u s s o l u t i o n of t w o o r d i n a r y 

d i f f e r e n t i a l e q u a t i o n s . T h e s e e q u a t i o n s c a n be r e s t a t e d as 

f o l l o w s 

dx dy d o 
= = ( 4 . 3 . 1 4 ) 

V V - 1 
x y 

T h e s i m u l t a n e o u s i n t e g r a t i o n of Eq. ( 4 . 3 . 1 3 c ) and 

Eq. ( 4 . 3 . 1 3 d ) s t a r t i n g f r o m a p o i n t (x* , y Q ) on t h e i n i t i a l s o u r c e 

l i n e S up to a p o i n t (x,y) d o w n s t r e a m w i l l y i e l d t h e v a l u e of t h e 

w a t e r t r a v e l t i m e at t h a t p o i n t ( x , y ) . T h e p a r t i a l d e r i v a t i v e s 

of t h e p o t e n t i a l f u n c t i o n b e i n g g i v e n by E q . ( 4 . 3 . 1 1 ) and 

E q . ( 4 . 3 . 1 2 ) , t h e a b o v e i n t e g r a t i o n c a n be c a r r i e d o u t by u s i n g 

the R u n g e - K u t t a i n t e g r a t i o n m e t h o d . 

Let us f i r s t d e m o n s t r a t e t h a t t h e c h a r a c t e r i s t i c s of the 

a b o v e d i f f e r e n t i a l e q u a t i o n E q . f 4 . 3 . 1 3 ) c o i n c i d e w i t h the 

s t r e a m l i n e s of t h e f l o w . A l o n g a s t r e a m l i n e w h e r e d* - 0 , and by 

u s i n g the d e f i n i t i o n of t o t a l d e r i v a t i v e s o n e h a s 

3t|/ 3i]E> 
di[- = dx + dy = 0 (4.3.16) 

3x 3y 

By u s i n g t h e r e l a t i o n s h i p s E q . (4.2.8) and E q . (4.2.9) w h i c h 

d e f i n e the s t r e a m l i n e s o n e h a s 

3<f> 3 J 
dx + dy = 0 ( 4 . 3 . 1 7 ) 

3x 3y 

w h i c h y i e l d s 
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dx dy 
( 4 . 3 . 1 7 a ) 

v V 
x 

T h e r e f o r e , E q . (4.3.17) d e f i n e s a s t r e a m l i n e and it h a s the 

s a m e f o r m as the c h a r a c t e r i s t i c e q u a t i o n for t h e w a t e r t r a v e l 

t i m e f u n c t i o n E q . ( 4 . 3 . 1 3 c ) . T h i s r e s u l t w i l l b e of p r a c t i c a l 

i m p o r t a n c e for us s i n c e b o t h the w a t e r t r a v e l t i m e f u n c t i o n and 

t h e r a d i o n u c l i d e c o n c e n t r a t i o n b e i n g e v a l u a t e d a l o n g t h e s a m e 

c u r v e s f a c i l i t a t e s t h e c a l c u l a t i o n s . 

O n e c h o o s e s a l o n g the s o u r c e l i n e S a g i v e n p o i n t ( x A , y q ) 

w h e r e o ( x 0 / Y g ) ' 0 » A f t e r d e f i n i n g a n e w a b c i s s a x * x * + n A x o n e 

i n t e g r a t e s E q . ( 4 . 3 . 1 4 ) f r o m x. to x to o b t a i n t h e n e w o r d i n a t e 
0 n 

y n c o r r e s p o n d i n g t o t h e p o s i t i o n ( x n , Y n ) a l o n g t h e s t r e a m l i n e 

w h i c h p a s s e s t h r o u g h ( x Q , y * ) . S i m u l t a n e o u s i n t e g r a t i o n o f 

Eq. ( 4 . 3 . 1 5 ) w i l l y i e l d t h e v a l u e of c(x ,y ) . S u b s t i t u t i o n of 
n n 

t h i s a(x ,yn ) i n t o t h e s o l u t i o n for t h e r a d i o n u c l i d e 
c o n c e n t r a t i o n E q . (4.2.26) w i l l y i e l d N . ( x , y „ » t ) on t h a t 

i n n 

s t r e a m l i n e . T h i s c a n be r e p e a t e d for a n y a r b i t r a r y n u m b e r of 

p o i n t s (y-n,Yr) on t h a t s a m e s t r e a m l i n e by c h o o s i n g a d e q u a t e 

v a l u e s for A x and n. O n c e t h a t s t r e a m l i n e h a s b e e n a n a l y z e d o n e 

can s t a r t f r o m a n o t h e r p o i n t x . , y „ ) on t h e s o u r c e l i n e S and 
0 u 

r e p e a t t h i s p r o c e d u r e for t h i s n e w s t r e a m l i n e . By s t a r t i n g f r o m 

e n o u g h p o i n t s a l o n g t h e s o u r c e l i n e o n e c a n c o v e r t h e e n t i r e 

" s h a d o w r e g i o n " . 

T o a s s e s s the a c c u r a c y of t h i s m e t h o d w e u s e it to s o l v e 
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the p a i r p o i n t s o u r c e and p o i n t s i n k p r o b l e m and w e c o m p a r e d t h e 

s o l u t i o n to t h e e x a c t s o l u t i o n p r e s e n t e d in t h e l a s t s e c t i o n 

Eq. ( 4 . 3 . 3 ) . T h e d i f f e r e n c e b e t w e e n t h e e x a c t s o l u t i o n for t h e 

w a t e r t r a v e l t i m e a n d t h e a p p r o x i m a t e s o l u t i o n is e x p r e s s e d in 

t e r m s of p e r c e n t e r r o r d e f i n e d as 

e ( % ) = * " e x a c t a p p r o x i m a t e A ( 4 . 3 . 1 8 ) 
a 
e x a c t 

T a b l e 4.la s h o w the r e s u l t of t h e c a l c u l a t i o n s for the 

d i f f e r e n t s t r e a m l i n e s s h o w n in F i g u r e 4 . 2 , c h a r a c t e r i z e d by t h e 

a n g l e of the i n i t i a l p o i n t on t h e s o u r c e l i n e . S i n c e t h e s y s t e m 

is s y m m e t r i c w i t h r e s p e c t to t h e x a x i s , o n l y t h e r e s u l t s for 

h a l f of t h e s t r e a m l i n e s are r e p o r t e d . T h e f i r s t c o l u m n is the 

d i m e n s i o n l e s s x c o o r d i n a t e (x/a) and t h e s e c o n d c o l u m n is t h e 

c o r r e s p o n d i n g d i m e n s i o n l e s s y c o o r d i n a t e (y/a) for t h a t 

s t r e a m l i n e . T h e t h i r d c o l u m n is the d i m e n s i o n l e s s h y d r a u l i c h e a d 

as d e f i n e d in E q . ( 4 . 3 . 5 a ) , t h e f o u r t h c o l u m n is the d i m e n s i o n l e s s 

s t r e a m f u n c t i o n Eq. ( 4 . 3 . 5 b ) and as o n e e x p e c t e d it is c o n s t a n t 

a l o n g t h i s s t r e a m l i n e . T h e f i f t h and s i x t h c o l u m n are t h e e x a c t 

a n d a p p r o x i m a t e v a l u e s of t h e d i m e n s i o n l e s s w a t e r t r a v e l t i m e 

f u n c t i o n as d e f i n e d by E q . ( 4 . 3 . 5 c ) , r e s p e c t i v e l y . F i n a l l y , t h e 

last c o l u m n is t h e p e r c e n t e r r o r E q . ( 4 . 3 . 1 8 ) and o n e can see t h a t 

the a g r e e m e n t is q u i t e c o m p l e t e . 



S t r e a m l i n e s c o o r d i n a t e s for t h e p o i n t s i n k and p o i n t s o u r c e f l o w w i t h t h e 
c o r r e s p o n d i n g v a l u e s of the d i m e n s i o n l e s s p o t e n t i a l s , s t r e a m f u n c t i o n s , w a t e r 
t r a v e l t i m e s and t h e e r r o r p e r c e n t a g e of the s e m i a n a l y t i c a l w a t e r t r a v e l 
t i m e c a l c u l a t i o n s . 

C H A R A C T E R I S 
X - C C O R D I N 
- 9 . 0 O 0 E - 0 1 
- 8 . 0 0 0 E - 0 1 
- 7 . C C 0 E - C 1 
- 6 . G 0 0 E - 0 1 
-5 .0 CO E-0 1 
-4 . CCOE-OL 
- 3 . 0 C 0 E - C 1 
-2 .003 E-3 1 
- 9 . 9 A 9 E ~ 0 2 
7 . 9 6 3 B - 0 6 
1 .0C0E-01 
2 . 0 0 0 E - 0 1 
3 . 0 0 0 E - C I 

C G O E - 0 1 
5. O C O E - 0 1 
b .OCOE-0 1 
7 . C C 0 F - 0 1 
8 . C 0 0 E - 0 1 
9 . O C O E - 0 1 
1.CCOE+CO 

IC N O . 1 Rl 
Y - C U C R D IN 
- 4. 4 0 1 E - 0 1 
- 6 . 0 4 2 E - 3 1 

~ - 7 . 1 3 4 E - 0 1 
- 8. C 4 2 E - C 1 
-8 . 7 0 2 E - J 1 
- 9.2 07 E-Cl 
- 9. 5 8 2E - C 1 
-9 . e 4 3 E - 3 1 
- 9. 9 92 E-01 
- 1 . C C 4 E + C 0 
-9 .992 E-0 1 
- 9 . P 4 G E - G 1 
-9 .5 8 2 E - J i 
-9 .207 E-31 
- 8. 7 02E-C1 
-8 . 0 4 2 E - 0 1 
-7 .1 8 4 E -0 1 
- 6 . 0 4 2 E - 0 1 
- 4 . 4 H E - 0 1 
-5 . S 0 1 E - C 3 

SI T O R Y A N 3 L 
P O T E N T IAL 
1 . 4 6 3 E + 0 0 
1. 3 93E+ 03 
8.6 3 2 F - 0 1 
6 . 9 0 0 E - 0 L 
5 . 4 6 9 E - 0 1 
4 .2 IB E-01 
3. C 8 2 E - C 1 
2 .019 E- 01 
9.990E-02 

- 7.9 3 C E - 06 
-9 . 9 9 2 E - G 2 
-2 .019E-01 
- 3.082E- 01 
-4 .2 18E-0 1 
-5 . 46 9 E - 0 T 
- 6. 9 C O E - 0 1 
-6 .6 3 2 E - 0 I 
- 1. 093E + CO 
- 1.464E + 00 
-5. .8 78 E + 00 

= - 9 . CCE+ 01 
S T R E A M F U N . 
-1 . 5 7 5 E + 0 0 
- 1. 575E + 03 
" - 1 . 5 7 5 E + 0 0 " 
-1 . 5 7 5 E + 0 0 
- 1. 5 7 5E + 03 
-1 . 5 7 5 E + 0 0 
-1 . 5 7 5 E + 0 3 
- 1 . 5 7 5 E + 3 0 
-1 . 5 7 5 E + 0 0 
- 1. 5 75 E + 00 
- 1 . 5 7 5 E + C0 
-1 . 5 7 5 E+30 
- 1. 5 7 5 E + 03 
- 1 . 5 7 5 E + 0 0 
- 1 . 5 7 5 E + 0 0 " 
- 1. 575E-+Q3 
- 1 .5 75E + C0 
-1 . 5 75 t + 0 0 
- 1. 575E +00 
4 .7 08 E+0 0 

E X A C T T I M E 
1 . 0 1 9 E - 0 1 
2. 02 7E-01 

" " 3 . C 3 3 e - 0 1 
4 .039 E-0 1 
5 . 3 4 4 E - 0 1 
6 . 0 4 9 E - 0 1 
7 . 053 E-01 
8 . G 5 8 E - 0 1 
9 .0 6 2 E - 0 1 
1 . 3 0 7 E + 3 0 
1. 10 7E + 0 0 
1 . 2 0 7 E + 0 0 
1 . 3 08E + 00 
1 . 4 C 8 E + 0 0 
1 .509 E+00 ~ 
1 . 6 0 9 E + 0 0 
1 . 7 1 0 E + 0 0 
1.811 E+00 
1 . 9 1 1 E + 0 3 
2 .0 1 3 E + 0 0 

A P R Q X T I M E 

1 . 0 1 9 E - 0 1 
2 . 3 2 7 E - 3 1 
3. 0 3 3 E - O 1 
4.03'> E-0 1 
5 . 0 4 4 E - 0 1 
6. 0 4 9 E - 0 1 
7 .0 5 3 8 - 0 1 
8 . C 5 3 E - C 1 
9 . 0 6 2 E - 0 1 
1 .007 E+0 0 
1. IC7E +00 
1 . 2 0 7 E + 0 0 
1 .3 08 E + DD 
I. 408E + 00 
1.509 E + 0 0 
1 . 5 3 9 E + 3 0 
1. 7 10E + 00 
1 .8 1 1 E + 0 0 
1.9L1E+33 
2 . 013E + 0 0 

E R R O R P E R C N T 
7 . 59 6 E - 05 
7 , 4 4 2 E - 0 5 
5 . 0 9 6 E - 0 5 
3 . 8 4 2 E - 05 
3 . 0 8 0 E - 0 5 
2 . 5 6 9 E - 05 
2 . 2 0 4 E - 0 5 
I . 9 2 9 E - C 5 
1 . 7 1 6 E - 05 
1 .54 5 E-05 
1 . 4 Q 5 E - 0 5 
1 . 2 9 0 E - 05 
1 . 1 9 2 E - 3 5 
1 . 1 1 0 E - 0 5 
1 . 0 4 4 E - G 5 
1 . 0 3 2 E - 3 5 
1 . 0 3 2 E - 0 5 
1 . 5 6 5 E - 0 5 
1 . 4 4 1 E - C 4 
9. 1 0 2 E - 0 4 
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4.4 A q u i f e r s P o t e n t i o m e t r i e S u r f a c e s R e p r e s e n t e d by-

I n t e r p o l a t i o n of F i e l d - M e a s u r e d P i e z o m e t r i c D a t a 

4.4.1 I n t r o d u c t i o n 

H y d r o g e o l o g i c a l s t u d i e s of a p r o p o s e d s i t e for a h i g h l e v e l 

w a s t e r e p o s i t o r y u s u a l l y p r o v i d e an a p p r o x i m a t e d e s c r i p t i o n of 

t h e a q u i f e r g e o m e t r y w i t h g e o l o g i c m a p s and s o m e d i s t r i b u t e d 

p i e z o m e t r i c h e a d o b s e r v a t i o n s c o l l e c t e d d u r i n g f i e l d t e s t s 

a c c u m u l a t e d o v e r the p a s t . In a d d i t i o n , l i m i t e d d a t a on 

h y d r a u l i c c o n d u c t i v i t i e s a r e a l s o s u p p l i e d . 

T h e m o s t c o m m o n u t i l i z a t i o n of t h e s e d a t a in t h e 

d e t e r m i n a t i o n of the p o t e n t i o m e t r i e s u r f a c e of t h e a q u i f e r as 

w e l l as its p a r a m e t e r s is the so c a l l e d " m o d e l c a l i b r a t i o n " 

( L 3 , N 3 ) . T h i s is d o n e by s o l v i n g t h e g r o u n d w a t e r m a s s 

c o n s e r v a t i o n e q u a t i o n E q . ( 4 . 4 . 1 ) s u b j e c t to s u i t a b l e b o u n d a r y 

c o n d i t i o n s and s o m e i n i t i a l g u e s s e s for t h e a q u i f e r p a r a m e t e r s . 

T h e r e s u l t a n t s o l u t i o n * ( x , y ) is t h e n c o m p a r e d to t h e f i e l d 

d a t a . By u s i n g a s s u m e d w e i g h t i n g f u n c t i o n s n e w g u e s s e s for t h e 

a q u i f e r p a r a m e t e r s a r e o b t a i n e d . T h i s p r o c e d u r e is r e p e a t e d 

u n t i l a s a t i s f a c t o r y a g r e e m e n t is o b t a i n e d b e t w e e n t h e c a l c u l a t e d 

and m e a s u r e d p o t e n t i a l f u n c t i o n . T h e g o v e r n i n g e q u a t i o n in t h e 

a b s e n c e of s o u r c e s a n d s i n k s is 

3 3 4» 3 34) 
— { k } + — { k 1 — } = 0 (4.4.1) 
3x 3x 3y 3y 
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= 4 
(4.4.2) 

n 

T h e a b o v e m e t h o d p r e s e n t s s o m e d i s a d v a n t a g e s i n c e 

u n i q u e n e s s c a n n o t h e g u a r a n t e e d b e c a u s e i n f i n i t e n u m b e r of 

c o m b i n a t i o n s of h y d r a u l i c h e a d a n d h y d r a u l i c c o n d u c t i v i t y can be 

solutions t o Eq.(4.4.1) and local p a r a m e t e r s v a l u e s c a n b e 

c a l c u l a t e d by t r a d i t i o n a l m e t h o d s o n l y u n d e r t h e a s s u m p t i o n of 

h o m o g e n e i t y { e . g . p u m p i n g t e s t s b a s e d on t h e T h e i s e q u a t i o n 

(Fl)). T h e s e m e a s u r e d p a r a m e t e r s w i l l o n l y r e p r e s e n t l o c a l 

b e h a v i o r of t h e a q u i f e r f a i l i n g to r e p r e s e n t t h e i n h o m o g e n e o u s 

c h a r a c t e r of t h e a q u i f e r on a r e g i o n a l s c a l e (S3) . 

4.4.2 D e t e r m i n a t i o n of the p o t e n t i o m e t r i c s u r f a c e 

In o u r p r e s e n t s t u d y w e u s e t h e m e a s u r e d p i e z o m e t r i c d a t a 

to fit a p o t e n t i a l f u n c t i o n . O n c e the p o t e n t i a l f u n c t i o n is 

d e t e r m i n e d o n e c a n s o l v e Eq. (4.4.1) for t h e h y d r a u l i c 

c o n d u c t i v i t y k. T h i s p r o b l e m is k n o w n as t h e " i n v e r s e p r o b l e m " 

(Fl) . 

T h e p r o b l e m of i n t e r p o l a t i n g a s m o o t h t w o d i m e n s i o n a l 

f u n c t i o n to a f i n i t e n u m b e r of d a t a p o i n t s w a s t r e a t e d by B r i g g s 

( B l ) . He o p t i m i z e s a t h i r d o r d e r s p l i n e fit in t w o d i m e n s i o n s by 

m i n i m i z i n g t h e t o t a l c u r v a t u r e (also c a l l e d t h e G a u s s c u r v a t u r e ) 

of t h e f u n c t i o n . It is s h o w n (Bl) t h a t t h i s c o n d i t i o n r e q u i r e s 

t h e d e s i r e d f u n c t i o n t o s a t i s f y t h e f o l l o w i n g b i h a r m o n i c e q u a t i o n 
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H e r e $ a r e g i v e n p i e z o m e t r i c d a t a p o i n t s at t h e d i s c r e t e 

p o i n t s (x ,y ) , n = l , 2 , . . . . M . E q . (4.4.2) is t h e e q u a t i o n w h i c h 
IT 

d e s c r i b e s the d i s p l a c e m e n t of a t h i n e l a s t i c s h e e t in t w o 

dimensions under the influence of point forces. The desired 
f u n c t i o n m u s t s a t i s f y c o n s t r a i n i n g v a l u e s 4> w i t h i n the r e g i o n 

n 
of i n t e r e s t . N u m e r i c a l s o l u t i o n to E q . (4.4.2) w h e n w r i t t e n as a 

set of a l g e b r a i c e q u a t i o n by e x p r e s s i n g t h e d e r i v a t i v e s w i t h 

f i n i t e d i f f e r e n c e s y i e l d s t h e d e s i r e d f u n c t i o n <g> (x,y) . T h i s 

m e t h o d h a s b e e n p r o g r a m e d i n t o t h e S u r f a c e G r i d d i n g L i b r a r y (SGL) 

and i m p l e m e n t e d at the L B L c o m p u t e r c e n t e r (S2) . 

T h e r e f o r e , by s p e c i f y i n g a g i v e n n u m b e r of v a l u e s for t h e 

p o t e n t i a l f u n c t i o n at d i f f e r e n t p o i n t s i n s i d e t h e r e g i o n of 

i n t e r e s t o n e can c o n s t r u c t t h e p o t e n t i o m e t r i e s u r f a c e by u s i n g 

the SGL c o m p u t e r p r o g r a m . O n c e t h e p o t e n t i a l f u n c t i o n is k n o w n , 

the n e x t s t e p is to s o l v e t h e i n v e r s e p r o b l e m , i.e. to d e t e r m i n e 

the h y d r a u l i c c o n d u c t i v i t y k. 

t 

4.4.3 S o l u t i o n to t h e i n v e r s e p r o b l e m 

D i f f e r e n t s o l u t i o n s h a v e b e e n p r o p o s e d to the i n v e r s e 

p r o b l e m . A m o n g t h o s e , E m s e l l e m and M a r s i l y (El) p r o p o s e a 

m o d i f i e d f o r m of t h e C a u c h y * s p r o b l e m , F r i n d and P i n d e r (F2) 

p r o p o s e a G a l e r k i n ' s s c h e m e s o l u t i o n , N e l s o n (N2) m a k e s u s e of 

the e n e r g y d i s s i p a t i o n m e t h o d w h i l e S a g a r (S3) s o l v e s 

a l g e b r a i c a l l y t h e f i n i t e d i f f e r e n c e f o r m of t h e E q . ( 4 . 4 . 1 ) . 
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T h e s e s o l u t i o n s r e q u i r e e i t h e r c o m p l e x n u m e r i c a l s c h e m e s or 

a s s u m p t i o n s w h i c h m i g h t b i a s the o r i o i n a l d a t a . 

In t h i s p r e s e n t , w o r k t h e m e t h o d of c h a r a c t e r i s t i c s is u s e d 

to s o l v e the C a u c h y ' s p r o b l e m . C o n s i d e r E q . (4.4.1) w h e r e <f>(x,y) 

is k n o w n . E q . 4 . 4 . 1 c a n be r e w r i t t e n as a f i r s t o r d e r 

d i f f e r e n t i a l e q u a t i o n ( h y p e r b o l i c e q u a t i o n ) in t h e u n k n o w n 

v a r i a b l e k (x,y) 

9k 9k 
m (x ,y) + n (x,y) — = -k (4.4.4) 

3x 3y 

w h e r e m (x, y) and n ( x , y ) a r e k n o w n f u n c t i o n s g i v e n by t h e 

f o l l o w i n g 

3 $ / 3 x 9 4>/3y 
m (x,y) = ; n (x,y) = (4.4.5) 

V2<}> V2cf> 

It can be s h o w n (CI) t h a t i n t e g r a t i o n of Eq. (4.4.4) in t h e 

r e g i o n of i n t e r e s t R is p o s s i b l e w h e n b o u n d a r y c o n d i t i o n s for 

k ( x , y ) are p r e s c r i b e d a l o n g a l i n e S c u t t i n g e v e r y s t r e a m l i n e of 

the f l o w in the r e g i o n R i.e. w h e n a v a l u e of k is k n o w n on e v e r y 

s t r e a m l i n e of t h e r e g i o n R. S i n c e t h e p o t e n t i a l f u n c t i o n 

< M x , y ) h a s a l r e a d y b e e n e v a l u a t e d by SCI,, t h e s t r e a m l i n e w h i c h a r e 

i n d e p e n d e n t of t h e v a l u e s of k (see E q . ( 4 . 3 . 1 7 a ) ) can be 

d e t e r m i n e d by u s i n g t h e m e t h o d of c h a r a c t e r i s t i c s as d e s c r i b e d in 

S e c t i o n 4 . 3 , 2 . So d e f i n e d t h e p r o b l e m of f i n d i n g t h e h y d r a u l i c 

c o n d u c t i v i t y can be s o l v e d by the m e t h o d of c h a r a c t e r i s t i c s and 

p o s s e s s an u n i q u e s o l u t i o n ( C I ) . S i n c e t h e g o v e r n i n g e q u a t i o n 
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for t h e h y d r a u l i c c o n d u c t i v i t y h a s t h e s a m e f o r m ( h y p e r b o l i c 

e q u a t i o n ) as t h e g o v e r n i n g e q u a t i o n for t h e w a t e r t r a v e l t i m e 

f u n c t i o n E q . ( 4 . 3 . 1 3 ) , t h e d e r i v a t i o n of t h e c h a r a c t e r i s t i c 

equation Eq.(4.3.13a) through Eq.(4.3.14) for the water travel 
t i m e is a p p l i c a b l e for t h e h y d r a u l i c c o n d u c t i v i t y p r o v i d e d o n e 

c h a n g e s v x b y m ( x , y ) a n d v„ b y n ( x , y ) . T h e r e f o r e , f r o m 
x y 

E q . (4.3.14) o n e c a n o b t a i n t h e c h a r a c t e r i s t i c e q u a t i o n s of 

E q . (4.4.4) 

dx dy d k 
= = (4.4.6) 

m ( x , y ) n (x,y) -k 

R e w r i t i n g s e p a r a t e l y t h e d i f f e r e n t i a l e q u a t i o n s 

dy n ( x , y ) 
= (4.4.7) 

dx m (x ,y) 

dk ~kVf<f> 
= (4.4.8) 

dx 3<}>/3x 

C o m p a r i n g E q . (4.4.7) w i t h E q . ( 4 . 3 . 1 7 a ) o n e c o n c l u d e s t h a t 

the c h a r a c t e r i s t i c c u r v e s of E q . (4.4.4) a r e i n d e e d t h e 

s t r e a m l i n e s of t h e f l o w . T h e r e g i o n R of i n t e r e s t is t h e " s h a d o w 

r e g i o n " of t h e r e p o s i t o r y . T h e * s h a d o w r e g i o n " is f o r m e d by t h e 

s t r e a m l i n e s w h i c h p a s s t h r o u g h t h e s o u r c e l i n e r e p r e s e n t e d by a 

c u r v e S. In o r d e r to i n t e g r a t e E q . (4.4.8) o n e n e e d s t h e r e f o r e to 

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

l i n e S. 



T o e v a l u a t e t h e w a t e r t r a v e l t i m e f u n c t i o n let us f i r s t 

r e c a l l Eq. (4.3.13) 

3 o 3o 
v + v = -1 ; dip = 0 (4.4.9) 

x 3x y 3y 

T h e c h a r a c t e r i s t i c e q u a t i o n s a r e r e w r i t t e n f r o m 

Eq. ( 4 . 3 . 1 3 c ) and E q . ( 4 . 3 . 1 3 d ) 

dy v 
= (4.4.10) 

dx v 
y 

do -1 (4.4.11) 

dx v 
x 

U t i l i z a t i o n of t h i s m e t h o d p r e s e n t s an a d d i t i o n a l p r a c t i c a l 

a d v a n t a g e s i n c e t h e s o l u t i o n to t h e t r a n s p o r t e q u a t i o n 

Eq. (4.2.27) a p p l i e s a l o n g a s t r e a m l i n e of t h e f l o w and o n e m u s t 

i n t e g r a t e Eq. (4.4.7) a n y w a y . A t t h e s a m e t i m e i n t e g r a t i o n to 

o b t a i n the w a t e r t r a v e l t i m e and t h e h y d r a u l i c c o n d u c t i v i t y c a n 

a l s o be c a r r i e d o u t . E q . ( 4 . 4 . 7 ) , E g . (4.4.8) and E q . (4.4.11) are to 

be i n t e g r a t e d s i m u l t a n e o u s l y in t h i s o r d e r . 

O n e s t a r t s f r o m a p o i n t ( x „ ,Yq) on t h e r e p o s i t o r y c u r v e S 

w h e r e the i n i t i a l v a l u e f o r the h y d r a u l i c c o n d u c t i v i t y k ( x Q , y ) 

is a s s u m e d t o b e k n o w n and t h e w a t e r t r a v e l t i m e is a (x*,y*) = 0 . 

D e f i n i n g a n e w a b c i s s a x =x + n A x , n = l , 2 . . . N and A x is 

a r b r i t r a r i l y c h o o s e n o n e i n t e g r a t e s f i r s t E q . (4.4.7) to o b t a i n y 

c o r r e s p o n d i n g to t h e a b c i s s a on t h e s a m e s t r e a m l i n e . 
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3(S . - 4> , 

(__) n + 1 n - 1 (4.4.12) 
3 x 2 A x 

3* $ • 
( — ) -J±±. 3 - 1 (4.4.13) 
3y 2Ay 

S i m u l t a n e o u s i n t e g r a t i o n of E q . (4.4.8) and E q . ( 4 . 4 . 1 1 ) w i l l y i e l d 

A f t e r r e p e a t i n g t h i s i n t e g r a t i o n for all a b a i s s a s 

x n , n = l , 2 N o n e w i l l h a v e d e f i n e d t h a t p a r t i c u l a r s t r e a m l i n e 

of t h e s h a d o w r e g i o n . A t t h e s a m e t i m e t h e v a l u e s of t h e w a t e r 

t r a v e l t i m e and h y d r a u l i c c o n d u c t i v i t y h a v e a l s o b e e n d e t e r m i n e d 

at the s a m e p o i n t s a l o n g t h i s s t r e a m l i n e . S u b s t i t u t i o n of 

(x,y) i n t o E q . ( 4 . 2 . 2 7 ) w i l l y i e l d the v a l u e of t h e r a d i o n u c l i d e 

c o n c e n t r a t i o n a l o n g t h i s s t r e a m l i n e . 

By c h o o s i n g d i f f e r e n t p o i n t s ( x 0 , y Q ) on t h e s o u r c e l i n e S 

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

e n t i r e " s h a d o w r e g i o n " . T h i s m e t h o d c a l c u l a t e s t h e r e f o r e t h e 

t w o - d i m e n s i o n a l d i s t r i b u t i o n of t h e i-th m e m b e r of a r a d i o n u c l i d e 

c h a i n of a r b i t r a r y l e n g t h in a s t a t i o n a r y t w o - d i m e n s i on a1 

g r o u n d w a t e r f l o w t h r o u g h an i n h o m o g e n e o u s i s o t r o p i c g e o l o g i c 

m e d i u m . 

T h e i n t e g r a t i o n s a r e c a r r i e d o u t n u m e r i c a l l y u s i n g a R u n g e -

K u t t a s c h e m e . T h e p a r t i a l d e r i v a t i v e s of t h e p o t e n t i a l f u n c t i o n 

a r e e x p r e s s e d in f i n i t e c e n t r a l d i f f e r e n c e form 
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4.4.4 E v a l u a t i o n of r a d i o n u c l i d e d i s c h a r g e r a t e s i n t o t h e 

b i o s p h e r e and c u m u l a t i v e d i s c h a r g e in t h e b i o s p h e r e 

H a v i n g d e t e r m i n e d N. (x,y,t) p r o v i d e d us w i t h a q u a n t i t a t i v e 
i 

p i c t u r e of the m i g r a t i o n of t h a t p a r t i c u l a r n u c l i d e t h r o u g h t h e 

g e o l o g i c m e d i a a f t e r b e i n g r e l e a s e d f r o m t h e r e p o s i t o r y . 

H o w e v e r , o n e m e a s u r e of t h e p o t e n t i a l h a z a r d to t h e g e n e r a l 

p u b l i c can be o b t a i n e d by e v a l u a t i n g the c u m u l a t i v e , a m o u n t of 

A n d the L a p l a c i a n o p e r a t o r is a p p r o x i m a t e d by 

n , j
 + n O + l n , j Hl2_(1.4.14) 

A x 2 A y 2 

O n e m u s t k e e p in m i n d t h a t t h i s m e t h o d a s s u m e s t h e m e a s u r e d 

p i e z o m e t r i c d a t a in t h e r e g i o n of i n t e r e s t as w e l l as the 

m e a s u r e d h y d r a u l i c c o n d u c t i v i t y a l o n g t h e r e p o s i t o r y c u r v e as 

b e i n g r e l i a b l e . By u s i n g t h i s d a t a t h i s m e t h o d p r o v i d e s a w a y of 

m o d e l l i n g a c t u a l g r o u n d w a t e r f l o w s t h r o u g h a q u i f e r s . 

If h y d r a u l i c c o n d u c t i v i t y d a t a a r e p r o v i d e d in t h e s h a d o w 

r e g i o n o n e c a n c o m p a r e d t h e m w i t h the c a l c u l a t e d v a l u e . A s s u m i n g 

t h a t t h e s e d a t a are r e l i a b l e , in c a s e of d e s a g r e e m e n t b e t w e e n t h e 

c a l c u l a t e d d a t a and the f i e l d d a t a o n e c a n j u s t i f y t h e s e 

d i f f e r e n c e s by c o n s i d e r i n g t h e m as t h e r e s u l t of l o c a l i z e d s i n k s 

or s o u r c e s w h i c h w e r e n o t c o n s i d e r e d in the g o v e r n i n g e q u a t i o n 

E q . (4.4.4) . 
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S T R E A M L I N E S 

Biosphere 

L e t the w a t e r v e l o c i t y at a p o i n t s, be v ( s ) , ( m / y r ) , t h e 
K k 

a q u i f e r t h i c k n e s s be h ( s ),(m) and the n u c l i d e c o n c e n t r a t i o n N. 
k 1 

(SY ,t) . T h e d i s c h a r g e r a t e t h r o u g h an e l e m e n t d s is g i v e n by 

< l q i » v ( s x ) h ( 3 k > N i ( s k , t ) d s k (4.4.15) 

T o o b t a i n the d i s c h a r g e r a t e for a l l the c o n t a m i n a t e d 

s t r e a m l i n e s t h a t r e a c h t h e b i o s p h e r e o n e i n t e g r a t e s Eq (.4.4.15) 

a l o n g the e n t i r e c u r v e B 

c u r i e s of i n d i v i d u a l n u c l i d e s a c t u a l l y d i s c h a r g e d i n t o a 

p o t e n t i a l s o u r c e of f r e s h w a t e r , t a k i n g i n t o a c c o u n t d e c a y a f t e r 

d i s c h a r g e . 

L e t us d e n o t e by (t) t h e d i s c h a r g e r a t e (Ci/yr) of t h e i¬ 

th m e m b e r of a r a d i o n u c l i d e c h a i n i n t o t h e b i o s p h e r e at a t i m e t 

a f t e r t h e c h a i n w a s r e l e a s e d f r o m t h e s o u r c e l i n e . C o n s i d e r t h e 

i n t e r s e c t i o n of t h e * s h a d o w r e g i o n " s t r e a m l i n e s w i t h the 

b i o s p h e r e w h i c h is r e p r e s e n t e d by a c u r v e B. T h i s c u r v e is 

s u b d i v i d e d i n t o n s u b c u r v e s of a r c w i t h l e n g t h d s A as s h o w n in 

the f o l l o w i n g s k e t c h 
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T h e c u m u l a t i v e d i s c h a r g e of a i-th m e m b e r of a r a d i o n u c l i d e 

q i ( t ) = / v ( s k ) h ( s k ) N . { o ( s k , t ) d s ( 4 . 4 . 1 6 ) 
s l 

T h e c o n c e n t r a t i o n N. ( o (s ) ,t.) is r e a d i l y e v a l u a t e d by u s i n g 

Eq. ( 4 . 2 . 2 6 ) . T h e w a t e r v e l o c i t y is o b t a i n e d by t h e f o l l o w i n g 

e x p r e s s i o n 

h 
v ( s j = [v£ + v M ( 4 . 4 . 1 7 ) 

H o w e v e r , t h e a q u i f e r t h i c k n e s s at t h e b i o s p h e r e h ( s ^ ) is 

g e n e r a l l y n o t k n o w n . T o a v o i d t h i s p r o b l e m w e m a k e u s e of the 

fact t h a t the v o l u m e t r i c f l o w r a t e b e t w e e n t w o s t r e a m l i n e s is 

c o n s t a n t t h r o u g h o u t t h e f i e l d . S i n c e the p r o d u c t v ( s )h (s, )ds 

is the v o l u m e t r i c f l o w r a t e b e t w e e n the s t r e a m l i n e s p a s s i n g 

t h r o u g h t w o p o i n t s a l o n g the c u r v e B, t h i s is e q u a l to the 

v o l u m e t r i c f l o w r a t e at the s o u r c e l i n e b e t w e e n c o r r e s p o n d i n g 

s t r e a m l i n e s . A q u i f e r t h i c k n e s s at t h e r e p o s i t o r y is g e n e r a l l y 

b e t t e r k n o w n t h a n in t h e far f i e l d b e c a u s e m o r e e x t e n s i v e 

g e o l o g i c a l s t u d i e s a r e c a r r i e d n e a r t h e r e p o s i t o r y s i t e t h a n in 

the far f i e l d . T h i s a l l o w s o n e to e v a l u a t e t h e v o l u m e t r i e f l o w 

r a t e b e t w e e n t h o s e s t r e a m l i n e s . 

T h e i n t e g r a l in E q . ( 4 . 4 . 1 6 ) is r e a d i l y e v a l u a t e d by a 

p r o p e r n u m e r i c a l s c h e m e ( R o m b e r g m e t h o d , D 3 ) o n c e t h e i n t e g r a n d is 

d e t e r m i n e d for a n u m b e r of p o i n t s a l o n g t h e c u r v e B . 



c h a i n . Q. (t) . (Ci) is o b t a i n e d by i n t e g r a t i n g t h e d i s c h a r g e r a t e 
i 

q ^ ( t ) f r o m the f i r s t n u c l i d e a r r i v a l t i m e up to a t i m e t 

a f t e r w a r d s . T h e i n t e g r a l is m u l t i p l i e d by the B a t e m a n f u n c t i o n 

to account for the decay of the members of the chain after they 
a r e d i s c h a r g e d . T h e r a d i o n u c l i d e s a r e a s s u m e d to r e m a i n 

s t a t i o n a r y in a r e s e r v o i r a f t e r t h e i r d i s c h a r g e . 

t i 
Q. (t) = /q. (T) I B . . e x p ( - X , (t-x))dx (4.4.18) 

1 t 1 j=l 1 3 3 

a 
T h e f i r s t n u c l i d e a r r i v a l t i m e t ,(yr) is an i m p o r t a n t 

a 
q u a n t i t y in a s s e s s i n g t h e p o t e n t i a l h a z a r d of a p a r t i c u l a r 

r a d i o n u c l i d e . It c a n be e v a l u a t e d by t h e f o l l o w i n g f o r m u l a 

t = c . K , (4.4.19) 
a m i n m m 

H e r e , o . ,(yr) is the s m a l l e s t v a l u e of t h e w a t e r t r a v e l 
m m 

t i m e on the b i o s p h e r e c u r v e and K is t h e s m a l l e s t r e t a r d a t i o n 
m i n 

c o e f f i c i e n t of all the p r e c u r s o r s in the c h a i n . If the c h a i n h a s 

o n l y o n e m e m b e r , K ^ . ^ w i l l be its o w n r e t a r d a t i o n c o e f f i c i e n t . 

In o r d e r to be a b l e to c o m p a r e t h e p o t e n t i a l h a z a r d d u e to 

the d i s c h a r g e of d i f f e r e n t r a d i o n u c l i d e s i n t o t h e b i o s p h e r e o n e 

3 

can u s e t h e w a t e r d i l u t i o n r a t e w . ( t ) , (m / y r ) as d e f i n e d in 
i 

( P i , S e c t i o n 2 . 7 ) . T h e w a t e r d i l u t i o n r a t e is o b t a i n e d by 

d i v i d i n g t h e d i s c h a r g e r a t e b y the M a x i m u m P e r m i s s i b l e 

C o n c e n t r a t i o n , M P C g i v e n in ( C i / m 3 ) b y 1 0 C F R 2 0 . T h u s 
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W. (t) 
l 

q. ( t ) / M P C . (4.4.20) 

This ratio is the necessary water flow rate in the 
b i o s p h e r e so t h a t it w i l l d i l u t e t h e d i s c h a r g e r a t e of t h a t 

n u c l i d e t o d r i n k i n g w a t e r s t a n d a r d s . T h i s c a l c u l a t i o n p r o v i d e s 

an a d d i t i o n a l a d v a n t a g e s i n c e o n e can add t h e s e r e q u i r e d f l o w 

r a t e s for e v e r y n u c l i d e to o b t a i n an o v e r a l l h a z a r d i n d e x for all 

n u c l i d e s p r e s e n t in the r e p o s i t o r y . 

S i m i l a r l y , if o n e d i v i d e s t h e c u m u l a t i v e d i s c h a r g e Q * ( t ) by 

the M P C of t h a t i-th m e m b e r o n e o b t a i n s the t o t a l a m o u n t of w a t e r 

t h a t is n e e d e d at the b i o s p h e r e to d i l u t e the c u m u l a t i v e a m o u n t 

of t h a t n u c l i d e to d r i n k i n g w a t e r s t a n d a r d s . T h i s q u a n t i t y is 

c a l l e d w a t e r d i l u t i o n v o l u m e ( P I , S e c t i o n 2.7) and is e x p r e s s e d as 

f o l l o w s 

F i n a l l y , the t o t a l w a t e r d i l u t i o n r a t e is t h e s u m of all 

w a t e r d i l u t i o n r a t e s of i n d i v i d u a l n u c l i d e s 

(4.4.21) 

M 
w ( t ) I W i (t ) (4.4.22) 

i = l 

In the s a m e w a y , t h e t o t a l w a t e r d i l u t i o n v o l u m e is g i v e n 
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by 

M 
w ( t ) I „ . ( t ) ( 4.4.23) 

i = l i 

w h e r e M is the t o t a l n u m b e r of n u c l i d e s h a v i n g b e e n d i s c h a r g e d 

i n t o the b i o s p h e r e at t h a t t i m e t . 



165 

H Y D R O 

( h y d r o l o g i c a l c a l c u l a t i o n s ) 

fr (x,y) , (x,y) , k (x,y) , o ( x , y ) 

(print a n d r e c o r d on t a p e ) 

t 
P L 0 T M A C 

P 0 T 3 D D C H A R G E 
( c o n c e n t r a t i o n 

(three d i m e n s i o n a l ( d i s c h a r g e r a t e and 
c a l c u l a t i o n s ) 

p l o t t i n g of <f>(x,y)) c u m u l a t i v e d i s c h a r g e ) 

L i s t i n g + p l o t P l o t L i s t i n g + p l o t 

4 . 5 D e s c r i p t i o n of t h e C o m p u t e r C o d e U C B N E 2 1 

A c o m p u t e r p r o g r a m l a b e l e d U C B N E 2 1 h a s b e e n d e v e l o p e d to 

p e r f o r m the c a l c u l a t i o n s d e s c r i b e d in t h e p r e v i o u s s e c t i o n s . T o 

g i v e a d d e d f l e x i b i l i t y t h e p r o g r a m w a s s u b d i v i d e d i n t o f o u r 

s u b p r o g r a m s w h i c h can be r u n i n d i v i d u a l l y . T h i s is a c o n v e n i e n t 

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

a r e i n d e p e n d e n t f r o m the h y d r o l o g i c a l c a l c u l a t i o n s . O n c e t h e 

h y d r o l o g i c a l c a l c u l a t i o n s for a p a r t i c u l a r a q u i f e r is d o n e t h e r e 

is n o n e e d to r e p e a t it for e v e r y n u c l i d e c o n c e n t r a t i o n 

c a l c u l a t i o n . A c o m p l e t e s o u r c e l i s t i n g of the p r o g r a m s is g i v e n 

in A p p e n d i x C . T h e f o l l o w i n g d i a g r a m s h o w s the i n t e r e l a t i o n s h i p 

b e t w e e n the f o u r s u b p r o g r a m s 
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T h e s u b p r o g r a m H Y D R O e v a l u a t e s t h e p o t e n t i a l f u n c t i o n on 

e v e r y g r i d p o i n t i n s i d e t h e r e g i o n of i n t e r e s t . T h e n it 

d e t e r m i n e s a n u m b e r of s t r e a m l i n e s in t h e " s h a d o w r e g i o n " of t h e 

r e p o s i t o r y by s p e c i f y i n g a n u m b e r of c o o r d i n a t e s for e a c h 

s t r e a m l i n e . On e a c h of t h e s e c o o r d i n a t e s , the h y d r a u l i c 

c o n d u c t i v i t y a n d t h e w a t e r t r a v e l t i m e a r e c a l c u l a t e d . F i n a l l y 

it p r i n t s o u t a l i s t i n g of the c o o r d i n a t e s of e a c h s t r e a m l i n e 

w i t h the c o r r e s p o n d i n g v a l u e s of p o t e n t i a l f u n c t i o n , h y d r a u l i c 

c o n d u c t i v i t y and w a t e r t r a v e l t i m e . T h e s e r e s u l t s a r e s a v e d i n t o 

t a p e for p o s t e r i o r u s e . D e s c r i p t i o n of t h e d a t a i n p u t 

r e q u i r e m e n t s is g i v e n in A p p e n d i x C. T h e s t r u c t u r e of t h e 

p r o g r a m H Y D R O is s h o w n in F i g u r e 4 . 4 . O n e s h o u l d n o t i c e t h e 

p o s s i b i l i t y of m e r g i n g t h e p o t e n t i a l s r e s u l t i n g f r o m the 

a n a l y t i c a l r e p r e s e n t a t i o n w i t h t h o s e f r o m f i t t i n g f i e l d d a t a . 

T h e s u b p r o g r a m P L O T M A C r e a d s in d a t a on t h e r a d i o n u c l i d e 

c h a i n s u c h as d e c a y c o n s t a n t s , r e t a r d a t i o n c o e f f i c i e n t , 

a c t i v i t i e s at t h e t i m e of b u r i a l , and m a x i m u m p e r m i s s i b l e 

c o n c e n t r a t i o n for e a c h m e m b e r of t h e c h a i n . In a d d i t i o n o n e m u s t 

s p e c i f y the m i g r a t i o n p a r a m e t e r s s u c h as t h e d e l a y t i m e for t h e 

b e g i n n i n g of l e a c h i n g , the l e a c h t i m e and t h e t i m e a f t e r the 

l e a c h i n g s t a r t e d w h e n t h e c a l c u l a t i o n s a r e to be p e r f o r m e d . 

C o m p l e t e d e s c r i p t i o n of d a t a i n p u t is g i v e n in A p p e n d i x C. 

P L O T M A C r e a d s in the s h a d o w r e g i o n s t r e a m l i n e s c o o r d i n a t e s and 

the c o r r e s p o n d i n g w a t e r t r a v e l t i m e s f r o m the t a p e f i l e p r o d u c e d 

by H Y D R O . By e v a l u a t i n g E q . (4.2.27) it d e t e r m i n e s t h e 

c o n c e n t r a t i o n of e a c h m e m b e r of the c h a i n on e a c h c o o r d i n a t e of 



F i g u r e 4.4 S t r u c t u r e of t h e p r o g r a m H Y D R O 

D e f i n e r e g i o n of i n t e r e s t , r e p o s i t o r y 

location,Cauchy data on hydraulic 
c o n d u c t i v i t y a n d g r i d s i z e s . 

D e f i n e t h e n u m b e r of p o i n t R e a d in m e a s u r e d 

s i n k s and p o i n t s o u r c e s , p i e z o m e t r i c d a t a 

t h e i r l o c a t i o n , t h e i r s t r e n g h t 

and if n e e d e d a u n i f o r m f l o w f i e l d 

E v a l u a t e a n a l y t i c a l p o t e n t i a l E v a l u a t e m e a s u r e d p o t e n t i a l 

f u n c t i o n E q . ( 4 . 2 . 2 6 ) on e v e r y f u n c t i o n u s i n g t h e S u r f a c e 

g r i d p o i n t . O r i d d i n g L i b r a r y 

I 

S u p e r i m p o s e t h e a n a l y t i c a l p o t e n t i a l 

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

2 
E v a l u a t e V x , V y and V f> 

u s i n g E q . ( 4 . 4 . 1 2 ) , E q . ( 4 . 4 . 1 3 ) and E q . ( 4 . 4 . 1 4 ) 

N u m e r i c a l i n t e g r a t i o n of 

E q . ( 4 . 4 . 7 ) , E q . (4.4.8) and E q . ( 4 . 4 . 1 1 ) 

P r i n t and s t o r e on t a p e 

< M x , y ) , ff- (x,y) , k (x,y) , c(x,y) 
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e a c h s t r e a m l i n e in t h e s h a d o w r e g i o n . A p r i n t e d o u t p u t is 

p r o d u c e d and it a l s o u s e s t h e g r a p h i c s o f t w a r e a v a i l a b l e at t h e 

L B L c o m p u t e r c e n t e r t o p r o d u c e p l o t s . E a c h n u c l i d e c o n t a m i n a t e d 

r e g i o n is s h o w n in a p l o t w i t h t h e c o n t o u r m a p of the p o t e n t i a l 

f u n c t i o n , t h e s t r e a m l i n e s of t h e s h a d o w r e g i o n , t h e c o n t a m i n a t e d 

r e g i o n and t h e b i o s p h e r e c u r v e B as d e s c r i b e d in S e c t i o n 4.4.4 

(see for e x a m p l e F i g u r e 4 . 1 5 ) . 

T h e p r o g r a m P O T 3 D r e a d s t h e p o t e n t i a l f u n c t i o n c a l c u l a t e d 

by H Y D R O f r o m the t a p e f i l e and u s i n g t h e g r a p h i c a l s o f t w a r e 

p r o d u c e s a t h r e e d i m e n s i o n a l v i e w of t h e p o t e n t i o m e t r i c s u r f a c e 

in t h e a q u i f e r b e i n g s t u d i e d . ( s e e for e x a m p l e F i g u r e 4 . 1 1 ) . 

T h e p r o g r a m D C H A R G E e v a l u a t e s t h e d i s c h a r g e r a t e and t h e 

c u m u l a t i v e d i s c h a r g e at t h e b i o s p h e r e . T h e c a l c u l a t i o n is 

p e r f o r m e d for t h e e n t i r e t i m e s p a n of i n t e r e s t (i.e. f r o m t h e 

f i r s t n u c l i d e a r r i v a l t i m e u n t i l t h e l a s t n u c l i d e d e p a r t u r e 

t i m e ) . B o t h p r i n t e d o u t p u t as w e l l as p l o t s for t h e d i s c h a r g e 

r a t e ( e x p r e s s e d as w a t e r d i l u t i o n r a t e ) and c u m u l a t i v e d i s c h a r g e 

( e x p r e s s e d as w a t e r d i l u t i o n v o l u m e ) are p r o d u c e d (see for 

e x a m p l e F i g u r e 4 . 2 1 ) . T h e s t r u c t u r e of the s u b p r o g r a m D C H A R G E is 

g i v e n in F i g u r e C.1 in A p p e n d i x C. 
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4.6 M o d e l l i n g of t h e F a r F i e l d R a d i o n u c l i d e M i g r a t i o n at 

the R e f e r e n c e S i t e of t h e W a s t e I s o l a t i o n P i l o t P l a n t (WIPP) in 

E d d y C o u n t y , N e w M e x i c o 

4.6.1 R e v i e w and i n t e r p r e t a t i o n of e x i s t e n t h y d r o l o g i c a l 

d a t a 

H y d r o l o g i c a l d a t a u s e d in t h i s w o r k w e r e o b t a i n e d p r i m a r i l y 

f r o m t h e D e p a r t m e n t of E n e r g y r e p o r t : W a s t e I s o l a t i o n P i l o t P l a n t 

(Dl) w h i c h s u m m a r i z e s t h e d a t a r e v i e w e d by s e v e r a l a u t h o r s . 

A m o n g t h e s e a r e M e r c e r and O r r ( M l ) , R e g i s t e r (Rl) and o t h e r s . In 

t h i s r e p o r t w e p r e s e n t a b r i e f s u m m a r y of t h e a v a i l a b l e 

i n f o r m a t i o n and t h e r e a d e r s h o u l d r e f e r to a b o v e s r e f e r e n c e s for 

m o r e d e t a i l e d d e s c r i p t i o n s of the h y d r o l o g y in t h e r e g i o n of the 

W I P P s i t e . 

A m a p of t h e m o d e l l e d r e g i o n is s h o w n in F i g u r e 4 . 5 . A 

g e o l o g i c c r o s s s e c t i o n of the s i t e a r e a l o o k i n g n o r t h w e s t is 

p r e s e n t e d in F i g u r e 4.6. A s it is d e s c r i b e d in ( D l ) : "The S a n t a 

R o s a S a n d s t o n e is a m o d e r a t e l y p e r m e a b l e f o r m a t i o n c o n t a i n i n g 

r e l a t i v e l y f r e s h w a t e r . H o w e v e r , t h e l o w p e r m e a b i l i t y of t h e 

D e w e y L a k e Red B e d s p r e v e n t s s i g n i f i c a n t s e e p a g e of w a t e r f r o m 

t h e S a n t a R o s a S a n d s t o n e to t h e R u s t l e r F o r m a t i o n b e l o w . T w o 

t h i n a q u i f e r s , t h e M a g e n t a and t h e C u l e b r a a r e c o n t a i n e d in t h e 

R u s t l e r F o r m a t i o n , w h i c h is p r e d o m i n a n t l y c o m p o s e d of i m p e r v i o u s 

a n h y d r i t e , p o l y h a l i t e s and g y p s u m . T h e W I P P r e f e r e n c e r e p o s i t o r y 



F i g u r e 4 . 5 H y d r o l o g i e r a o d e l l i n g r é g i o n for t h e W I P P s i t e (Dl) 

3000 

Í 3 0 D \ 

Santa Rosa S a n d s t o n e 

JL, 

SLl ts terQ and s a n d s t o n a 

¿flhydritB, reck mlf-rhlm , 
ant. 

ai^dcite, pol̂ teiLitB, 

s a n d s t o n e , magnesi to 

Rock salt w i t h 

ait̂cfcifcL, l i m e s t o n e 

Upper level 

Lower level 

Dewey Lake Red Beds 

R u s t l e r 

C F E Y S I D . , . , polvhaLtt 

Co-ntact-hsodteiS waste 

R « r " o i e i y handled waste 

Salado 

-1000 

-2000 
L i m e s t o n e and sands to rm Delaware 

Mountain Group 

Castile 

F i g u r e 4.6 G e o l o g i c c r o s s s e c t i o n of t h e W I P P s i t e a r e a (Dl) 
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w i l l be in t h e S a l a d o F o r m a t i o n . T h e C a s t i l e F o r m a t i o n , c o m p o s e d 

of v e r y p u r e h a l i t e and a n h y d r i t e , c o n t a i n s n o w a t e r - b e a r i n g 

s t r a t a . B e n e a t h it l i e s t h e D e l a w a r e M o u n t a i n G r o u p , 

a p p r o x i m a t e l y 3 0 0 0 ft t h i c k w h i c h c o n t a i n s a q u i f e r s " , 

In a d d i t i o n , t h e r e is a b r i n e a q u i f e r w h i c h c o n t a i n s 

s u b s t a n t i a l q u a n t i t y of w a t e r and it is f o u n d in t h e s u b s u r f a c e 

a b o v e the S a l a d o f o r m a t i o n in t h e r e g i o n of t h e W 1 P P s i t e . 

R e g i s t e r (Rl) g i v e s t h e f o l l o w i n g d e s c r i p t i o n : "The b r i n e 

a q u i f e r w h i c h o c c u r s a l o n g the t o p of the S a l a d o and the b a s e of 

the R u s t l e r and u n d e r l i e s N a s h D r a w e x t e n d s t o t h e P e c o s R i v e r 

in t h e v i c i n i t y of M a l a g a B e n d . T h e a q u i f e r is a p p a r e n t l y 

r e p l e n i s h e d f r o m p r e c i p i t a t i o n and b r i n e d i s c h a r g e t h a t 

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

z o n e s , t h e n m o v e s s o u t h w a r d a l o n g the t o p of t h e s a l t and 

i n c r e a s e s in s a l t c o n c e n t r a t i o n u n t i l it d i s c h a r g e s i n t o the 

P e c o s R i v e r at M a l a g a B e n d . T h e c a l c u l a t e d d i s c h a r g e f r o m t h e 

b r i n e a q u i f e r is a b o u t 200 g a l / m i n " . 

T h e r e are t w o p o t e n t i a l p a t h w a y s for the r a d i o n u c l i d e s to 

r e a c h the b i o s p h e r e a f t e r t h e y a r e r e l e a s e d f r o m t h e r e p o s i t o r y . 

T h e a q u i f e r s c o n t a i n e d in the R u s t l e r f o r m a t i o n o v e r l y i n g the 

S a l a d o f o r m a t i o n f l o w s o u t h w e s t w a r d and d i s c h a r g e i n t o P e c o s 

R i v e r in t h e v i c i n i t y of M a l a g a B e n d . O n t h e o t h e r h a n d , 

u n d e r l y i n g the r e p o s i t o r y s i t e w e h a v e the D e l a w a r e M o u n t a i n 

G r o u p a q u i f e r s w h i c h , c o n t r a r y to R u s t l e r a q u i f e r s , f l o w 

n o r t h w a r d , d i s c h a r g i n g i n t o the C a p i t a n a q u i f e r w h i c h is a s o u r c e 

of f r e s h - w a t e r . 
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T a b l e 4.1 S u m m a r y of h y d r o l o g i c a l d a t a at the r e p o s i t o r y 
s i t e (Dl,Rl) 

R u s t l e r a q u i f e r D e l a w a r e a q u i f e r 

T h i c k n e s s (m) 65 9 0 0 

H y d r a u l i c A r a n g e f r o m 0.1 to 0.3 
c o n d u c t i v i t y (m/yr) 1 4 0 0 ; u s e d v a l u e = l l . 

P o r o s i t y 0.10 0.16 

T w o s e t s of h y d r a u l i c p o t e n t i a l s r e p r e s e n t i n g t h e R u s t l e r 

a q u i f e r a r e g i v e n in (Dl) . In F i g u r e 4.7 a c o n t o u r m a p of t h e 

m e a s u r e d h y d r a u l i c p o t e n t i a l for t h e R u s t l e r a q u i f e r is s h o w n 

w h i l e in F i g u r e 4 . 8 t h e c a l c u l a t e d h y d r a u l i c p o t e n t i a l (using 

m o d e l c a l i b r a t i o n ) is s h o w n . C a l c u l a t i o n s w i l l be d o n e u s i n g 

b o t h set of h y d r a u l i c p o t e n t i a l s and c o m p a r i s o n s w i l l be d r a w n . 

In the s a m e w a y , t w o s e t s of h y d r a u l i c p o t e n t i a l s for the 

u n d e r l y i n g D e l a w a r e M o u n t a i n G r o u p a q u i f e r s a r e p r e s e n t e d (Dl) . 

F i g u r e 4.9 is t h e m a p p i n g of t h e r a w d a t a w h i l e F i g u r e 4.10 is 

the c a l c u l a t e d set of h y d r a u l i c p o t e n t i a l . D a t a on m e a s u r e d 

a q u i f e r p a r a m e t e r s in t h e r e g i o n a r e n o t e x t e n s i v e l y a v a i l a b l e 

and t h e r e p o r t e d v a l u e s a r e d i s t r i b u t e d o v e r a l a r g e r a n g e of 

v a l u e s m a k i n g t h e c h o i c e of a r e p r e s e n t a t i v e v a l u e d i f f i c u l t 

( C 5 , D 1 ) . H o w e v e r , h y d r a u l i c c o n d u c t i v i t y at t h e r e p o s i t o r y s i t e 

c a n be e s t i m a t e d (Rl) . A s u m m a r y of t h e h y d r o l o g i c a l d a t a at the 

s i t e u s e d in t h i s w o r k is g i v e n in T a b l e 4.1 
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F i g u r e 4.7 M e a s u r e d h y d r a u l i c p o t e n t i a l d a t a for t h e R u s t l e r 
a q u i f e r (feet a b o v e M S L ) , f r o m (Dl) 
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F i g u r e 4.8 C a l c u l a t e d h y d r a u l i c p o t e n t i a l d a t a for t h e R u s t l e r 
a q u i f e r (feet a b o v e M S L ) , f r o m (Dl) 
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F i g u r e 4.9 M e a s u r e d h y d r a u l i c p o t e n t i a l d a t a for t h e D e l a w a r e 
a q u i f e r (feet a b o v e M S L ) , f r o m Dl 
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F i g u r e 4 . 1 0 C a l c u l a t e d h y d a u l i c p o t e n t i a l d a t a for the D e l a w a r e 
M o u n t a i n G r o u p a q u i f e r (feet a b o v e M S L ) , f r o m (Dl) 
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T h e S a l a d o f o r m a t i o n (see F i g u r e 4.6) w h e r e t h e r e p o s i t o r y 

w i l l be l o c a t e d and the u n d e r l y i n g C a s t i l e f o r m a t i o n are 

e s s e n t i a l l y i m p e r m e a b l e and c o n t a i n n o w a t e r . In t h i s p r e s e n t 

a n a l y s i s w e p o s t u l a t e t h a t a n y r a d i o n u c l i d e a c c i d e n t a l l y r e l e a s e d 

f r o m the w a s t e p a c k a g e d u e to a n y a b n o r m a l e v e n t is t r a n s f e r r e d 

t h r o u g h an o p e n f r a c t u r e to e i t h e r the o v e r l y i n g a q u i f e r s in the 

R u s t l e r f o r m a t i o n or to the u n d e r l y i n g D e l a w a r e M o u n t a i n G r o u p 

a q u i f e r s . 

A l t h o u g h the t r a n s p o r t of r a d i o n u c l i d e s in g r o u n d w a t e r 

t h r o u g h t h e s e f r a c t u r e s m i g h t t a k e s o m e t i m e , w e a s s u m e t h i s t i m e 

to be n e g l i g i b l e w h e n c o m p a r e d to t h e t r a n s p o r t t i m e in the 

a q u i f e r i t s e l f ( t y p i c a l v a l u e s a r e ten y e a r s c o m p a r e d to 1 0 0 0 0 

y e a r s , E 2 ) . T h e r e f o r e , c o n c e p t u a l l y , t h e m o d e l a s s u m e s the 

r e p o s i t o r y is l o c a t e d in t h e a q u i f e r b e i n g s t u d i e d . T h i s is a 

c o n s e r v a t i v e a s s u m p t i o n b e c a u s e , if the t r a v e l t i m e in the 

f r a c t u r e w a s to be c o n s i d e r e d , t h e a r r i v a l t i m e of the f i r s t 

n u c l i d e w o u l d be l a r g e r and a l s o , t h e c o n c e n t r a t i o n s w o u l d be 

s m a l l e r . 

In a s s e s s i n g t h e s a f e t y c h a r a c t e r i s t i c of t h e s i t e , the 

R u s t l e r f o r m a t i o n a q u i f e r s a r e of p r i m a r y i m p o r t a n c e b e c a u s e the 

h y d r a u l i c h e a d in the D e l a w a r e a q u i f e r b e i n g l a r g e r t h a n t h a t of 

the R u s t l e r a q u i f e r p r o d u c e s an u p w a r d d r i v i n g g r a d i e n t . In 

a d d i t i o n , t h e r m a l l y i n d u c e d c o n v e c t i v e f l o w s m a k e s the. d o w n w a r d 

s e e p a g e of g r o u n d w a t e r u n l i k e l y t o o c c u r . H o w e v e r , w e c a l c u l a t e d 

the m i g r a t i o n of r a d i o n u c l i d e s in b o t h a q u i f e r s for t h e s a k e of 

c o m p l e t e n e s s . 
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4.6.2 D e t e r m i n a t i o n of t h e c o n t a m i n a t e d r e g i o n s and 

r a d i o n u c l i d e d i s c h a r g e r a t e s for t h e W I P P s i t e 

T h e m e t h o d d e s c r i b e d in t h e p r e v i o u s S e c t i o n 4.4 to p r e d i c t 

r a d i o n u c l i d e c o n c e n t r a t i o n s in a t w o - d i m e n s i o n a l g r o u n d w a t e r 

f l o w , w h i c h is i m p l e m e n t e d i n t o the c o m p u t e r c o d e U C B N E 2 1 

d e s c r i b e d in S e c t i o n 4 . 5 , is u s e d in t h i s s e c t i o n . T h e 

c o n t a m i n a t e d r e g i o n s of t h e m o s t h a z a r d o u s n u c l i d e s (e.g. I-

1 2 9 , R a - 2 2 6 ) for d i f f e r e n t t i m e s a f t e r the l e a c h i n g s t a r t e d a r e 

d e t e r m i n e d . 

T h e i m p o r t a n t r e s u l t d e r i v e d f r o m t h e s e c a l c u l a t i o n s a r e 

the t i m e of c o n t a m i n a n t a r r i v a l to the b i o s p h e r e and the l o c a t i o n 

of a r r i v a l . In a d d i t i o n , o n c e t h e l o c a t i o n and t i m e of 

c o n t a m i n a n t a r r i v a l a r e k n o w n , o n e can e v a l u a t e t h e d i s c h a r g e 

r a t e as w e l l as t h e c u m u l a t i v e d i s c h a r g e i n t o t h e b i o s p h e r e . 

T h e s e q u a n t i t i e s p r e s e n t a q u a n t i t a t i v e m e a s u r e of t h e e f f i c i e n c y 

of the r e p o s i t o r y as w e 1 1 as of the g e o l o g i c m e d i a as b a r r i e r s 

for the r a d i o n u c l i d e m i g r a t i o n (N2) . 

A l l the l o n g l i v e d f i s s i o n p r o d u c t s and the f o u r l o n g 

a c t i n i d e c h a i n s (Pi) are c o n s i d e r e d in t h i s c a l c u l a t i o n , a l t h o u g h 

o n l y the r e s u l t s for t h e m o s t h a z a r d o u s o n e s w i 1 1 b e r e p o r t e d . 

S e v e r a l n u c l i d e s c a n b e d i s c a r d e d as p o t e n t i a l l y h a z a r d o u s 

b e c a u s e t h e y e i t h e r h a v e a s m a l l h a l f l i f e (with no l o n g l i v e d 

p r e c u r s o r s ) , a l a r g e r e t a r d a t i o n c o e f f i c i e n t , s m a l l t o x i c i t y , 

s m a l l i n i t i a l a c t i v i t y or a c o m b i n a t i o n of t h e s e p o s s i b i l i t i e s . 
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To r a n k t h e p o t e n t i a l h a z a r d of e a c h n u c l i d e d u e to its 

d i s c h a r g e i n t o the b i o s p h e r e l e t us consider the f o l l o w i n g g r o u p 

of p a r a m e t e r s 

10T, /K . a n d 0 . 0 0 1 M ? / ( M P C ) . (4.6.1) 
5»j TTS1J1 1 i 

P h y s i c a l l y , t h e f i r s t g r o u p of p a r a m e t e r s (see E q . ( 4 . 4 . 1 9 ) ) 

r e p r e s e n t s the w a t e r t r a v e l t i m e if t h e n u c l i d e s w e r e to a r r i v e 

at the b i o s p h e r e a f t e r 10 h a l f l i v e s . T h e r e f o r e , if t h e 

c a l c u l a t e d w a t e r t r a v e l t i m e at the b i o s p h e r e is e q u a l to or 

l a r g e r t h a n t h e f i r s t p a r a m e t e r in E q . ( 4 . 6 . 1 ) , t h e c o n c e n t r a t i o n 

of t h a t n u c l i d e h a s a l r e a d y d e c a y e d to a f r a c t i o n e x p ( - X A t ) = e x p (-

( l n 2 ) * 1 0 ) = . 0 0 1 . 

T h i s l e a d s us to the m e a n i n g of t h e s e c o n d g r o u p of 

0 
p a r a m e t e r s . a r e the i n i t i a l a c t i v i t i e s of e a c h n u c l i d e at 

0 

the t i m e of b u r i a l and t h e r e f o r e M ^ / ( M P C ) j _ r e p r e s e n t s the v o l u m e 

of w a t e r r e q u i r e d to d i l u t e t h a t a c t i v i t y to d r i n k i n g w a t e r 

s t a n d a r d s . H e n c e , t h e s e c o n d p a r a m e t e r in E q . ( 4 . 6 . 1 ) is the 

w a t e r v o l u m e r e q u i r e d to d i l u t e the a c t i v i t y p r e s e n t a f t e r ten 

h a l f l i v e s , w h i c h w a s a r b r i t a r i l y c h o o s e n to y i e l d 0 . 1 % of the 

o r i g i n a l a c t i v i t y . F o r s h o r t e r l i v e d a c t i n i d e s (e.g. R a - 2 2 6 ) w e 

c o n s i d e r the p a r a m e t e r s of its c o n t r o l l i n g p r e c u r s o r (e.g. U - 2 3 4 
5 

for t i m e s s c a l e s of the o r d e r of 10 y e a r s or U- 2 3 8 for l o n g e r 

t i m e s c a l e s ) a n d o n e a s s u m e s R a - 2 2 6 to be in s e c u l a r e q u i l i b r i u m 

w i t h e i t h e r U-2 34 or U - 2 3 8 b e c a u s e the t i m e s c a l e is l a r g e 

e n o u g h . T h e r e f o r e , t h e p o t e n t i a l h a z a r d a n u c l i d e p o s e s to t h e 
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b i o s p h e r e can be m e a s u r e d by t h e f i r s t g r o u p of p a r a m e t e r s (10T, 
*z 

A * m i n A w ^ i - c ^ r e p r e s e n t s the m i g r a t i o n c h a r a c t e r i s t i c of t h a t 
0 

n u c l i d e and by t h e s e c o n d g r o u p of p a r a m e t e r ( 0 . O O l M ^ / M P C ^ ) 

w h i c h r e p r e s e n t s t h e t o x i c i t y and the t o t a l a m o u n t of t h a t 

n u c l i d e i n i t i a l l y p r e s e n t . B y c o n s i d e r i n g t h e p r o d u c t of the t w o 

g r o u p of p a r a m e t e r s o n e c a n o b t a i n an o v e r a l l h a z a r d i n d e x w h i c h 

c a n be u s e d to c o m p a r e d i f f e r e n t r a d i o n u c l i d e s in o r d e r to r a n k 

t h e m . 

I . = ( 1 0 1 Y / K . ) l n ( 0 . 0 0 l M ? / M P C . ) (4.6.2) 
i *S m m i I 

T h e l o n g l i v e d f i s s i o n p r o d u c t s p a r a m e t e r s are l i s t e d in 

T a b l e 4.2 and t h e a c t i n i d e c h a i n s p a r a m e t e r s in T a b l e 4.3. By 

c o m p a r i n g t h e p r o d u c t of the t w o p a r a m e t e r s in E q . (4.6.1) o n e c a n 

r a n k all n u c l i d e s as far as p o t e n t i a l h a z a r d to t h e p u b l i c g o e s . 

T h i s r a n k i n g is s h o w n in T a b l e 4 . 4 . R a - 2 2 6 is r a n k e d f i r s t 

b e c a u s e its c o n t r o l l i n g p a r e n t , U-2 3 8, r e q u i r e s a w a t e r t r a v e l 

9 

t i m e of a b o u t 10 y e a r s to d e c a y t e n h a l f l i v e s . T h e n e x t r a n k e d 

n u c l i d e is 1-129 w h i c h , d u e to its r e t a r d a t i o n c o e f f i c i e n t of 
8 

u n i t y , r e q u i r e s a w a t e r t r a v e l t i m e of 10 y e a r s to d e c a y ten 

h a l f l i v e s . A s o u r c a l c u l a t i o n w i l l s h o w , t h e n e x t r a n k e d 

n u c l i d e s T c - 9 9 , U - 2 3 4 , e t c . c o n t r i b u t e v e r y l i t t l e to t h e t o t a l 

d i s c h a r g e r a t e ( e x p r e s s e d in t e r m s of t o t a l w a t e r d i l u t i o n r a t e , 

Eq. ( 4 . 4 . 2 2 ) ) . 



T a b l e 4.2 L o n g L i v e d F i s s i o n P r o d u c t s P a r a m e t e r s f o r W I P P 
s i t e 

aj hf c/ 
K. ( M P C ) . M. 10T,/K-
l 1 1 H 1 

(yr) ( C i / m 3 ) ( C i / G w Y r ) (yr) 

N u c l i d e 

H-3 
C-14 
S e - 7 9 
S r - 9 0 
Z r - 9 3 
N b - 9 3m 
T c - 9 9 
R u - 1 0 6 
C d - 1 1 3 m 
S n - 1 2 6 
S b - 1 2 5 
1-129 
C s - 1 3 7 
C s - 1 3 5 
C e - 1 4 4 
P m - 1 4 7 
S m - 1 5 1 
E u - 1 5 2 
E u - 1 5 4 
E u - 1 5 5 

1 . 2 E + 1 
5 . 6 E + 3 
6.5E + 4 
2 . 8 E + 1 
9 . 5 E + 5 
1 . 4 E + 1 
2 * X E*4* 5 
1.OE + 0 
1 . 4 E + 1 
1 . 0 E + 5 
2 . 7 E + 1 
1 . 7 E + 7 
3 . 0 E + 1 
3 . 0 E + 6 
7 . 8 E - 1 
4 . 4 E + 0 
8 . 7 E + 1 
1 . 3 E + 1 
1 . 6 E + 1 
1 . 8 E + 0 

1 . 0 E + 0 
1 . 0 E + 1 
6 . O E + 2 
1 . 0 E + 0 
1 . 0 E + 4 
1 . 0 E + 4 
1 . O E + 0 
1 . 0 E + 1 
1 . 0 E + 4 
1 . 0 E + 3 
1 . 0 E + 2 
1 . 0 E + 0 
4 . 1 E + 2 
4 . 1 E + 2 
1 . 2 E + 4 
2 . 5 E + 3 
2 . 5 E + 3 
2 . 5 E + 3 
2 . 5 E + 3 
2 . 5 E + 3 

3.0E-3 
8 . 0 E - 4 
3.0E-4 
3 . 0 E - 7 
8 . 0 E - 4 
4 . 0 E - 4 
2 . 0 E - 4 
1 . 0 E - 5 
3.0E-5 
2 . 0 E - 5 
1 . 0 E - 4 
6 . 0 E - 8 
2 . O E - 5 
1 . 0 E - 4 
1 . 0 E - 5 
2 . O E - 4 
4 . 0 E - 4 
6 . O E - 5 
2 . O E - 5 
2 . O E - 4 

1.9E+4 
1 a 3 EH -1 
1 . 1 E + 1 
2 . 1 E + 6 
5 . 2 E + 1 
5 . 0 E + 0 
3 . 9 E + 2 
1 . 1 E + 7 
1 . 3 E + 3 
1 . 5 E + 1 
2 «-LE"f*5 
1 . 0 E + 0 
2 . 9 E + 6 
7 . 8 E + 0 
2 . 1 E + 7 
2 . 6 E + 6 
3 . 4 E + 4 
3 . 3 E + 2 
1 . 9 E + 5 
1 . 7 E + 5 

1 . 2 E + 2 
5 . 6 E + 3 
1 . 1 E + 3 
2 . 8 E + 2 
9 . 5 E + 2 
1 . 4 E - 2 
2 . 1 E + 6 
1 . O E + 0 
1 . 4 E - 3 
1 . 0 E + 3 
2 . 7 E + 0 
1 . 7 E + 8 
7 . 3 E - 1 
7 . 3 E + 4 
6 . 5 E - 4 
1 . 8 E - 2 
3 . 5 E - 1 
5 . 1 E - 1 
6 . 4 E - 2 
7 . 2 E - 3 

.OOlM. / M P C 

( m 3 / G w Y r ) 

6 . 3 E + 3 
1 . 6 E + 1 
3 . 6 E + 1 
7 . 0 E + 8 
6 . 4 E + 1 
1 . 2 E + 1 
1 . 9 E + 3 
1 . 1 E + 9 
4 . 5 E + 4 
7 . 4 E + 2 
2 . 1 E + 6 
1 .7E+4 
1 . 5 E + 8 
7 . 8 E + 1 
2 . 1 E + 9 
1 . 3 E + 7 
8.5E+4 
5 . 5 E + 3 
9.4E+6 
8.7E+5 

_ a / : F r o m r e f e r e n c e - ( D 1 ) , ( C 2 ) . 
b / : F r o m 1 0 C F R 2 0 f A p p e n d i x B and ( P 2 ) . 
c/:For r e p r o c e s s e d h i g h l e v e l w a s t e ^ L l f R , 10 y e a r s d e c a y , 0 . 5 % U 

and Pu loss i n t o the w a s t e , ( B 2 ) . 
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T a b l e 4.3 A c t i n i d e C h a i n s P a r a m e t e r s for T h e W I P P s i t e . 

J? / 

N u c l i d e K. (MPC) M I O T » / K . . O O l M ^ / M P C 

(yr) ( C i / m 3 ) ( C i / G w Y r ) (yr) ( m 3 / G w Y r ) 
R a - 2 2 5 4 . 1 E - 2 6 . 8 E + 2 5 . O E - 7 1 . 1E+3 8 . 7 E + 5 
R a - 2 2 6 * * * 1 . 6E + 3 6 . 8 E + 2 3 .OE-8 8 . 9 E + 4 1 . 5 E + 3 
R a - 2 2 6 * * * * , , . 6E + 3 6 . 8 E + 2 3 . O E - 8 1 . 6 E + 9 5 . 5 E + 1 
T h - 2 2 8 i. 9 E +0 5. 9 E + 4 7 .OE-6 1 . 1 E + 0 8 . 9 E + 4 
T h - 2 2 9 7. 3E + 3 5 . 9 E + 4 5 .OE-7 1 . 1 E + 3 1 . 2 E + 4 
T h - 2 3 0 * * * 8 . O E + 4 5 . 9 E + 4 2 . O E - 6 8 . 9 E + 4 3 . 2 E - 1 
T h - 2 3 0 * * * * 8 . O E + 4 5 . 9E+4 2 . O E - 6 1 . 6 E + 9 8.4E-3 
U-2 33 1 . 6E + 5 2 . 8 E + 1 3 .OE-5 1 . 1E+3 2 . O E + 2 
U-2 34 2 . 5 E + 5 2 . 8 E + 1 3 .OE-5 1 . 2 E + 0 * 8 . 9 E + 4 3 . 8 E + 1 
U - 2 3 5 7. 1E + 8 2 . 8 E + 1 3 . O E - 5 2 . 3 E - 3 2 . 5 E + 8 7 . 7 E - 2 
U - 2 3 8 4 . 5 E + 9 2 . 8 E + 1 4 .OE-5 4 . 3 E - 2 1. 6 E + 9 1 . O E + 0 
N p - 2 3 7 2. 1 E + 6 1 . 9 E + 4 3 . O E - 6 . 1. 5 E + 1 * * 1 . 1E+3 5 . 2 E + 3 
P u - 2 38 8. 6E + 1 5 . 7 E + 4 r . O E - 6 5 . 1 E + 2 1. 5 E - 2 1 . O E + 5 
P u - 2 39 2 . 4 E + 4 5 . 7 E + 4 5 .OE-6 4 . 4 E + 1 4 . 2 E + 0 8 . 8 E + 3 
P u - 2 4 0 6. 6 E - 3 5 . 7 E + 4 5 .OE-6 2 . 7 E + 2 1 . 1E-0 5 . 3 E + 4 
P u - 2 4 1 1 . 3 E + 1 5 . 7E+4 2 . O E - 4 1 . 4E + 4 3 . 1 E + 1 7 . O E + 4 
P u - 2 4 2 3 . 8 E + 5 5 . 7 E + 4 5 . O E - 6 1 . 9 E - 1 6 . 6 E + 1 3 . 8 E + 1 

A m -2 4 1 4 . 6 E + 2 1 . O E + 4 4 .OE-6 4 . 9 E + 3 4 . 6 E - 1 1 . 2 E + 6 
A m - 2 42m 1 . 5 E +2 1 . O E + 4 4 .OE-6 1 . 2 E + 2 1 . 5 E - 1 2 . 9 E + 4 
A m - 2 4 3 7 . 9 E +3 1 . O E + 4 4 .OE-6 4 . 8 E + 2 7 . 9 E + 0 1 . 2 E + 5 
C m - 2 4 2 4 . 5 E - 1 3 . O E + 3 2 .OE-5 4 , 4 E + 5 1 . 5 E - 1 2 . 2 E + 7 
C m - 2 4 3 3. 2 E + 1 3 . O E + 3 5 . O E - 6 9. O E + 1 1 . 0 E - 1 1 . 8 E + 4 
C m - 2 4 4 1 . 8 E + 1 3 . O E + 3 7 . O E - 6 7 . 4 E + 4 5 . 9 E - 2 1 . O E + 7 
C m - 2 4 5 9. 3 E + 3 3 . O E + 3 4 .OE-6 9. 8 E + 0 3. 1 E + 1 2 . 4 E + 3 
C m - 2 4 6 5 . 5 E + 3 3 . O E + 3 4 . O E - 6 1 . 9 E + 0 1 . 8 E + 1 4 . 8 E + 2 

* I n c l u d e s t h e d e c a y of P u - 2 3 8 , A m - 2 4 2 m and C m - 2 4 2 . 
* * I n c l u d e s the d e c a y of P u - 2 4 1 and A m - 2 4 1 . 
* * * B a s e d on U-2 34 v a l u e 
* * * * B a s e d on U - 2 3 8 v a l u e 
_ a / : F r o m r e f e r e n c e (Dl) , (C2) . 
J o / : F r o m 1 0 C F R 2 0 , A p p e n d i x B and (P2) . 
_ c / : F o r r e p r o c e s s e d h i g h l e v e l w a s t e , L W R , 1 0 y e a r s d e c a y , 0 . 5 % U 
and Pu l o s s i n t o t h e w a s t e , ( B 2 ) . A m - 2 4 2 m is in t h e m e t a s t a b l e 
f o r m . 
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T a b l e 4.4 P o t e n t i a l H a z a r d o u s N u c l i d e R a n k i n g for t h e W I P P 
s i t e 

R a n k i n g N u c l i d e l O T ^ / K j ^ 1\ 

1 R a - 2 2 6 1 . 6 E + 9 * 6.5E+9 
2 1-129 1 . 7 E + 8 1 . 7 E + 9 
3 T c - 9 9 2.1E + 6 1.6E + 7 
4 11-2 34 8.9E + 4 3 . 2 E + 5 
5 C s - 1 3 5 7 . 3 E + 4 3. 2 E + 5 
6 S e - 1 7 9 1.1E+3 2 . 3 E + 4 

* R a - 2 2 6 is a s s u m e d to be in s e c u l a r e q u i l i b r i u m w i t h U - 2 3 8 . T h u s 
v a l u e s of h a l f - l i f e and r e t a r d a t i o n c o e f f i c i e n t s for U - 2 3 8 a r e 
u s e d 

T h e c a l c u l a t e d ( D l , u s i n g m o d e l c a l i b r a t i o n as d e s c r i b e d in 

S e c t i o n 4.4.1) P o t e n t i o m e t r i e d a t a s h o w n in F i g u r e 4.8 is 

r e p r e s e n t e d in a t h r e e d i m e n s i o n a l p l o t in F i g u r e 4 . 1 1 . T h e 

p r o j e c t i o n of the P e c o s R i v e r f l o w p a t t e r n o n t o t h e 

P o t e n t i o m e t r i e s u r f a c e is a l s o s h o w n . T h e s h a p e of t h e s u r f a c e 

c l e a r l y i n d i c a t e s t h a t the g e n e r a l d i r e c t i o n of f l o w is 

s o u t h w a r d . T h e p r e s e n c e of a " v a l l e y " in t h e P o t e n t i o m e t r i e 

s u r f a c e w i l l c a u s e t h e s t r e a m l i n e s t o c o n v e r g e in t h a t r e g i o n . 

S u c h v a l l e y s are c a u s e d e i t h e r by a s t r o n g s i n k , as in t h e c a s e 

of a r i v e r , or by a r e g i o n of h i g h h y d r a u l i c c o n d u c t i v i t y , as in 

the c a s e of f r a c t u r e z o n e s . In t h e c a s e of t h e R u s t l e r a q u i f e r 

w i t h t h e c a l c u l a t e d P o t e n t i o m e t r i e d a t a it s e e m s t h a t t h e v a l l e y 

in t h e P o t e n t i o m e t r i e s u r f a c e n e a r M a l a g a B e n d is c a u s e d by the 

b o t h the r i v e r and a l a r g e v a l u e of t h e h y d r a u l i c c o n d u c t i v i t y . 

T h e t h r e e d i m e n s i o n a l r e p r e s e n t a t i o n of t h e P o t e n t i o m e t r i e 

s u r f a c e o b t a i n e d f r o m t h e r a w d a t a e x h i b i t e d in F i g u r e 4.8 is 



1 8 4 

F i g u r e 4.11 T h e P o t e n t i o m e t r i e s u r f a c e ( c a l c u l a t e d d a t a ) in 
R u s t l e r a q u i f e r w i t h t h e p r o j e c t i o n of P e c o s R i v e r 
o n t o t h e s u r f a c e 
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n o . a/ ( c a l c u l a t e d d a t a ) (raw d a t a ) (raw d a t a ) 

1 2 . 2 3 E + 4 2 . 1 7 E + 4 1.68E+6 
2 3 . 1 5 E + 4 9 . 7 3 E + 3 6 . 2 4 E + G 
3 4 . 6 5 E + 4 1 . 8 2 E + 4 1.80E+6 
4 4 . 2 4 E + 4 3 . 3 3 E + 5 1.40E+6 
5 4 . 1 1 E + 4 3 . 5 0 E + 5 3 . 4 6 E + 6 

a/ S e e s t r e a m l i n e n u m b e r in F i g u r e 4.12 and F i g u r e 4.19 

s h o w n in F i g u r e 4 . 1 1 a . T h e s a m e g e n e r a l t r e n d o b s e r v e d in the 

c a l c u l a t e d p o t e n t i a l is s e e n h e r e . H o w e v e r , t h e " v a l l e y " b e g i n s 

in a r e g i o n l o c a t e d a b o u t 10 km to t h e n o r t h . T h e s t r e a m l i n e s of 

the f l o w c o m i n g f r o m t h e r e p o s i t o r y w i l l t e n d to c o n v e r g e in t h e 

" v a l l e y " n o r t h of M a l a g a B e n d , a w a y f r o m t h e r i v e r . A f t e r t h e 

s t r e a m l i n e s a r e b u n c h e d t h e y w i l l m o v e t o w a r d s P e c o s R i v e r . 

H y d r o l o g i c a l c a l c u l a t i o n s for the d e t e r m i n a t i o n of t h e 

c o n t a m i n a t e d s t r e a m l i n e s , h y d r a u l i c c o n d u c t i v i t i e s and w a t e r 

t r a v e l t i m e s w e r e p e r f o r m e d by the c o m p u t e r p r o g r a m H Y D R O for 

b o t h s e t s of p o t e n t i o m e t r i c d a t a . T h e e n t i r e s h a d o w r e g i o n is 

c o v e r e d by f i v e s t r e a m l i n e s in e a c h c a s e . T h e w a t e r t r a v e l t i m e 

to r e a c h the b i o s p h e r e (Pecos R i v e r ) for e a c h s t r e a m l i n e for e a c h 

set of t h e p o t e n t i o m e t r i c d a t a is s h o w n in T a b l e 4 . 5 . 

T a b l e 4.5 W a t e r A r r i v a l t i m e at the B i o s p h e r e for the W I P P 
s i t e 

W a t e r a r r i v a l t i m e (years) 
S t r e a m l i n e R u s t l e r A q u i f e r R u s t l e r A q u i f e r D e l a w a r e A q u i f e r 



1 8 6 

F i g u r e 4.11a P o t e n t i o m e t r i e s u r f a c e (raw d a t a ) in R u s t l e r a q u i f e r 
w i t h t h e p r o j e c t i o n of P e c o s R i v e r o n t o t h e s u r f a c e . 
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F o r the c a l c u l a t e d (Dl) p o t e n t i o m e t r i c d a t a set t h e 

s h o r t e s t w a t e r t r a v e l t i m e to the b i o s p h e r e is 2 . 2 3 E + 4 y e a r s , 

w h i l e for t h e r a w d a t a set t h e s h o r t e s t w a t e r t r a v e l t i m e to the 

b i o s p h e r e is 9.73E+3 y e a r s . F r o m t h e s e v a l u e s o n e can c o n c l u d e 

t h a t o n l y t h e f i r s t f i v e r a n k e d n u c l i d e s in T a b l e 4.4 w i l l r e a c h 

t h e P e c o s R i v e r a f t e r m i g r a t i n g t h r o u g h R u s t i e r a q u i f e r . All 

o t h e r n u c l i d e s w i l l be r e t a r d e d and t h e y w i l l h a v e d e c a y e d b e f o r e 

r e a c h i n g t h e P e c o s R i v e r . 

F i g u r e 4.12 and F i g u r e 4.13 s h o w t h e 1-129 c o n t a m i n a t e d 

1 4 5 

r e g i o n at 10 ,10 and 10 y e a r s a f t e r the l e a c h i n g s t a r t e d 

i n d i c a t e d by the d o t t e d a r e a s . T h e l i n e s of c o n s t a n t p o t e n t i a l 

are l a b e l l e d w i t h t h e i r v a l u e s e x p r e s s e d in m e t e r s a b o v e m e a n sea 

l e v e l . O n l y t h e s t r e a m l i n e s of t h e r e p o s i t o r y s h a d o w r e g i o n are 

s h o w n . F o r t h e s e f i g u r e s t h e c a l c u l a t e d p o t e n t i a l d a t a w e r e 

u s e d . A s w a s e x p e c t e d , t h e 1-129 w i l l d i s c h a r g e i n t o P e c o s R i v e r 

n e a r M a l a g a B e n d . A c c o r d i n g t o F i g u r e 4 . 1 3 , a f t e r 1 0 5 y e a r s 

a l m o s t all 1-129 h a v e a l r e a d y b e e n d i s c h a r g e d i n t o P e c o s R i v e r . 

F i g u r e 4.14 and F i g u r e 4.15 s h o w t h e R a - 2 26 c o n t a m i n a t e d 

6 

r e g i o n in t h e W I P P s i t e r e g i o n . A f t e r a b o u t 10 y e a r s R a - 2 2 6 

s t a r t s d i s c h a r g i n g i n t o t h e r i v e r w h i l e t h e t r a i l i n g e d g e of its 

m i g r a t i o n b a n d is s t i l l n e a r t h e r e p o s i t o r y s i t e , b e c a u s e of the 

l a r g e r e t a r d a t i o n c o e f f i c i e n t for T h - 2 3 0 . 

F i g u r e 4.16 s h o w s the w a t e r d i l u t i o n r a t e of 1-129 in t h e 

P e c o s R i v e r for t h e c a l c u l a t e d set of p o t e n t i o m e t r i c d a t a . T h r e e 
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4 5 6 

v a l u e s of l e a c h t i m e w e r e u s e d for c o m p a r i s o n s (10 ,10 and 10 ). 

I n c r e a s i n g the v a l u e of t h e l e a c h t i m e b y an o r d e r of m a g n i t u d e 

d e c r e a s e s t h e w a t e r d i l u t i o n r a t e b y a p p r o x i m a t e l y o n e o r d e r of 

m a g n i t u d e for 1—129.» T h e f i r s t n u c l i d e a r r i v a l t i m e is a b o u t 

2 . 0 E + 4 y e a r s f o r 1 - 1 2 9 . 

S i m i l a r l y , F i g u r e 4.17 s h o w s t h e w a t e r d i l u t i o n r a t e and 

w a t e r d i l u t i o n v o l u m e for Ra - 2 2 6 d i s c h a r g i n g i n t o P e c o s R i v e r 

f r o m R u s t l e r a q u i f e r w i t h t h e c a l c u l a t e d set of p o t e n t i o m e t r i e 

d a t a . T h e p e a k w a t e r d i l u t i o n r a t e and t h e p e a k w a t e r d i l u t i o n 

v o l u m e a r e t h r e e o r d e r s of m a g n i t u d e s m a l l e r t h a n f o r 1 -129.And 

the f i r s t a r r i v a l t i m e f o r Ra - 2 2 6 is 8. OE+5 y e a r s . 

T h e c a l c u l a t i o n s w e r e r e p e a t e d for t h e o t h e r n u c l i d e s 

r a n k e d in T a b l e 4.4 b u t t h e i r c o n t r i b u t i o n to t h e t o t a l w a t e r 

d i l u t i o n r a t e w e r e n e g l i g i b l e w h e n c o m p a r e d to 1-129 and R a - 2 26 

c o n t r i b u t i o n s . T h e r e f o r e , the t o t a l w a t e r d i l u t i o n r a t e b e f o r e 

8.OE+5 y e a r s is d u e p r i m a r i l y to 1-12 9 and a f t e r t h a t t i m e Ra - 2 2 6 

b e c o m e s the m a j o r c o n t r i b u t o r b u t w i t h a p e a k v a l u e t h r e e o r d e r s 

of m a g n i t u d e s m a l l e r . In a d d i t i o n to t h e s e q u a n t i t a t i v e 

c o n s i d e r a t i o n s o n e s h o u l d n o t i c e t h a t t h e l o c a t i o n of d i s c h a r g e 

for the c o n t a m i n a t e d s t r e a m l i n e s i n t o the P e c o s R i v e r is 

p r a c t i c a l l y l o c a l i z e d . 

C o m p a r a b l e c a l c u l a t i o n s w e r e r e p e a t e d for the R u s t l e r 

a q u i f e r , b u t in t h i s c a s e w i t h the r a w set of p i e z o m e t r i c d a t a . 

F i g u r e 4.18 s h o w the 1-129 c o n t a m i n a t e d r e g i o n a f t e r 10 3 and 10 4 



F i g u r e 4 . ] _ 2 1-129 c o n t a m i n a t e d r e g i o n in R u s t l e r a q u i f e r 
( c a l c u l a t e d d a t a ) a f t e r ID3 , , r i in ' y e a r s . 
P o t e n t i a l s a r e in m e t e r s a b o v e M S L . 
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1 - 1 2 9 C O N T A M I N A T E D R E G I O N - R U S T L E R A Q U I F E R A F T E R 

1 . O O E + 0 5 Y R S 

<.6 3 E + 0 4 

8 . I 6 E * O J 

4 . 0 6 £ - t 0 3 

0.00 5 . 1 2 E + 0 3 1 . 0 2 E + 0 4 1 . 5 4 E + 0 4 2 . 0 5 E + 0 4 2 . 5 5 E + 0 4 

X - C O O R D I N A T E ( M E T E R S ) 

F i g u r e 4.13 1-129 c o n t a m i n a t e d r e g i o n in R u s t l e r a q u i f e r 
( c a l c u l a t e d d a t a ) a f t e r 10° y e a r s . 
P o t e n t i a l s a r e in m e t e r s a b o v e M S L . 



R A - 2 2 6 C O N T A M I N A T E D R E G I O N - R U S T L E R A Q U I F E R A F T E R 

1 . O O E + 0 4 Y R S 

0 - 0 0 V I 2 C + 0JS I . 0 2 C + C H 1 .S«E- t (M 2 . 0 5 C 4 0 4 I . 5 6 C t D 4 

X - C O O R O I N A T E ( M E T E R S ) 

R A - 2 2 6 C O N T A M I N A T E D R E G I O N - R U S T L E R A Q U I F E R A F T E R 
1 . 0 0 E + 0 5 Y R S 

1 . 6 3 E + 0 4 

6 . 1 6E + 03' 

« . 0 8 E + 0 3 

0.00 5 . 1 2 E 4 0 . 5 1.02E-I04 1 . 5 4 C + 0 4 2 . 0 5 E + 0 4 2.56r»04 
X - C O O R O I NA t E ( M E T E R S ) 

F i g u r e 4.14 R a - 2 2 6 c o n t a m i n a t e d r e g i o n in R u s t l e r a q u i 
( c a l c u l a t e d d a t a ) a f t e r l"A and 1 0 * y e a r s . 
P o t e n t i a l s are in m e t e r s a b o v e M S L . 
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F i a u r e 4.15 R a - 2 2 6 c o n t a m i n a t e d r e g i o n in R u s t l e r a q u i f e r 
( c a l c u l a t e d d a t a ) a f t e r 1 0 * y e a r s . 
P o t e n t i a l s a r e in m e t e r s a b o v e M S L . 
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1 - 1 2 9 C U M U L A T I V E D í S C H A R C E H I S T O R Y A T P E C O S 

R I V E R 

10 ICT 

T I M E A F T E R L E A C H I N G S T A R T E D (1RS) 

F i g u r e 4 . 1 6 1-129 d i s c h a r g e r a t e / M P C (water d i l u t i o n r a t e ) a n d 
c u m u l a t i v e d i s c h a r g e (water d i l u t i o n v o l u m e ) at 
P e c o s R i v e r d i s c h a r g i n g f r o m R u s t l e r a q u i f e r ( c a l c u l a t e d 
d a t a ) for l e a c h t i m e s o f 1 0 4 , 1 0 5 and 1 0 6 y e a r s 



R A - 2 2 6 D I S C H A R G E R A T E H I S T O R Y AL P E C O S R I V E R 
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c 
OR 

10 10 

T I M E A F T E R I E A C H INC S T A R T E D ( Y R S ) 

R A - 2 2 6 C U M U L A T I V E D I S C H A R G E H I S T O R Y A T P E C O S 

R I V E R 

> UJ 
— 3 

r~ 

10/ 
10.-

Y 

I 

T I M E A F T E R R E A C H I N G S T A R T E D (YRS ) 

I 

10 

10 

TO 

F i g u r e 4.17 R a - 2 2 6 d i s c h a r g e r a t e / M P C (water d i l u t i o n r a t e ) and 
c u m u l a t i v e d i s c h a r g e / M P C (water d i l u t i o n v o l u m e ) at 
P e c o s R i v e r d i s c h a r g i n g f r o m R u s t l e r a q u i f e r 
( c a l c u l a t e d d a t a ) for l e a c h t i m e s of 1 0 * , 1 0 * and 10 

y e a r s 



y e a r s f r o m the b e g i n n i n g of l e a c h i n g . C o m p a r e d to t h e f i g u r e s 

for the c a l c u l a t e d p o t e n t i a l d a t a c a s e o n e n o t i c e s t h a t t h e 

c o n f l u e n c e of s t r e a m l i n e s o c c u r s e a r l i e r and t h e d i s c h a r g e i n t o 
5 

Pecos River is farther north of the Malaga Bend. After 10 years 
1-129 h a s b e e n t o t a l l y d i s c h a r g e d f r o m t h e R u s t l e r a q u i f e r . 

F i g u r e 4.19 and F i g u r e 4.20 s h o w the c o n t a m i n a t e d r e g i o n 

for R a - 2 2 6 in R u s t l e r a q u i f e r w i t h the r a w set of d a t a for 1 0 * 

7 

t h r u 10 y e a r s . F i g u r e 4.21 s h o w s t h e 1-129 w a t e r d i l u t i o n r a t e 

and w a t e r d i l u t i o n v o l u m e , r e s p e c t i v e l y , w h i l e F i g u r e 4.22 s h o w 

the w a t e r d i l u t i o n r a t e a n d w a t e r d i l u t i o n v o l u m e of R a - 2 2 6 . 

F o r t h i s c a s e , u s i n g the r a w set of d a t a , t h e f i r s t 1-129 
4 

r e a c h e s P e c o s R i v e r a f t e r 10 y e a r s a n d R a - 2 2 6 a f t e r 4.0E+5 y e a r s 

i n s t e a d of 3.0E+4 y e a r s and 9.0E+5 y e a r s for the c a l c u l a t e d set 

of p o t e n t i a l s . T h e m a g n i t u d e of t h e w a t e r d i l u t i o n r a t e are 

c o m p a r a b l e to t h o s e o b t a i n e d in the c a l c u l a t e d set. of d a t a c a s e . 

D u r i n g t h e p e r i o d b e t w e e n 1 93 7 and 1 9 7 5 t h e m a x i m u m 
3 

r e c o r d e d P e c o s R i v e r f l o w r a t e at M a l a g a B e n d w a s 1 . 1 E + 1 1 m / y r 
-i 

w h i l e the l o w e s t w a s 4.5E+6 m / y r . In t h e s a m e p e r i o d the 
3 

a v e r a g e r i v e r f l o w r a t e w a s 1 . 7 E + 8 m / y r . 

T h e s e P e c o s R i v e r f l o w r a t e s at t h e M a l a g a B e n d are 

c o m p a r e d to t h e m a x i m u m t o t a l w a t e r d i l u t i o n r a t e of 500 m 3 / y r 

for r a d i o n u c l i d e s d i s c h a r g i n g i n t o P e c o s R i v e r at a n y t i m e . T h i s 

m a x i m u m o c c u r s for 1 - 1 2 9 , u s i n g t h e c a l c u l a t e d p o t e n t i a l and a 



1 - 1 2 9 C O N T A M I N A T E D R E G I O N - R U S T L E R A Q U I F E R A F T E R 

18 1-129 c o n t a m i n a t e d r e g i o n in R u s t l e r a q u i f e r 
(raw d a t a ) a f t e r 10-3 a n c i JQA y e a r s . 
P o t e n t i a l s are in m e t e r s a b o v e M S L . 
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R A - 2 2 6 C O N T A M I N A T E D R E C 1 O N - R U S T L E R A Q U I F E R A F T E R 

1 0 0 E + 0 4 Y R S 

0 . 0 0 4 . < H E - t C 3 B . B B E + O J 1 . 3 3 E + 0 4 1 . 7 8 E + 0 4 2 . 2 Z C 4 0 * . 

X - C O O R D I N A T E ( M E T E R S ) 
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1 . 0 0 E + O 5 Y R S 

0 . 0 « 4 . 4 4 E + 0 3 0 . 6 l i t 4 0 . 1 1 . J J E + Q 4 1 . 7 B E + 0 4 2 . 3 2 E. -10 4 

X - C O O R D I N A T E ( M E T E R S ) 

F i g u r e 4.19 R a - 2 2 6 c o n t a m i n a t e d r e g i o n in R u s t l e r a q u i f e r 
(raw d a t a ) a f t e r 1 0 * and 1 0 * y e a r s . 
P o t e n t i a l s a r e in m e t e r s a b o v e M S L . ) 
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1 . 6 2 E + 0 4 

I . 3 2 X + 0 4 V ^ - 1 — 

7 . 2 0 E + 0 3 

0.00 4 4 4 E + 0 3 8 . 6 8 E + 0 3 1 . 3 3 E + 0 4 1 . 7 6 E » 0 4 2 . 2 2 E + 0 4 

X - C O O R D I N A T E ( M E T E R S ) 

A F T E R 

2 . 2 2 E + 04 

1 . 9 2 E + 0 4 

t.0 2 E + 0 4 

F i g u r e 4.20 Ra-22.6 c o n t a m i n a t e d r e g i o n in R u s t l e r a q u i f e r 
(raw d a t a ) a f t e r 1 0 G and 1 0 7 r e a r s . 
P o t e n t i a l s a r e n i v e n in m e t e r s a b o v e M S L . 
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F i a u r e 4.21 1-129 d i s c h a r g e r a t e / M P C (water d i l u t i o n r a t e ) and 
c u m u l a t i v e d i s c h a r g e / M P C (water d i l u t i o n v o l u m e ) at 
P e c o s R i v e r d i s c h a r g i n g f r o m R u s t l e r a q u i f e r (raw 
d a t a ) for l e a c h t i m e s of 1 0 4 , 1 0 s a n d 1 0 6 y e a r s 
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F i g u r e 4.22 R a - 2 2 6 d i s c h a r g e r a t e / M P C (water d i l u t i o n r a t e ) and 
c u m u l a t i v e d i s c h a r g e / M P C (water d i l u t i o n v o l u m e ) at 
P e c o s r i v e r d i s c h a r g i n g f r o m R u s t l e r a q u i f e r (raw 
d a t a ) for l e a c h t i m e s of 10 ,10 s and 1 0 6 y e a r s 
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F i g u r e 4.23 s h o w s t h e p o t e n t i o m e t r i e s u r f a c e in the 

l e a c h t i m e of 10 y e a r s . O n e c o n c l u d e s t h a t w h e n P e c o s R i v e r is 

f l o w i n g at its m i n i m u m c a p a c i t y it is s t i l l l a r g e r by a f a c t o r of 

1000. T a k i n g i n t o a c c o u n t t h e f a c t t h a t t h e a m o u n t of w a s t e 

c o n s i d e r e d in the c a l c u l a t i o n s is the r e s u l t of production of one 
G w ( e ) y r by a L W R , the P e c o s R i v e r m i n i m u m f l o w r a t e w o u l d be 

s u f f i c i e n t to d i l u t e to M F C l e v e l s the c o n t a m i n a t i o n c a u s e d by 

t h e r e p r o c e s s e d h i g h l e v e 1 w a s t e of 330 L W R ' s o p e r a t i n g d u r i n g 

t h e i r 30 y e a r s l i f e t i m e at f u l l c a p a c i t y . 

A t t h e W I P P s i t e t h e d o w n w a r d s e e p a g e of c o n t a m i n a t e d 

g r o u n d w a t e r i n t o t h e u n d e r l y i n g D e l a w a r e M o u n t a i n G r o u p a q u i f e r s 

w i l l be v e r y u n l i k e l y . T h i s is b e c a u s e the t e m p e r a t u r e g r a d i e n t 

c a u s e d by the d e c a y h e a t in t h e w a s t e p a c k a g e s w i 1 1 p r o d u c e an 

u p w a r d d r i v i n g f o r c e d u e to d e n s i t y g r a d i e n t s . In a d d i t i o n , 

e v e n a f t e r s u f f i c i e n t t i m e for the h e a t g e n e r a t i o n to be 

s i g n i f i c a n t l y r e d u c e d , t h e h y d r a u l i c p o t e n t i a l in t h e D e l a w a r e 

a q u i f e r , b e i n g l a r g e r t h a n in the R u s t l e r a q u i f e r , w i l l c a u s e the 

f l o w t h r o u g h any c o n n e c t i o n b e t w e e n t h e m to be u p w a r d s . 

E v e n if the D e l a w a r e a q u i f e r w e r e to be c o n t a m i n a t e d , the 

p o t e n t i a l h a z a r d d u e to t h e d i s c h a r g e of r a d i o n u c l i d e s i n t o the 

C a p i t a n a q u i f e r s i t u a t e d a b o u t 30 k m to t h e n o r t h w o u l d be s m a l l 

b e c a u s e the w a t e r t r a v e l t i m e s in t h i s a q u i f e r a r e l a r g e . 

N e v e r t h e l e s s c a l c u l a t i o n s w e r e p e r f o r m e d for t h i s c a s e b a s e d on 

c a l c u l a t e d (Dl) set of h y d r a u l i c h e a d s . 
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F i g u r e 4.23 T h e P o t e n t i o m e t r i e s u r f a c e in the D e l a w a r e M o u n t a i n 
G r o u p A q u i f e r . 
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D e l a w a r e a q u i f e r . T h e a b s e n c e of i r r e g u l a r i t i e s like " v a l l e y s " 

and " h i l l s " i n d i c a t e t h a t the s t r e a m l i n e s w i l l h a v e n o c o n f l u e n c e 

or d i v e r g e n t t e n d e n c i e s b u t e x h i b i t a r a t h e r r e g u l a r p a t t e r n . 

C o n t r a r y to the R u s t l e r a q u i f e r , the D e l a w a r e a q u i f e r f l o w s 

n o r t h w a r d d i s c h a r g i n g i n t o C a p i t a n a q u i f e r . A s it is s h o w n in 

6 
F i g u r e 4.24 it w o u l d t a k e m o r e t h a n 10 y e a r s for 1-129 to r e a c h 

C a p i t a n a q u i f e r . 

B e s i d e s t h e d i s c h a r g e i n t o t h e P e c o s R i v e r , t h e r e is 

a n o t h e r p a t h w a y to the b i o s p h e r e t h a t can be p o t e n t i a l l y 

h a z a r d o u s to t h e p u b l i c h e a l t h . If a f r e s h - w a t e r - p r o d u c i n g w e l l 

is d u g in the s h a d o w r e g i o n of t h e r e p o s i t o r y , d e e p e n o u g h to 

r e a c h the R u s t l e r a q u i f e r , the w a t e r p u m p e d m i g h t c o n t a i n 

r a d i o a c t i v e e l e m e n t s r e l e a s e d from the r e p o s i t o r y . 

3 

A t y p i c a l w a t e r p r o d u c i n g w e l l f l o w r a t e of a b o u t 350 m /yr 

w a s a s s u m e d (M2) . T h e c a l c u l a t e d p o t e n t i o m e t r i e s u r f a c e in the 

R u s t l e r a q u i f e r w a s c o n s i d e r e d and the w e l l l o c a t i o n l i e s i n s i d e 

the s h a d o w r e g i o n . T h e w e l l is l o c a t e d at t h e c o o r d i n a t e s : 

x = 1 5 , 4 0 0 m e t e r s and y = 1 2 , 2 0 0 m e t e r s (see c o o r d i n a t e s y s t e m in 

F i g u r e 4.12 w h e r e t h e w e l l l o c a t i o n is d e f i n e d by a " W " ) . 

A f t e r s u p e r i m p o s i n g the e x i s t i n g n a t u r a l h y d r a u l i c 

p o t e n t i a l of R u s t l e r a q u i f e r to the p o t e n t i a l d u e to the w e l l 

(point s i n k in E q . ( 4 . 3 . 9 ) ) w i t h a b o v e f l o w r a t e t h e r e s u l t i n g 

p o t e n t i a l c a l c u l a t e d by H Y D R O s h o w s n o s i g n i f i c a n t d i f f e r e n c e s 

f r o m the o r i g i n a l R u s t l e r a q u i f e r p o t e n t i a l . T h i s is b e c a u s e t h e 
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F i g u r e 4 . 24 1-129 c o n t a m i n a t e d r e g i o n in D o l a ' w r ? *Vr in t a i n 
'"•roup anui'Ter ( c a l c u l a t e d d a t a ) a f t e r 10-* and 1 0 * y r s . 
P o t e n t i a l s a r e in m e t e r s a b o v e M S L . 
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w e l l f l o w r a t e is s m a l l c o m p a r e d to t h e a q u i f e r y i e l d (by a 

f a c t o r of 1 0 0 0 ) . T h e r e f o r e , o n e c a n u s e t h e h y d r o l o g i c a l 

c a l c u l a t i o n a l r e a d y d o n e for the R u s t l e r a q u i f e r w i t h t h e 

c a l c u l a t e d set of p o t e n t i o m e t r i e d a t a . F i g u r e 4.11 and F i g u r e 

4 . 1 2 t h r u F i g u r e 4.15 are s t i l l v a l i d , h o w e v e r , t h e w e l l l o c a t i o n 

is n o w p a r t of the b i o s p h e r e and t h e d i s c h a r g e r a t e s , n u c l i d e 

a r r i v a l t i m e s at the w e l l are d i f f e r e n t f r o m t h o s e q u o t e d 

e a r l i e r . 

T h e w a t e r t r a v e l t i m e to r e a c h t h e w e l l is 1 3 , 5 0 0 y e a r s , as 

c o m p a r e d w i t h the 3 1 , 5 0 0 y e a r s to r e a c h P e c o s R i v e r . F o r t h i s 

w a t e r t r a v e l t i m e 1-129 and R a - 2 2 6 a r e s t i l l the m o s t h a z a r d o u s 

n u c l i d e s . F i g u r e 4.24a and F i g u r e 4.24b s h o w t h e i r d i s c h a r g e 

r a t e s and c u m u l a t i v e d i s c h a r g e in t h e w e l l . T h e m a x i m u m w a t e r 

d i l u t i o n r a t e for 1-129 is a g a i n a l m o s t t h r e e o r d e r of m a g n i t u d e 

A 5 

l a r g e r t h a n t h a t of R a - 2 2 6. F o r l e a c h t i m e s of 10 y e a r s and 10 

y e a r s 1-129 d i s c h a r g e s e a r l i e r t h a n R a - 2 2 6 and t h e y d i s c h a r g e at 

d i f f e r e n t t i m e s b e c a u s e t h e y h a v e d i f f e r e n t r e t a r d a t i o n 
c o e f f i c i e n t . S i n c e t h e w a t e r a r r i v a l t i m e to t h e w e l l is of t h e 

4 
o r d e r of 10 y e a r s and the u n i t r e t a r d a t i o n c o e f f i c i e n t , t h e 

A 

t i m e s of d i s c h a r g e for l e a c h t i m e s l a r g e r t h a n 10 w i l 1 be e q u a l 

to t h e l e a c h t i m e s . I f , h o w e v e r the r e t a r d a t i o n c o e f f i c i e n t w e r e 

n o t u n i t y , t h e n t h e t i m e of d i s c h a r g e w o u l d be c o n t r o l l e d e i t h e r 

by the l e a c h t i m e or by the p r o d u c t of t h e w a t e r t r a v e l t i m e to 

the w e l l t i m e s the r e t a r d a t i o n c o e f f i c i e n t , w h i c h e v e r is l a r g e r 

(see E q . ( 4 . 3 . 5 f ) ) . T h e m a x i m u m 1-129 w a t e r d i l u t i o n r a t e is 

a b o u t 10 m /yr w h i c h 35 t i m e s s m a l l e r t h a n t h e w e l l f l o w r a t e of 

3 5 0 m 3 / y r . 
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F i g u r e 4.24a 1-129 d i s c h a r g e r a t e / M P C (water d i l u t i o n r a t e ) a n d 
c u m u l a t i v e d i s c h a r g e / M P C (water d i l u t i o n v o l u m e ) at 
a w e l l in R u s t l e r a q u i f e r s h a d o w r e g i o n ( c a l c u l a t e d 
d a t a ) . L e a c h t i m e s v a l u e s a r e : 1 0 4 , 1 0 5 a n d 1 0 6 y e a r s 
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T I M E A F T E R L E A C H I N G S T A R T E D (YRS) 

R A - 2 2 6 C U M U L A T I V E D I S C H A R G E H I S T O R Y - W E L L 
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10" 10 
T I M E A F T E R L E A C H I N G S T A R T E D (YRS) 

F i g u r e 4.24b R a - 2 2 6 d i s c h a r g e r a t e / M P C (water d i l u t i o n r a t e ) and 
c u m u l a t i v e d i s c h a r g e / M P C (water d i l u t i o n v o l u m e ) at 
a w e l l in R u s t l e r a q u i f e r s h a d o w r e g i o n ( c a l c u l a t e d 
d a t a ) . L e a c h t i m e v a l u e s a r e : 1 0 4 , 1 0 5 and 1 0 6 y e a r s 

R A - 2 2 6 D I S C H A R G E R A T E H I S T O R Y - W E L L 
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A d d e n d u m to S e c t i o n 4.6 

C o l e and B o n d ( C 3 ) , a l s o s t u d i e d the far f i e l d m i g r a t i o n of 

r a d i o n u c l i d e s for t h e W I P P s i t e . T h e i r w o r k is r e v i e w e d in t h i s 

a d d e n d u m . 

T h e h y d r o l o g i c a l c a l c u l a t i o n s in (C3) w e r e p e r f o r m e d by t h e 

c o m p u t e r p r o g r a m V T T ( V a r i a b l e T h i c k n e s s T r a n s i e n t F l o w , S i ) . 

T h i s c o d e s o l v e s n u m e r i c a l l y the g o v e r n i n g e q u a t i o n for the 

g r o u n d w a t e r c o n s e r v a t i o n w i t h i n h o m o g e n e o u s a q u i f e r p a r a m e t e r s 

v a l u e s for t h e D a r c y ' s f l o w . F o r t h e s t e a d y s t a t e p r o b l e m , t h e 

m o d e l u t i l i z e s a f i n i t e d i f f e r e n c e f o r m u l a t i o n i n v o l v i n g N e w t o n ' s 

m e t h o d and a d i r e c t G a u s s i a n e l i m i n a t i o n p r o c e d u r e (see SI for a 

m o r e d e t a i l e d d e s c r i p t i o n ) . V T T u s e s t h e m e a s u r e d R u s t l e r 

a q u i f e r p i e z o m e t r i c d a t a (Figure 4.7) for t h e " m o d e l c a l i b r a t i o n " 

as d e s c r i b e d in S e c t i o n 4 . 4 . 1 . By a s s u m i n g i n i t i a l g u e s s e s for 

the a q u i f e r h y d r a u l i c c o n d u c t i v i t y and the b o u n d a r y c o n d i t i o n s , 

t h e c o m p u t e r p r o g r a m V T T s o l v e s n u m e r i c a l l y E q . ( 4 . 4 . 1 ) . T h e 

r e s u l t i n g h y d r a u l i c h e a d d i s t r i b u t i o n is t h e n c o m p a r e d to F i g u r e 

4.7 and by u s i n g s o m e a r b i t r a r y w e i g h t i n g f u n c t i o n to c h e c k t h e 

c o n s i s t e n c y b e t w e e n the s o l u t i o n o b t a i n e d w i t h t h e m e a s u r e d d a t a 

n e w a q u i f e r p a r a m e t e r s and b o u n d a r y c o n d i t i o n s a r e d e d u c e d . 

T h e s e n e w v a l u e s a r e u s e d and a c o r r e c t e d s o l u t i o n for t h e 

h y d r a u l i c h e a d is t h e n d e r i v e d . T h i s p r o c e d u r e is r e p e a t e d u n t i l 

an " a c c e p t a b l e " a g r e e m e n t is o b t a i n e d b e t w e e n the c a l c u l a t e d and 

m e a s u r e d h y d r a u l i c h e a d . 



O n e s h o u l d n o t e t h a t t h i s m e t h o d d o e s n o t g u a r a n t e e 

u n i q u e n e s s for the s o l u t i o n s i n c e t h e r e are i n f i n i t e l y m a n y 

c o m b i n a t i o n s of a q u i f e r p a r a m e t e r s and h y d r a u l i c h e a d f u n c t i o n s 

t h a t s a t i s f y E q , ( 4 . 4 . 1 ) , T h e r e f o r e , t h e c h o i c e of a p a r t i c u l a r 

set of p a r a m e t e r v a l u e s and the a s s o c i a t e d h y d r a u l i c h e a d 

d i s t r i b u t i o n b y u s i n g m o d e l c a l i b r a t i o n is a r b i t r a r y , d i c t a t e d 

o n l y by the c h o i c e of t h e w e i g h t i n g f u n c t i o n s . T h e r e s u l t i n g 

R u s t l e r a q u i f e r h y d r a u l i c c o n d u c t i v i t y and h y d r a u l i c h e a d 

o b t a i n e d by C o l e and B o n d in (C3) a r e s h o w n in F i g u r e Al and 

F i g u r e A 2 r e s p e c t i v e l y . 

F i g u r e A l s h o w s t h a t t h e h y d r a u l i c c o n d u c t i v i t y 

d i s t r i b u t i o n u s e d in (C3) to c h a r a c t e r i z e R u s t l e r a q u i f e r in the 

r e g i o n b e t w e e n the r e p o s i t o r y s i t e and the M a l a g a B e n d is g i v e n 

by o n l y t h r e e d i s c r e t e v a l u e s of 1,4 and 32 f t / d a y . T h e m e t h o d 

p r e s e n t e d in S e c t i o n 4.4 (and i m p l e m e n t e d in U C B N E 2 1 ) w a s u s e d 

for the R u s t l e r a q u i f e r w i t h the c a l c u l a t e d d a t a , and a 

c o n t i n u o u s l y v a r y i n g h y d r a u l i c c o n d u c t i v i t y f r o m 1 f t / d a y at the 

r e p o s i t o r y s i t e up to a b o u t 65 f t / d a y c l o s e to the d i s c h a r g e 

l o c a t i o n at t h e M a l a g a B e n d w a s o b t a i n e d . 

The c a l c u l a t e d h y d r a u l i c h e a d for R u s t l e r a q u i f e r g i v e n in 

(C3) is s h o w n in F i g u r e A 2 . T h e s h a p e of t h e p o t e n t i a l l i n e s as 

w e l l as t h e i r c o r r e s p o n d i n g v a l u e s in f e e t a b o v e t h e M S L a g r e e 

w e l l w i t h the c a l c u l a t e d p o t e n t i o m e t r i e d a t a u s e d in t h i s w o r k 

(Figure 4 . 8 ) . T h e s h a p e of the s t r e a m l i n e s are a l s o c o m p a r a b l e 

to t h o s e o b t a i n e d in the p r e s e n t w o r k (Figure 4.12) w i t h the 
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F i g u r e A l H y d r a u l i c c o n d u c t i v i t y v a l u e s u s e d in C 3 . 



2 1 1 

F i g u r e A 2 T h e n o d a l s y s t e m usee! in C3 w i t h the c a l c u l a t e d h y d r a u l i c 
h e a d d i s t r i b u t i o n and the s t r e a m l i n e s of the c o n t a m i n a t e d 
r e g i o n . 
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A 2 w h i c h a r e c a u s e d by d i s c r e t e j u m p s in t h e h y d r a u l i c 

c o n d u c t i v i t y v a l u e s u s e d . 

However, the most serious contention in our review concerns 
w i t h the f a c t t h a t t h e d i m e n s i o n a l s e a l l i n g u s e d in (C3) is a b o u t 

two t i m e s s m a l l e r t h a n t h e a c t u a l g e o g r a p h i c a l s c a l e s u s e d 

e l s e w h e r e for t h a t r e g i o n . It is s t a t e d in (C3) t h a t t h e 

d i s t a n c e b e t w e e n t w o n o d a l p o i n t s in F i g u r e A 2 is e q u i v a l e n t to 

1.5 m i l e s . U s i n g t h i s s c a l i n g f a c t o r , t h e d i s t a n c e b e t w e e n t h e 

r e p o s i t o r y s i t e and M a l a g a B e n d is 8 m i l e s , a c c o r d i n g to F i g u r e 

A 2 . O n the o t h e r h a n d , d a t a f r o m (Dl) i n d i c a t e s t h a t t h e 

d i s t a n c e b e t w e e n t h o s e s a m e p o i n t s is 17 m i l e s w h i l e d a t a f r o m 

(Ml) and (Rl) i n d i c a t e 18 m i l e s . F u r t h e r m o r e , f r o m (B5) we h a v e 

the c o n f i r m a t i o n t h a t the d i s t a n c e is a b o u t 17 m i l e s . T h e r e f o r e , 

the s c a l i n g f a c t o r u s e d in (C3) is s m a l e r by a f a c t o r of 

a p p r o x i m a t e l y t w o . A l t h o u g h the v a l u e s of h y d r a u l i c h e a d are n o t 

a f f e c t e d by t h i s e r r o r , t h e g r o u n d w a t e r v e l o c i t y (i.e. t h e 

g r a d i e n t of the p o t e n t i a l ) as w e l l as the d i s t a n c e to the 

b i o s p h e r e are a f f e c t e d . C o n s e q u e n t l y , the w a t e r t r a v e l t i m e to 

the b i o s p h e r e is a l s o a f f e c t e d . T h e r e s u l t i n g w a t e r t r a v e l t i m e s 

to r e a c h the M a l a g a B e n d c a l c u l a t e d in (C3) by V T T a n d t h o s e 

o b t a i n e d in t h i s w o r k c a l c u l a t e d by H Y D R O are s h o w n in t h e T a b l e 

A l b e l o w for c o m p a r i s o n . 
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T a b l e A l C o m p a r i s o n b e t w e e n w a t e r t r a v e l t i m e s t o t h e M a l a g a 

B e n d in R u s t l e r a q u i f e r o b t a i n e d in (C3) and in t h i s w o r k . 

S t r e a m l i n e n o . 

1 

2 

3 

4 

5 

W a t e r t r a v e l t i m e s (years} 

C o l e s a n d B o n d T h i s w o r k 

3 . 4 3 E + 3 2 . 2 3 E + 4 

3 . 5 7 E + 3 3 . 1 5 E + 4 

3.6 7 E + 3 

3 . 7 2 E + 3 

3 . 8 2 E + 3 

4 . 6 5 E + 4 

4 . 2 4 E + 4 

4 . 1 1 E + 4 

O n e c a n n o t i c e t h a t t h e r e d u c t i o n by a f a c t o r of t w o in the 

d i m e n s i o n a l s c a l i n g , w i t h a c o r r e s p o n d i n g i n c r e a s e by a f a c t o r of 

t w o in the l o c a l v a l u e s of the g r o u n d w a t e r v e l o c i t y and in t h e 

t o t a l d i s t a n c e to t h e b i o s p h e r e , c a u s e d t h e w a t e r t r a v e l t i m e to 

be d e c r e a s e d by m o r e t h a n an o r d e r of m a g n i t u d e . T h i s d i f f e r e n c e 

in w a t e r t r a v e l t i m e to the b i o s p h e r e s e r i o u l y a f f e c t s t h e f a r -

f i e l d m i g r a t i o n of r a d i o n u c l i d e s s i n c e t h e a r r i v a l t i m e of the 

f i r s t n u c l i d e is g r e a t l y d i m i n i s h e d and t h e c o n c e n t r a t i o n of a 

p a r t i c u l a r n u c l i d e is i n c r e a s e d . 

C o l e s and B o n d c a l c u l a t e d t h e f a r - f i e l d m i g r a t i o n of 

r a d i o n u c l i d e s in t h e W I P P s i t e by u s i n g a s i m p l i f i e d o n e -

d i m e n s i o n a l m o d e l . T h e a v e r a g e l e n g t h of t h e f i v e s t r e a m l i n e s 

s h o w n in F i g u r e A 2 w a s u s e d as t h e e q u i v a l e n t o n e - d i m e n s i o n a l 

p a t h l e n g t h a n d t h e c o r r e s p o n d i n g a v e r a g e w a t e r t r a v e l t i m e w a s 
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u s e d . T h e r e s u l t s s h o w n in (C3) a l s o p r e s e n t 1-129 and R a - 2 2 6 as 

b e i n g t h e m o s t h a z a r d o u s n u c l i d e s m i g r a t i n g in t h e R u s t l e r 

a q u i f e r . 

A q u a n t i t a t i v e c o m p a r i s o n b e t w e e n the o n e - d i m e n s i o n a l 

c a l c u l a t i o n c a r r i e d o u t in (C3) w i t h the e r r o r in t h e s c a l i n g 

f a c t o r and the t w o - d i m e n s i o n a l c a l c u l a t i o n p e r f o r m e d in t h i s w o r k 

h a s n o i m p o r t a n t m e a n i n g . N e v e r t h e l e s s , t h e t i m e w h e n the 

m a x i m u m w a t e r d i l u t i o n r a t e and t h e c o r r e s p o n d i n g m a x i m u m w a t e r 

d i l u t i o n r a t e for 1-129 and R a - 2 2 6 in P e c o s R i v e r a f t e r 

d i s c h a r g i n g f r o m R u s t l e r a q u i f e r o b t a i n e d in (C3) and in t h i s 

w o r k a r e p r e s e n t e d in T a b l e A 2 for c o m p a r i s o n s . T h e t i m e for 

b e g i n n i n g of l e a c h i n g is 1 0 0 0 y e a r s and t h e l e a c h t i m e is 15 0,0 0 0 

y e a r s . T h e i n i t i a l a m o u n t of e a c h n u c l i d e a r e t h o s e p r e s e n t in a 

L N R r e p r o c e s s e d w a s t e . 

T a b l e A 2 C o m p a r i s o n b e t w e e n 1-129 and R a - 2 2 6 m a x i m u m w a t e r 

d i l u t i o n r a t e s o b t a i n e d by C o l e s and B o n d and by t h i s w o r k . 

T i m e of m a x i m u m (yr ) M a x i m u m w a t e r d i l u t i o n r a t e 
(m V y r ) 

C o l e s and B o n d T h i s w o r k 
1-129 

R a - 2 2 6 

C o l e s and B o n d 
8.70E+3 
1.0 0E+6 

T h i s w o r k 
6.0 0 E + 4 
1.50E+6 

1 . 0 0 E + 2 7 . 0 0 E + 1 
6 . 1 0 E + 0 1 . 0 0 E - 1 
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In a d d i t i o n , o n e s h o u l d a l s o n o t e t h a t in (C3) it is 

a s s u m e d t h a t n o n e of t h e U- 23 8 p r e s e n t in t h e s p e n t f u e l is lost 

to the r e p r o c e s s e d h i g h l e v e l w a s t e . H o w e v e r , a b o u t 0.5% of the U-

238 is p r e s e n t in t h e H L W and i s , as o u r c a l c u l a t i o n s h o w e d , t h e 

m a i n s o u r c e of R a - 2 2 6 1 0 6 y e a r s a f t e r the l e a c h i n g s t a r t e d . 



2 16 

4.7 M o d e l l i n g of t h e F a r - F i e l d R a d i o n u c l i d e M i g r a t i o n at 

t h e S i t e of the B a s a l t W a s t e I s o l a t i o n P r o j e c t (BWIP) in H a n f o r d , 

W a s h i n g t o n 

4.7.1 R e v i e w and i n t e r p r e t a t i o n of e x i s t e n t h y d r o l o g i c a l 

d a t a 

H y d r o l o g i c a l d a t a u s e d in t h i s w o r k w e r e o b t a i n e d p r i m a r i l y 

f r o m t h e R o c k w e l l I n t e r n a t i o n a l r e p o r t : " H y d r o l o g i e S t u d i e s 

w i t h i n t h e C o l u m b i a P l a t e a u , W a s h i n g t o n " ( R 2 ) . T h a t r e p o r t 

p r e s e n t s an i n t e g r a t i o n of t h e c u r r e n t k n o w l e d g e of the H a n f o r d 

s i t e r e g i o n h y d r o l o g y . In t h i s s e c t i o n w e p r e s e n t a b r i e f 

s u m m a r y of t h e a v a i l a b l e i n f o r m a t i o n and the r e a d e r s h o u l d r e f e r 

t o a b o v e r e f e r e n c e for m o r e d e t a i l e d d e s c r i p t i o n s . 

A m o n g the h y d r o l o g i e s y s t e m s p r e s e n t in the C o l u m b i a R i v e r 

b a s a l t f o r m a t i o n t h e m a i n s t u d i e s a r e c e n t e r e d w i t h i n t h e P a s c o 

B a s i n l o c a t e d in s o u t h - c e n t r a l W a s h i n g t o n S t a t e , p a r t i c u l a r l y 

t h a t p o r t i o n of the b a s i n w i t h i n t h e H a n f o r d S i t e (see F i g u r e 

4 . 2 5 ) . A g e o l o g i c a l c r o s s s e c t i o n of t h e P a s c o B a s i n f r o m 

s o u t h w e s t to n o r t h e a s t is s h o w n in F i g u r e 4 , 2 5 a . T h i s f i g u r e 

i l l u s t r a t e s the s t r u c t u r e and s t r a t i g r a p h y of the H a n f o r d S i t e . 

F o u r m a j o r g r o u p s of f l o w s c a n be d i s t i n g u i s h e d : t h e G r a n d e 

R o n d e , the W a n a p u m , t h e S a d d l e M o u n t a i n s B a s a l t and t h e R i n g o l d 

f o r m a t i o n . 
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F i g u r e 4.25 H y d r o l o g i e m o d e l l i n g r e g i o n for t h e Î3T7IP s i t e 
s h o w i n g the P a s c o B a s i n b o u n d a r i e s . ( f r o m R2) 



F i g u r e 4.25a G e o l o g i c c r o s s s e c t i o n of t h e P a s c o B a s i n (R3) . 
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H e r e w e q u o t e s e l e c t e d s e g m e n t s f r o m (R2) on t h e 

d e s c r i p t i o n of t h e P a s c o B a s i n w i t h its f l o w i n g g r o u p s : "The 

Pasco Basin, an area of a b o u t 2 , 0 0 0 s q u a r e m i l e s c o n t a i n s o n e of 

the l a r g e s t r i v e r s y s t e m s in t h e c o n t i n e n t , t h e C o l u m b i a R i v e r 

and its t r i b u t a r i e s , t h e S n a k e a n d Y a k i m a R i v e r s . 

T h e w a t e r t a b l e is f o u n d p r i n c i p a l l y in t h e R i n g o l d 

F o r m a t i o n . T h e R i n g o l d F o r m a t i o n is d i v i d e d i n t o t h r e e u n i t s : 

the u p p e r , c o n s i s t i n g of b e d d e d f l u v i a l s i l t and s a n d w i t h s o m e 

g r a v e l ; t h e m i d d l e , w e l l s o r t e d s a n d a n d g r a v e l w h i c h a r e 

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

s o m e i n t e r b e d d e d s a n d a n d g r a v e l . T h e r e p o r t e d h y d r a u l i c 

c o n d u c t i v i t y r a n g e s f r o m 2 0 to 600 f e e t p e r d a y for t h e m i d d l e 

u n i t , and 0.1 to 10 f e e t p e r d a y for t h e l o w e r u n i t (R2) . T h e 

u n c o n f i n e d a q u i f e r a t t a i n s a t h i c k n e s s of o v e r 200 f e e t in 

p o r t i o n s of the b a s i n w i t h the b a s e c o n s i d e r e d to be the top of 

the b a s a l t or the t h i c k , l o w p e r m e a b l e s i l t and c l a y of the l o w e r 

u n i t of the R i n g o l d f o r m a t i o n . D i s c h a r g e f r o m t h e u n c o n f i n e d 

a q u i f e r is p r i m a r i l y to the C o l u m b i a R i v e r , w i t h l e s s e r a m o u n t s 

to the S n a k e and Y a k i m a r i v e r s . 

W i t h i n the P a s c o B a s i n , t h e C o l u m b i a R i v e r B a s a l t G r o u p 

( c o n f i n e d a q u i f e r s ) c o n s i s t s of t h e S a d d l e M o u n t a i n s , W a n a p u m , 

and G r a n d e R o n d e B a s a l t s . T h e a v e r a g e t o t a l t h i c k n e s s of t h e s e 

b a s a l t s is a b o u t 5,000 f e e t . T h e c o n f i n e d a q u i f e r s p r e s e n t 

t h e r e i n a r e a s s o c i a t e d w i t h the m o r e p e r m e a b l e i n t e r f l o w and 

i n t e r b e d d e d z o n e s and a r e g e n e r a l l y l o c a t e d b e t w e e n c o n f i n i n g 
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u n i t s c o m p o s e d of the d e n s e , c o l u m n a r p o r t i o n s of t h e b a s a l t 

f l o w s . 

T h e S a d d l e M o u n t a i n B a s a l t and u p p e r W a n a p u m B a s a l t receive 
r e c h a r g e f r o m p r e c i p i t a t i o n a n d f r o m s t r e a m r u n o f f in t h e 

R a t t l e s n a k e H i l l s , Y a k i m a r i d g e a n d the S a d d l e M o u n t a i n s . T h e 

p r i n c i p a l d i s c h a r g e a r e a for a q u i f e r s w i t h i n t h e S a d d l e M o u n t a i n s 

and u p p e r W a n a p u m B a s a l t s is m o s t p r o b a b l y to the C o l u m b i a R i v e r 

in the s o u t h e a s t e r n s e g m e n t of the b a s i n b e t w e e n t h e c i t y of 

R i c h l a n d , W a s h i n g t o n and W a l l u l a G a p . G r o u n d w a t e r f l o w b e n e a t h 

the H a n f o r d S i t e is g e n e r a l l y to t h e e a s t a n d s o u t h . 

A q u i f e r s in t h e l o w e r W a n a p u m and G r a n d e R o n d e B a s a l t s 

r e c e i v e m i n o r or l o c a l r e c h a r g e in t h e s a m e a r e a s as m e n t i o n e d 

for t h e s h a l l o w e r b a s a l t s . G r o u n d w a t e r d i s c h a r g e is p r o b a b l y to 

t h e C o l u m b i a R i v e r , p o s s i b l y in L a k e W a l l u l a , or f u r t h e r s o u t h in 

the C o l u m b i a G e o r g e . 

A g e n e r a l i z e d s u m m a r y of t h e g r o u n d w a t e r f l o w s y s t e m in the 

P a s c o B a s i n is p r e s e n t e d . T h e u n c o n f i n e d a q u i f e r is e s s e n t i a l l y 

a l o c a l s y s t e m , w i t h r e c h a r g e and d i s c h a r g e c o n t a i n e d w i t h i n the 

b a s i n . A q u i f e r s in t h e S a d d l e M o u n t a i n s B a s a l t and u p p e r W a n a p u m 

B a s a l t p r i n c i p a l l y r e c e i v e r e c h a r g e and d i s c h a r g e w i t h i n t h e 

b a s i n ; a l t h o u g h s o m e i n t e r - b a s i n t r a n s f e r t a k e s p l a c e , t h e s y s t e m 

is c o n s i d e r e d to be l o c a l . T h e l o w e r W a n a p u m and t h e u p p e r 

G r a n d e R o n d e B a s a l t a q u i f e r s a r e t e n t a t i v e l y c l a s s i f i e d as 

i n t e r m e d i a t e . T h e l o w e r G r a n d e R o n d e B a s a l t m a y be p a r t of a 
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r e g i o n a l s y s t e m . R e c h a r g e is f r o m w i t h i n t h e b a s i n and f r o m t h e 

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

C o l u m b i a R i v e r f l o w r a t e s at t h e a q u i f e r s d i s c h a r g e r e g i o n 

d e p e n d s on t h e e l e c t r i c p r o d u c t i o n at the P r i e s t R a p i d s D a m 

R e s e r v o i r l o c a t e d u p s t r e a m . F o r the 6 0 y e a r p e r i o d of r e c o r d 

m a i n t a i n e d by t h e U . S . G e o l o g i c a l S u r v e y , t h e a v e r a g e d i s c h a r g e 

h a s b e e n 3,250 m * / s e c ( 1 2 0 , 4 0 0 c f s ) . T h e m i n i m u m r e c o r d e d 

d i s c h a r g e of 111 m 3 / s e c (4,120 c f s ) o c u r r e d in 1 9 3 2 . In r e c e n t 

y e a r s p e a k f l o w s d u r i n g s p r i n g r u n o f f h a v e r a n g e d f r o m 4 320 

m 3 / s e c ( 16 0 , 0 0 0 c f s ) t o 1 4 , 8 5 0 m 3 / s e c (55 0,0 0 0 c f s ) . 

F i g u r e 4.26 ( o b t a i n e d f r o m R 2 ) s h o w s t h e e s t i m a t e d 

h y d r a u l i c p o t e n t i a l m a p for the R i n g o l d f o r m a t i o n a q u i f e r s at t h e 

H a n f o r d s i t e . B e n e a t h t h i s u n c o n f i n e d a q u i f e r l i e s t h e S a d d l e 

M o u n t a i n s G r o u p a q u i f e r s and an e s t i m a t e of the p o t e n t i o m e t r i e 

s u r f a c e in t h i s s y s t e m s of a q u i f e r s is p r e s e n t e d in F i g u r e 4.27 

(R2) . T h e t w o g r o u p s of a q u i f e r s u n d e r l y i n g S a d d l e M o u n t a i n s 

G r o u p , the W a n a p u m and G r a n d e R o n d e h a v e i n s u f f i c i e n t p i e z o m e t r i c 

d a t a to c o n s t r u c t a p o t e n t i o m e t r i e s u r f a c e for t h e r e g i o n of t h e 

H a n f o r d s i t e . 

A t t h e H a n f o r d s i t e t h e e x a c t l o c a t i o n for t h e r e p o s i t o r y 

h a s n o t b e e n d e f i n e d y e t . T h e p r o p o s e d s c e n a r i o to b e a s s u m e d in 

a s s e s s i n g the p e r f o r m a n c e of t h e r e p o s i t o r y c o n s i d e r s an 

h o r i z o n t a l f l o w d r i v e n by t h e h y d r a u l i c p o t e n t i a l g r a d i e n t 

t h r o u g h the a q u i f e r in w h i c h t h e r e p o s i t o r y is l o c a t e d . A c r a c k 



2 2 2 

RCP 8001-286 

F i g u r e 4.26 E s t i m a t e d 1944 w a t e r t a b l e m a p for t h e E a n ford s i t e 
(used as R i n g o l d a q u i f e r p o t e n t i o n e t r i e d a t a , f r o m R 2 ) . 
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F i g u r e 4.2 7 P o t e n t i o m e t r i e s u r f a c e u s e d for t h e S a d d l e M o u n t a i n 
G r o u p a q u i f e r s , f r o m R 2 . 
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is a s s u m e d to be f o r m e d at t h e r e p o s i t o r y s i t e . D u e to t h e 

t e m p e r a t u r e g r a d i e n t c a u s e d by d e c a y h e a t in a d d i t i o n to t h e 

n a t u r a l v e r t i c a l h y d r a u l i c p o t e n t i a l g r a d i e n t , g r o u n d w a t e r f r o m 

the h o r i z o n t a l f l o w is d r i v e n v e r t i c a l l y u p w a r d s a f t e r p a s s i n g 

t h r o u g h t h e r e p o s i t o r y . T h i s c o n t a m i n a t e d u p w a r d f l o w i n g 

g r o u n d w a t e r r e a c h e s e v e n t u a l l y an o v e r ] y i n g a q u i f e r w h i c h c a r r i e s 

t h e r a d i o n u c l i d e s u n t i l t h e y d i s c h a r g e i n t o t h e b i o s p h e r e . 

In t h i s s t u d y h o w e v e r , a c o n s e r v a t i v e a s s u m p t i o n h a s b e e n 

m a d e . In any i n s t a n c e w h e n r a d i o n u c l i d e s a r e l e a c h e d o u t of t h e 

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

the a q u i f e r b e i n g s t u d i e d . It is e q u i v a l e n t to say t h a t t h e 

r e p o s i t o r y is l o c a t e d in t h e p a r t i c u l a r a q u i f e r b e i n g a n a l y z e d . 

In o t h e r w o r d s , t h e t i m e a n y r a d i o n u c l i d e w o u l d s p e n d in 

t r a v e l l i n g v e r t i c a l l y t h r o u g h t h e f r a c t u r e is a s s u m e d n e g l i g i b l e 

w h e n c o m p a r e d to t h e t i m e it s p e n d s in t h e a q u i f e r u n t i l t h e 

d i s c h a r g e i n t o t h e b i o s p h e r e . 

T h e r e f o r e , t h e r e p o s i t o r y is p l a c e d e i t h e r in t h e R i n g o l d 

a q u i f e r or in t h e S a d d l e M o u n t a i n G r o u p a q u i f e r . D u e to l a c k of 

e n o u g h p i e z o m e t r i c d a t a , W a n a p u m and G r a n d e R o n d e a q u i f e r s w i l l 

n o t be a n a l y z e d a l t h o u g h t h e y a r e p o s s i b l e p a t h w a y s to the 

b i o s p h e r e . A q u i f e r p a r a m e t e r s v a l u e s o b t a i n e d f r o m f i e l d d a t a 

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

l a r g e r a n g e of v a l u e s ( R 2 , C 6 ) , m a k i n g t h e c h o i c e of a 

r e p r e s e n t a t i v e v a l u e d i f f i c u l t . A s u m m a r y of t h e h y d r o l o g i c a l 

d a t a u s e d in t h i s w o r k is p r e s e n t e d in T a b l e 4.5a (R2) . 
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T a b l e 4.5a S u m m a r y of h y d r o l o g i c a l d a t a at t h e r e p o s i t o r y 

s i t e (R2) 

R i n g o l d a q u i f e r d i e M o u n t a i n a q u i f e r 

T h i c k n e s s (m) 6 0 27 0 

H y d r a u l i c A r a n g e f r o m 10 to 3 
1 0 5 , u s e d = 5 O 0 

c o n d u c t i v i t y (m/yr) 
0.1 0.1 

P o r o s i t y 

4.7.2 D e t e r m i n a t i o n of the c o n t a m i n a t e d r e g i o n s and 

r a d i o n u c l i d e d i s c h a r g e r a t e s in t h e B W I P c a s e 

S i m i l a r c a l c u l a t i o n s as w e r e d o n e for t h e W I P P s i t e 

(Section 4.6.2) are r e p e a t e d h e r e for t h e B W I P s i t e . T a b l e 4.6 

and T a b l e 4.7 s u m m a r i z e s the n u c l i d e s p a r a m e t e r s u s e d in t h i s 

c a s e . T h e s e t a b l e s d i f f e r f r o m t h e c o r r e s p o n d i n g T a b l e 4.2 and 

4.3 for t h e W I P P s i t e b e c a u s e t h e r e t a r d a t i o n c o e f f i c i e n t of s o m e 

n u c l i d e s a r e d i f f e r e n t for b a s a l t f o r m a t i o n s . T a b l e 4.6 p r e s e n t s 

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

in h i g h l e v e l w a s t e . A g a i n as in t h e p r e v i o u s c a s e 1-129 w i t h 

its u n i t r e t a r d a t i o n c o e f f i c i e n t and l o n g h a l f l i f e r e q u i r e s t h e 

l a r g e s t w a t e r t r a v e l t i m e to be c o n t a i n e d . T a b l e 4.7 s u m m a r i z e s 

the p a r a m e t e r s for t h e a c t i n i d e c h a i n s p r e s e n t in r e p r o c e s s e d 

h i g h l e v e l w a s t e . O n c e m o r e R a - 2 2 6 w h i c h a c t i v i t y is c o n t r o l l e d 

by its p r e c u r s o r U - 2 3 4 and U - 2 3 8 is t h e m o s t p o t e n t i a l l y 

h a z a r d o u s a c t i n i d e . T a b l e 4.8 is a l i s t i n g of t h e m o s t h a z a r d o u s 

n u c l i d e in t h e B W I P s i t e r a n k e d a c c o r d i n g to t h e p r o d u c t 1* (see 



T a b l e 4.6 L o n g L i v e d F i s s i o n P r o d u c t s P a r a m e t e r s f o r B W I P 
s i t e 

a/ c/ 
N u c l i d e ( M P C ) . 

x 
M. 

1 0 V Ki . 0 0 1 M . /M 
1 

(yr) ( C i / m 3 ) ( C i / G w Y r ) (yr) ( m 3 / G w Y r ) 
H-3 1 . 2 E + 1 1 . 0 E + 0 3 . 0 E - 3 1 . 9 E + 4 1 . 2 E + 2 6 . 3 E + 3 
C - 1 4 5 . 6 E + 3 1 . 0 E + 1 8.0E-4 1 . 3 E + 1 5 . 6 E + 3 1 . 6 E + 1 
S e - 7 9 6 . 5 E + 4 1 . 0 E + 0 3 . 0 E - 4 1 . 1 E + 1 6 . 5 E + 5 3 . 6 E + 1 
S r - 9 0 2 . 8 E + 1 5 . 7 E + 3 3 . 0 E - 7 2 . 1 E + 6 4 . 9 E - 2 7.0E+ 8 
Zr-9 3 9 . 5 E + 5 5 . 7 E + 2 8.0E-4 5 . 2 E + 1 1 . 6 E + 4 6 . 4 E + 1 
N b - 9 3m 1 . 4 E + 1 1 . 0 E + 4 4.0E-4 5 , 0 E + 0 1.4E-2 1 . 2 E + 1 
Tc -99 2 . 1 E + 5 1 . 0 E + 0 2 . 0 E - 4 3 . 9 E + 2 2 . 1 E + 6 1 . 9 E + 3 
R u - 1 0 6 1 .0E + 0 1 . 0 E + 1 1.0E-5 1 . 1 E + 7 1 . 0 E + 0 1 . 1 E + 9 
Cd-113ra 1 .4E + 1 1 . 0 E + 4 3 . 0 E - 5 1 . 3 E + 3 1.4E-2 4 . 5 E + 4 
S n - 1 2 6 1 .0E + 5 5 . 7 E + 2 2 . 0 E - 5 1 . 5 E + 1 1 . 8 E + 3 7 . 4 E + 2 
S b - 1 2 5 2 . 7 E + 1 1 . 0 E + 2 1.0E-4 2 . 1 E + 5 2 . 7 E + 0 2 . 1 E + 6 
1-12 9 1 .7E + 7 1 .0E + 0 6 . 0 E - 8 1 . 0 E + 0 1 . 7 E + 8 1 . 7 E + 4 
C s - 1 3 7 3 . 0 E + 1 5 . 7 E + 3 2 . 0 E - 5 2 . 9 E + 6 5 . 3 E - 2 1 . 5 E + 8 
C s - 1 3 5 3 . 0 E + 6 5 . 7 E + 3 1.0E-4 7 . 8 E + 0 5 . 3 E + 3 7 . 8 E + 1 
C e - 1 4 4 7 . 8 E - 1 1 . 2 E + 4 1.0E-5 2 . 1 E + 7 6 . 5 E - 4 2 . 1 E + 9 
P m - 1 4 7 4 . 4 E + 0 2 . 5 E + 3 2 . 0 E - 4 2 . 6 E + 6 1.8E-2 1 . 3 E + 7 
S m - 1 5 1 8 . 7 E + 1 2 . 5 E + 3 4, OE-4 3 . 4 E + 4 3 . 5 E - 1 8 . 5 E + 4 
E u - 1 5 2 1 . 3 E + 1 2 . 5 E + 3 6,-OE-5 3 « 3H!"A"2 5 « i E X 5 . 5 E + 3 
E u - 1 5 4 1 . 6 E + 1 2 . 5 E + 3 2 .OE-5 1 . 9 E + 5 6 . 4 E - 2 9 . 4 E + 6 
E u - 1 5 5 1. 8E + 0 2 . 5 E + 3 2 . O E - 4 1 . 7 E + 5 7 . 2 E - 3 8 . 7 E + 5 

a / : F r o m r e f e r e n c e ( R 2 ) , ( B 3 ) . 
b / : F r o m 1 0 C F R 2 0 , A p p e n d i x B a n d ( P 2 ) . 
_ c / : F o r r e p r o c e s s e d h i g h l e v e l w a s t e , L W R , 1 0 y e a r s d e c a y , 0 . 5 % U 
a n d Pu l o s s i n t o t h e w a s t e , ( B 2 ) . 
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T a b l e 4.7 A c t i n í d e C h a i n s P a r a m e t e r s for T h e B W I P s i t e 

a / J ? / 
N u c l i d e K, ( M P C ) i M 0 1 0 T , / K . , 0 0 l M i ° / W 

l i 
(yr) ( C i / m 3 ) ( C i / G w Y r ) (yr) ( m 3 / G w Y r ) 

Ra-325 4 . 1F-2 2. 8 E + 3 5 . 0 E - 7 7.5E+4 8.7E+5 
R a - 2 2 6 * * * 1 . 6E + 3 2. 8E+3 3 . 0 E - 8 4 . 4 E + 3 1.5E+3 
R a - 2 2 6 * * * * 1 .6E+3 2. 8E+3 3 . 0 E - 8 7. 9 E + 7 5 . 5 E + 1 
T h - 2 2 8 1 . 9E+0 5 . 7 E + 3 7.OE-6 1.2E+0 8.9E+4 
T h - 2 2 9 7 . 3E + 3 5 . 7 E + 3 5 . 0 E - 7 7.5E+4 1.2E+4 
T h - 2 3 0 * * * 8 . O E + 4 5 . 7 E + 3 2.0E-6 4.4E+3 3 . 2 E - 1 
T h - 2 3 0 * * * * 8 .OE+4 5 . 7 E + 3 2 . 0 F - 6 7 . 9 E + 7 8 . 4 E - 3 
U-2 33 1 . 6E + 5 5 . 2 E + 2 3 . 0 E - 5 7.5E+4 2 . 0 E + 2 
U-2 34 2 . 5 E + 5 5 . 2 E + 2 3 . 0 E - 5 1 . 2E + 0 * A . 4 E + 3 3.RE+1 
U-2 35 7 . 1 E + 8 5 . 2 E + 2 3 . 0 E - 5 2 . 3 E - 3 1.2E+7 7 . 7 E - 2 
U-2 38 4 . 5 E + 9 5. 2F.+2 4 . O F - 5 4 . 3 E - 2 7 . 9 E + 7 1.0E+0 
N p - 2 3 7 2 .1E+6 2. 8E+2 3 . 0 E - 6 1 .5 E + 1* * 7.5E+4 5.2E+3 
P n - 2 3 8 3 .6E+1 5 . 7 E + 3 5.0 1X5 5 . 1 F + 2 1 . 5 E - 1 1.0E+5 
Pn-2 39 2 . 4 E + 4 5 . 7 E + 3 5.0E-6 4 . 4 E + 1 4 . 2 E + 1 8.3E+3 
P u - 2 4 0 6 . 6E + 3 5 . 7 E + 3 5.0E-6 2 . 7 E + 2 1.2E+0 5.3E+4 
P u - 2 41 1 . 3E + 1 5 . 7 E + 3 2.0E-4 1 . *E + 4 3.1E+1 7.OE+4 
P u - 2 4 2 3 . RE + 5 5 . 7 E + 3 5 . O E - 6 1 . 9 E - 1 6 . 6 E + 2 3.3F+1 
A m - 2 41 4 . 6 E + 2 1 . O E + 4 4.0E-6 4 . 9E + 3 4 . 6 E - 1 1.2E+6 
A m - 2 4 2m 1 . 5 E + 2 1. O E +A 4.OE-6 1 . 2 E + 2 1 . 5 E - 1 2.9E+4 
A m - 2 4 3 7 . 9 E + 3 1 . 0E+<* 4.0F-6 4 . 8 E + 2 7.9E+0 1.2E+5 
C m - 2 4 2 4 . 5E-1 3 . 0E+3 2.0E-5 4 . 4 E + 5 1 . 5 E - 1 2 . 2 E + 7 
C m - 2 4 3 3 . 2 E + 1 3. O E + 3 5 . 0 E - 6 9 . 0 E + 1 l.OE-1 1.3E+4 
C m - 2 4 4 1 . 8 E + 1 3 . O E + 3 7.OE-6 7 . 4E + 4 5 . 9 E - 2 1.0E+7 
Cm.-2 4 5 9 . 3F + 3 3 . 0E+3 4 . O E - 6 9 . R E + 0 3.1E+1 2 . 4 E + 3 
C m - 2 46 5 . 5 E + 3 3. 0 E + 3 4 . O E - 6 1 . 9 E + 0 1.8E+1 4.8E+2 

• I n c l u d e s t h e d e c a y of P u - 2 1 8, A m - 2 4 2n and C m - 2 4 2 . 
* * l n c l u d e s t h e d e c a y of P u - 2 4 1 and A m - 2 4 1 . 
* * * B a s e d on t h e d e c a y of U-2 34 
* * * * R a s e d on t h e d e c a y of U-2 38 
_ a / : F r o m r e f e r e n c e ( R 2 ) , ( B 3 ) . 
irjFrom 1 0 C F R 2 0 , A p n e n d i x B and ( P 2 ) . 
c / : F o r r e p r o c e s s e d hicrh l e v e l w a s t e ,LWR, 10 y e a r s d e c a y , 0.5% U 

and Pu l o s s i n t o t h e w a s t e , ( B 2 ) . 
A m - 2 4 2 m is the m e t a s t a b l e f o r m of A m - 2 4 2 
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T a b l e 4.8 P o t e n t i a l H a z a r d o u s N u c l i d e R a n k i n g for t h e B W I P 

s i t e 

•3 
R a n k i n g N u c l i d e 10T / K ( y r s ) I.(m y r ) 

1 1-129 1 . 7 E + 8 7 E + 9 
2 R a - 2 2 6 7 . 9 E + 7 * 2 E + 8 
3 T c - 9 9 2 . 1 E + 6 6 E + 7 
4 S e - 7 9 6 . 5 E + 5 3 E + 6 
5 T h - 2 3 0 3 . 4 E + 6 * 1E+6 
6 N p - 2 3 7 7 . 5 E + 4 5 E + 5 

* R a - 2 2 6 is a s s u m e d to be in s e c u l a r e q u i l i b r i u m w i t h U - 2 3 8 . T h u s 
v a l u e s of h a l f - l i f e and r e t a r d a t i o n c o e f f i c i e n t for U - 2 3 8 w e r e 
u s e d 

S i n c e p i e z o m e t r i c d a t a is at p r e s e n t a v a i l a b l e in 

s u f f i c i e n t q u a n t i t y o n l y for t h e R i n g o l d a q u i f e r and t h e S a d d l e 

M o u n t a i n G r o u p a q u i f e r , t h e h y d r o l o g i c a l c a l c u l a t i o n s w e r e 

r e s t r i c t e d to t h e s e t w o g r o u p s of a q u i f e r s , a l t h o u g h t h e W a n a p u m 

and G r a n d e R o n d e f o r m a t i o n s a r e a l s o p o t e n t i a l p a t h w a y s to t h e 

b i o s p h e r e . 

F i g u r e 4 . 2 8 is t h e t h r e e d i m e n s i o n a l r e p r e s e n t a t i o n of t h e 

P o t e n t i o m e t r i e s u r f a c e in t h e R i n g o l d a q u i f e r . T w o d i s t i n c t 

v a l l e y s in the s u r f a c e i n d i c a t e t h a t t h e R i n g o l d a q u i f e r 

d i s c h a r g e s i n t o t h e C o l u m b i a R i v e r in t w o d i f f e r e n t l o c a t i o n s . 

T h e p r o j e c t i o n of t h e r i v e r f l o w p a t t e r n on t h e P o t e n t i o m e t r i e 

E q . ( 4 . 6 . 2 ) ) . A s in the W I P P c a s e , 1-129 and R a - 2 2 6 are t h e t w o 

f i r s t r a n k e d n u c l i d e s . 
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s u r f a c e is a l s o s h o w m . T w o a r b i t r a r y l o c a t i o n s h a v e b e e n c h o o s e n 

for a s e n s i t i v i t y s t u d y . T h e f i r s t l o c a t i o n d e n o t e d by 

" R e p o s i t o r y 1 " c o i n c i d e s w i t h t h e p r e s e n t r e p r o c e s s i n g p l a n t 

w h e r e l o w l e v e l r a d i o a c t i v e w a s t e has b e e n p l a c e d on t h e s u r f a c e . 

T h e p r o j e c t i o n of t h i s f i r s t l o c a t i o n l i e s on o n e of t h e 

p o t e n t i o m e t r i c v a l l e y s (see F i g u r e 4.20) . T h e c o n t a m i n a t e d 

s t r e a m l i n e s c o n v e r g e and t h e n f l o w e a s t w a r d u n t i l t h e y d i s c h a r g e 

i n t o t h e C o l u m b i a R i v e r . T h e s e c o n d l o c a t i o n is 2 k m a w a y to t h e 

s o u t h f r o m the " R e p o s i t o r y 1". T h i s s e c o n d l o c a t i o n w a s c h o s e n 

b e t w e e n t h e t w o v a l l e y s as s h o w n in F i g u r e 4.2 8 so t h a t o n e w o u l d 

n o t e x p e c t any c o n f l u e n c e of t h e c o n t a m i n a t e d s t r e a m l i n e s . 

F i g u r e 4.29 is t h e t h r e e - d i m e n s i o n a l r e p r e s e n t a t i o n of t h e 

p o t e n t i o m e t r i c s u r f a c e in the S a d d l e M o u n t a i n s a q u i f e r s . 

C o n t r a r y to t h e R i n g o l d a q u i f e r t h i s a q u i f e r p r e s e n t s a h i l l -

s h a p e d p r o f i l e . T h i s t y p e of p r o f i l e w i l l t e n d to d i v i d e t h e 

s t r e a m l i n e s . T h e d i v e r g e n c e e f f e c t c a u s e d by t h i s h i l l s h a p e d 

s u r f a c e is o p p o s i t e to t h e c o n f l u e n c e e f f e c t c a u s e d by the 

p o t e n t i o m e t r i c v a l l e y s s h o w n in F i g u r e 4 . 2 8 . T w o d i f f e r e n t 

l o c a t i o n s for the r e p o s i t o r y s i t e a r e a g a i n c o n s i d e r e d : 

R e p o s i t o r y 1 is l o c a t e d on the s o u t h , f a c e of t h e h i l l and a l l t h e 

c o n t a m i n a t e d s t r e a m l i n e s w i l l f l o w s o u t h w a r d ; R e p o s i t o r y 2 by its 

t u r n is l o c a t e d r i g h t on the r i d g e of t h e p o t e n t i o m e t r i c h i l l . 

I n t h i s s e c o n d c a s e p a r t of t h e s t r e a m l i n e s w i l l f l o w to t h e 

n o r t h and p a r t w i l l f l o w to t h e s o u t h . O n e s h o u l d n o t e t h a t 

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

the t w o l o c a t i o n s a s s u m e d for t h e R i n g o l d f o r m a t i o n c a l c u l a t i o n s . 



Fig\ire 4.28 P o t e n t i o m e t r i e s u r f a c e in Ringolrl a n u i f e r w i t h 
n r e j e c t i o n of C o l u m b i a R i v e r o n t o t h e s u r f a c e . 
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POTENTIOMETRIC SURFACE IN THE AQUIFER - SADDLE MOUNTAIN AQU, 

F i g u r e 4.29 P o t e n t i o m e t r i c s u r f a c e in S a d d l e M o u n t a i n G r o u p 
a q u i f e r w i t h the p r o j e c t i o n of C o l u m b i a R i v e r 
o n t o t h e s u r f a c e . 



T h e s h a d o w r e g i o n in e a c h of t h e c a l c u l a t i o n s w a s 

c h a r a c t e r i z e d b y f i v e s t r e a m l i n e s c o v e r i n g t h e e n t i r e s h a d o w 

r e g i o n . T a b l e 4.9 c o n t a i n s a s u m m a r y of t h e h y d r o l o g i c a l 

c a l c u l a t i o n s r e s u l t s f o r t h e t w o a q u i f e r s c o n s i d e r e d in t h e B W T P 

s i t e and it s h o w s t h e w a t e r t r a v e l t i m e for e a c h s t r e a m l i n e at 

the b i o s p h e r e . 

T a b l e 4.9 W a t e r A r r i v a l T i m e (years) at t h e B i o s p h e r e for 

the B W I P s i t e 

W a t e r t r a v e l t i m e (years) 

S t r e a m l i n e R i n g o l d R i n g o l d S a d d l e S a d d l e 
n o . a/ r e p o s i t o r y - 1 r e p o s i t o r y - 2 r e p o s i t o r y - 1 r e p o s i t o r y - 2 

1 2 . 6 7 E + 2 3 . 1 2 E + 4 1.24E+6 7 . 8 4 E + 6 
2 2 . 9 3 E + 2 2 . 4 5 E + 4 1.41E+6 4.63E+6 
3 1 . 9 5 E + 2 1 . 5 2 E + 5 9 . 1 5 E + 5 6 . 4 6 E + 6 
4 3 . 4 1 E + 2 2 . 8 9 E + 4 1.36E+6 3.6 3E+6 
5 5 . 3 1 E + 2 1 . 2 2 E + 4 5 . 6 2 E + 6 1.25E+6 

_ a / S e e F i g u r e s 4. 3 0 , 4. 3 4 , 4.38 and 4.41 

F o r the R e p o s i t o r y 1 t h e R i n g o l d a q u i f e r h a s v e r y s m a l l 

w a t e r t r a v e l t i m e s to t h e b i o s p h e r e . E a r l y c o n f l u e n c e of t h e 

s t r e a m l i n e s n e a r t h e r e p o s i t o r y c a u s e s t h e w a t e r v e l o c i t y t o b e 

g r e a t l y i n c r e a s e d , r e d u c i n g t h e w a t e r t r a v e l t i m e by o r d e r s of 

m a g n i t u d e . If t h e r e p o s i t o r y w e r e t o b e l o c a t e d at t h i s 

p o s i t i o n , in an a c c i d e n t a l r e l e a s e of r a d i o n u c l i d e f r o m t h e w a s t e 

i n t o t h e a q u i f e r , a l l r a d i o n u c l i d e s w i t h 1 0 T /K l a r g e r t h a n 500 
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y e a r s w o u l d d i s c h a r g e i n t o C o l u m b i a R i v e r . O n e c a n s e e f r o m 

T a b l e 4.6 a n d 4.7 t h a t m a n y n u c l i d e s s h o u l d be i m p o r t a n t . On t h e 

o t h e r h a n d , by m o v i n g t h e r e p o s i t o r y to t h e s e c o n d l o c a t i o n 

( R e p o s i t o r y 2) o n l y 2 km to t h e s o u t h , t h e w a t e r t r a v e l t i m e is 

i n c r e a s e d by t w o o r d e r s of m a g n i t u d e , r e d u c i n g g r e a t l y t h e n u m b e r 

of r a d i o n u c l i d e s t h a t m i g h t be a b l e to reach. C o l u m b i a R i v e r . 

T a b l e 4.9 s h o w s t h a t t h e w a t e r t r a v e l t i m e s in t h e S a d d l e 

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

1 0 6 y e a r s for a n y of t h e c a s e s s t u d i e d . 1-129 is t h e o n l y 

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

b i o s p h e r e w i t h s u c h l a r g e w a t e r t r a v e l t i m e s . 

T h e 1-12 9 and R a - 2 2 6 c o n t a m i n a t e d r e g i o n s in the R i n g o l d 

a q u i f e r , R e p o s i t o r y 1 a r e s h o w n in F i g u r e 4.30 and F i g u r e 4.31 

r e s p e c t i v e l y . T h e c o n f l u e n c e of s t r e a m l i n e s t a k e s p l a c e c l o s e to 

the r e p o s i t o r y , w h i c h i n c r e a s e s the g r o u n d w a t e r v e l o c i t y and 

r e d u c e s the w a t e r t r a v e l t i m e to the b i o s p h e r e . It w o u l d t a k e 

a b o u t 300 y e a r s for 1-129 and a b o u t 10 y e a r s for R a - 2 2 6 to s t a r t 

d i s c h a r g i n g i n t o the r i v e r . 

F i g u r e 4.32 and F i g u r e A.33 s h o w s the d i s c h a r g e r a t e 

h i s t o r y of 1-129 and R a - 2 2 6 in t h e C o l u m b i a R i v e r t h r o u g h R i n g o l d 

a q u i f e r . R e p o s i t o r y 1. T h r e e l e a c h t i m e s a r e c o n s i d e r e d : 1 0 4 , 

5 f 4 10 and 1 0 ° ' y e a r s . F o r a l e a c h t i m e of 10 y e a r s , 1-129 

d o m i n a t e s the w a t e r d i l u t i o n r a t e u n t i l 1 0 * y e a r s and a f t e r 1 0 * 

y e a r s R a - 2 2 6 is t h e l a r g e s t c o n t r i b u t o r a l t h o u g h its w a t e r 



1 - 1 2 9 C O N T A M I N A T E D R E G 1 0 N - R 1 N G O I D A Q U I F E R A F T E R 

5 . 0 0 E + 0 1 Y R S 

3 . 2 4 E + 0 4 

0-00 6 . 9 3 E + 0 3 1 . 3 9 E + 0 4 2 . 0 B E + 0 4 2 . 7 7 E + 0 4 3 . 4 6 E + 0 4 

X - C O O R D I N A T E ( M E T E R S ) 

1 - 1 2 9 C O N T A M I N A T E D R E G I O N - R I N G O L D A Q U I F E R A F T E R 

2 . 0 0 E + 0 2 Y R S 

J.I4F<OI 

2 . 6 0 E + 0 4 

I . 8 5 E + 0 4 

I . 3 0 E + 0 4 

S, . 4 91 + 0 3 

6 . 9 3 E t 0 3 I . 3JE t 0 4 2.0BL-I04 2 . 7 / H 0 4 3 . 4 61 t 0 4 

X - C O O R D i N A T E ( M E T E R S ) 

n n r e 4.30 1 — 129 c o n t a1"! i n a 'z o r err 5 . on \n ii" <~cl" n> 
(rer>os.vtorv 1) A.ft*r c0 ?n/ 2T" 1 "<»r\r<3. 

T > P F i 1 1 Q 1 . T n 'L~ A 1" A P X P > " 7 P ' * * A T. 



2 3 5 

3 . 2«E-t04 

2 . 6 0 E + 0 4 

1.95C-I 04 

6.4 9 E + 0 3 

0.00 6 . 9 3 E + 0 3 1 . 3 9 E + 0 4 2.08E4-04 2.77E-t04 3 . 4 6 E + 0 4 

X - C 0 0 R D 1 N A T E ( W E I E R S ) 

R A - 2 2 6 C O N T A M I N A T E D R E G I O N - R I N C O L D A Q U I F E R A F T T R 

1 . O O E + O S Y R S 

J . 2 4 H - 0 « 

I .'S E-t04 

o. od 
6 . 9 3 E 4 0 3 1.39E-I04 J . O B f + 04 2 . 7 7 E + 04 3 . 4 6 E + 0 4 

X - C 0 0 R D 1 N A T E ( M E T E R S ) 

F i g u r e 4.31 R a - 2 2 6 c o n t a m i n a t e d , r e g i o n in R i n g o l d a q u i f e r 
( R e p o s i t o r y 1) a f t e r 1 0 * and 105 y e a r s . 
P o t e n t i a l s a r e in m e t e r s a b o v e M.5L. 

R A - 2 2 6 C O N T A M I N A T E D R E G1 O N - R 1 N G O L I ) A Q U I F E R A F T E R 

1.0QE + 04YRS 
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d i l u t i o n r a t e i s four o r d e r s o f m a g n i t u d e s m a l l e r t h a n f o r 1-129. 
H o w e v e r , t h e m a x i m u m c u m u l a t i v e d i s c h a r g e of R a - 2 2 6 is o n e o r d e r 

of m a g n i t u d e l a r g e r t h a n t h e c u m u l a t i v e d i s c h a r g e of 1-129. T h i s 

i s because the total water d i l u t i o n v o l u m e d u e t o t h e d e c a y o f 

a l l U-2 3 8 p r e s e n t i n i t i a l l y at t h e r e p o s i t o r y , p r o d u c i n g Ra-226 

n u c l i d e s is l a r g e r t h a n t h e t o t a l w a t e r d i l u t i o n r a t e d u e to t h e 

decay of all 1-129. 

In t h e c a s e of " R e p o s i t o r y 2 " for R i n g o l d a q u i f e r . F i g u r e 

4.34 and F i g u r e 4.35 s h o w s t h e c o n t a m i n a t e d r e g i o n for 1-129 and 

Ra-226 at d i f f e r e n t t i m e s . F i g u r e 4.36 and F i g u r e 4.37 s h o w s 

t h e i r d i s c h a r g e r a t e h i s t o r i e s . F o r t h i s s e c o n d l o c a t i o n t h e 

w a t e r t r a v e l t i m e s to t h e b i o s p h e r e a r e l a r g e r b y m o r e t h a n o n e 

o r d e r of m a g n i t u d e and t h e n u c l i d e a r r i v a l t i m e s a r e 

4 

c o r r e s p o n d i n g l y l a r g e r . 1-129 t a k e s l o n g e r t h a n 10 y e a r s to 
7 

r e a c h t h e r i v e r w h i l e Ra-226 t a k e s m o r e t h a n 10 y e a r s . T h e 

m a g n i t u d e of t h e w a t e r d i l u t i o n r a t e s and w a t e r d i l u t i o n v o l u m e -

for 1-129 and Ra-226 a r e n o t s i g n i f i c a n t l y c h a n g e d w h e n c o m p a r e d 

to the R e p o s i t o r y 1 c a s e . H o w e v e r , o n e m u s t k e e p in m i n d t h a t in 

the R e p o s i t o r y 1 c a s e , o t h e r n u c l i d e s b e s i d e s 1-129 and Ra-226 

(those w i t h 1 0 T * / K m l a r g e r t h a n 500) c a n a l s o d i s c h a r g e i n t o t h e 

C o l u m b i a R i v e r b e c a u s e of t h e s h o r t w a t e r t r a v e l t i m e t o t h e 

b i o s p h e r e . T h i s c a n i n c r e a s e t h e t o t a l w a t e r d i l u t i o n r a t e . 

1-129 a n d Ra-226 c o n t a m i n a t e d r e g i o n s in S a d d l e M o u n t a i n s 

G r o u p a q u i f e r s , " R e p o s i t o r y 1 " are s h o w n in F i g u r e 4.38 and 

F i g u r e 4.39 r e s p e c t i v e l y . A s e x p e c t e d , t h e c o n t a m i n a t e d 
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1 - 1 2 9 C U M U L A T I V E D I S C H A R G E H I S T O R Y A T 

C O L U M B I A R I V E R 

" L _ l 1 1 ! 1 1 

»9* «05 »* ff* «f 
T(«£ fcftiEK (.CACHING S T A R T E D (YRS) 

F i g u r e 4.32 1-129 d i s c h a r g e r a t e / M P C (water d i l u t i o n r a t e ) a n d 
c u m u l a t i v e d i s c h a r g e / M P C (water d i l u t i o n v o l u m e ) at 
C o l u m b i a R i v e r d i s c h a r g i n g f r o m R i n g o l d a q u i f e r 
( R e p o s i t o r y 1) for l e a c h t i m e s of 1 0 4 , 1 ( ) 5 and 
106 y e a r s . 



238 

F i g u r e 4 . 3 3 R a - 2 2 6 d i s c h a r g e r a t e / M P C (water d i l u t i o n r a t e ) and 
c u m u l a t i v e d i s c h a r g e / M P C (water d i l u t i o n v o l u m e ) at 
C o l u m b i a R i v e r d i s c h a r g i n g f r o m R i n g o l d a q u i f e r 
( R e p o s i t o r y 1) for l e a c h t i m e s of 1 0 4 , 1 0 5 a n d 1 0 6 y e a r s 



2 3 9 

1 - 1 2 9 C O N T A M I N A T E D R E G 1 O N - R 1 N C O L D A Q U 1 T E R 

1 . O 0 E + 0 4 Y R S 

A T T E R 

Fiaure ¿.34 1-129 contaminated renion in Rinqold aquifer 

(Repository 2) after lO'4 and 105 v e a r s . 

Potentials are in meters above MPL. 



R A - 2 2 6 C O N T A M I N A T E D R E G I O N - R ] N G O l D A Q U I F E R A F T E R 
1 . O O E + O S Y R S 

3 . 2 4 E + 0 4 | 1 1 1 1 i 

3f 

0 . 0 0 6 . 9 3 E + 0 1 I . 3 9 E + 04 2.0BC404 2 . 7 7 E + Q4 3 . 4 6 E + 0 4 

X-CO0R0INA1E ( M E T E R S ) 

RA- 2 2 6 C O N T A M I N A T E D R E G I O N - R ] N C O L D A Q U I F E R A F T E R 
1.00E+07YRS 

3 . 2 4 E 4 0 4 , 1. 

0 . 0 0 6 . 9 3 E 4 0 3 t . 3 9 E + 0 4 2 09C + 04 2 . 7 7 E 4 0 4 3 . 4 6 E 4 0 4 

X - C 0 0 R D I N A 1 E ( M E T E R S ) 

rrure A . 35 R a - 2 2 * c o n t a m i n a t e d r e g i o n in R i n g o l d 
( R e p o s i t o r y 2) a f t e r i n C and 107 y e a r s 
P o t e n t i a l s are in m e t e r s a b o v e r T > L . 
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1 - 1 2 9 D I S C H A R G E R A T E H I S T O R Y A T C O L U M B I A 

f R I V E R 

r « 

— . 

KP vfi W 
TIME A F T E R L E A C H I N G S T A R T E D (YRS) 

1 - 1 2 9 C U M U L A T I V E D I S C H A R G E H I S T O R Y A T 

C O L U M B I A R I V E R 

r f A / rfA— 

w " - 1 ! ! L _ 

*a* K J 5 . W v? 
TIME A F T E R L E A C H I N G S T A R T E D (YRS) 

F i g u r e 4 . 3 6 1 - 1 2 9 d i s c h a r g e r a t e / M P C (water d i l u t i o n r a t e ) and 
c u m u l a t i v e d i s c h a r g e / M P C ) (water d i l u t i o n v o l u m e ) a t 
C o l u m b i a R i v e r d i s c h a r g i n g f r o m R i n g o l d a q u i f e r 
( R e p o s i t o r v 2) for l e a c h t i m e s of 1 0 4 , 1 0 . 5 and 1 0 - y e a r s 
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R A - 2 2 6 D I S C H A R G E R A T E H I S T O R Y AT C O L U M B I A 
R I V E R 

vl' 

T [ U E A T T E R L E A C H 1 N C S T A R T E D ( Y R S ) 

F i g u r e 4.37 R a - 2 2 6 d i s c h a r g e r a t e / M P C (water d i l u t i o n r a t e ) and 
c u m u l a t i v e d i s c h a r g e / M P C (water d i l u t i o n v o l u m e ) at 
C o l u m b i a R i v e r d i s c h a r g i n g f r o m R i n g o l d a q u i f e r 
( R e p o s i t o r y 2) for l e a c h t i m e s of 1 0 4 , 1 0 5 and 106 y e a r s 
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s t r e a m l i n e s n e i t h e r c o n f l u e n c e n o r d i v e r g e s t r o n g l y b e c a u s e t h e 

r e p o s i t o r y is l o c a t e d on t h e s o u t h f a c e of t h e p o t e n t i o m e t r i c 

s u r f a c e . T h e s t r e a m l i n e s d e v e l o p r a t h e r u n i f o r m l y t o w a r d s the 

southeast reaching the Columbia R i v e r a f t e r a b o u t 10 s y e a r s , (see 

T a b l e 4 . 9 ) . R a - 2 2 6 r e a c h e s t h e C o l u m b i a R i v e r a l o n g w i t h its 

q 

p r e c u r s o r TJ-2 3 8 a f t e r 1 0 ' y e a r s . 1-129 w a t e r d i l u t i o n r a t e f r o m 

the S a d d l e M o u n t a i n a q u i f e r is s h o w n in F i g u r e 4 . 4 0 . 

T h e l a s t c a s e s t u d i e d is t h e S a d d l e M o u n t a i n a q u i f e r w i t h 

the " R e p o s i t o r y 2" l o c a t i o n . T h i s s e c o n d l o c a t i o n is on t h e 

r i d g e of the h i l l of t h e p o t e n t i o m e t r i c s u r f a c e . A p e c u l i a r 

b e h a v i o u r is s e e n h e r e . P a r t of t h e s t r e a m l i n e s f l o w n o r t h w a r d 

d i s c h a r g i n g i n t o C o l u m b i a R i v e r and p a r t of t h e m f l o w s 

s o u t h e a s t w a r d a l s o d i s c h a r g i n g i n t o t h e s a m e r i v e r , see F i g u r e 

4.41. 

A l t h o u g h t h e w a t e r t r a v e l t i m e s at t h e b i o s p h e r e for t h i s 

s e c o n d c a s e a r e s o m e w h a t l a r g e r t h a n t h o s e of t h e f i r s t 

r e p o s i t o r y (see T a b l e 4 . 9 ) , the i m p o r t a n t d i f f e r e n c e l i e s in t h e 

l o c a t i o n of t h e d i s c h a r g e . In t h e R e p o s i t o r y 1 c a s e t h e l o c a t i o n 

of d i s c h a r g e is a s e g m e n t of a b o u t 10 k m a l o n g C o l u m b i a R i v e r 

w h i l e for the R e p o s i t o r y 2 t h e l o c a t i o n of d i s c h a r g e s p r e a d s o v e r 

a d i s t a n c e of a b o u t 35 k m a l o n g t h e r i v e r . T h e c o n t a m i n a t e d 

r e g i o n s for t h e R e p o s i t o r y 2 a r e a l s o l a r g e r t h a n for R e p o s i t o r y 

1 . F i g u r e 4.41 and F i g u r e 4.42 s h o w t h e 1-129 and R a - 2 2 s 

c o n t a m i n a t e d r e g i o n s for t h i s s e c o n d r e p o s i t o r y l o c a t i o n in 

S a d d l e M o u n t a i n a q u i f e r . F i g u r e 4.43 s h o w s t h e 1-129 w a t e r 



F i g u r e 4 . 38 1-129 c o n t a m i n a t e d r e g i o n in S a d d l e . M o u n t a i n a q u i f e r 
( R e p o s i t o r y 1) a f t e r i n * and 1 0 s y e a r s . 

P o t e n t i a l s a r e in m e t e r s a b o v e M S L . 



F i g u r e 4.39 R a - 2 2 s c o n t a m i n a t e d r e g i o n in S a d d l e M o u n t a i n a q u i f e r 
( R e p o s i t o r y 1) a f t e r 107 and 10 * y e a r s . 
P o t e n t i a l s a r e in m e t e r s a b o v e M S L . 
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T I M E A F T E R L E A C H INC S T A R T E D ( Y R S ) 

1 - 1 2 9 C U M U L A T I V E D I S C H A R G E H I S T O R Y A T 

C O L U M B I A R I V E R 

.JO 

10 
T I M E A F T E R I. E A C H INC S T A R T E D ( Y R S ) 

F i g u r e 4.40 1-129 d i s c h a r g e r a t e / M P C (water d i l u t i o n r a t e ) and 
c u m u l a t i v e d i s c h a r g e / M P C (water d i l u t i o n v o l u m e ) at 
C o l u m b i a R i v e r d i s c h a r g i n g f r o m S a d d l e M o u n t a i n 
a q u i f e r ( R e p o s i t o r y 1) for l e a c h t i m e s of 10 , 
1 0 5 and 1 0 * y e a r s . 



1-129 C O N T A M I N A T E D R E G I O N - S A D D L E M O U N T A I N 

A F T E R 1 . 0 0 E 4 - 0 5 Y R S 

0 . 0 0 7 . 3 2 5 + 0 3 1 . 4 5 E + 3 4 2 . 2 C E + 0 4 2 . 9 3 E + D 4 3 . 6 6 E + 0 4 

X - C 0 0 R D 1 N A T E ( M E T E R S ) 

C C l . : A M 1 N A T E D R E G I O N - S A D D L E M O U N T A I N 

A F T E C 1 . C C E + C 6 Y P ? 

0 . C O . J 2 E + 3 3 I . 4 6 E + 0 4 2 . 2 0 E + 0 4 2 . 9 3 E + 0 4 3 . 6 6 E + 0 4 

X - C O O R D I N A T E ( M E T E R S ) 

F i g u r e 4.41 1-129 c o n t a m i n a t e d r e g i o n in S a d d l e M o u n t a i n a a u i f e r 
( R e p o s i t o r y 2) a f t e r i n * and 1 0 * y e a r s . 
P o t e n t i a l s a r e in m e t e r s a b o v e M S L . 



F i g u r e 4.42 R a - 2 2 S c o n t a m i n a t e d r e g i o n in P a d d l e M o u n t a i n a q u i f e r 
( R e p o s i t o r y 2) a f t e r l O * and 1 0 ' y e a r s . 

P o t e n t i a l s are in m t e r s a b o v e T".SL. 
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R 1 V E R 

TIME A F T E R L E A C H I N G S T A R T E D (YRS) 

TIME AFTER l t » C w ! N C S T A R T E D (YRS) 

F i g u r e 4.43 1-129 d i s c h a r g e r a t e / M P C (water d i l u t i o n r a t e ) and 
c u m u l a t i v e d i s c h a r g e / M P C (water d i l u t i o n v o l u m e ) at 
C o l u m b i a R i v e r d i s c h a r g i n g f r o m S a d d l e M o u n t a i n 
a q u i f e r ( R e p o s i t o r y 2) for l e a c h t i m e s of 1 0 4 , 
10$ and 1 0 6 y e a r s . 
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T a b l e 4.10 M a x i m u m t o t a l w a t e r d i l u t i o n r a t e s and C o l u m b i a 

R i v e r f l o w r a t e s 

C o l u m b i a R i v e r f l o w r a t e s : 

(60 y e a r s r e c o r d ) 

M a x i m u m : 4 . 9 E + 1 1 

A v e r a g e : 1 . 1 E + 1 1 

M i n i m u m : 3 . 7 E + 0 9 

R i n g o l d a q u i f e r , " R e p o s i t o r y 1" 1.0E+03 

R i n g o l d a q u i f e r , " R e p o s i t o r y 2 " • « » » a « « » 2 • 0E*t*02 

S a d d l e M o u n t a i n a q u i f e r , " R e p o s i t o r y 1" 1.5E + 01 

S a d d l e M o u n t a i n a q u i f e r , " R e p o s i t o r y 2 K . . . . 1.5E + 00 

(m / y r ) 

4.7.3 E f f e c t s of v a r i a t i o n s in the i n i t i a l n u c l i d e 

a c t i v i t i e s , in t h e t i m e for b e g i n n i n g of l e a c h i n g and in t h e 

n u c l i d e M P C v a l u e s 

In t h i s s e c t i o n w e d i s c u s s 

to the d i s p o s a l of u n r e p r o c e s s e d 

r e p r o c e s s e d w a s t e . In a d d i t i o n , 

h o w to e x t e n d t h e c a l c u l a t i o n s 

fuel i n s t e a d of h i g h l e v e l 

the e f f e c t of v a r i a t i o n of t h e 

d i l u t i o n r a t e at C o l u m b i a R i v e r . 

T h e f o l l o w i n g T a b l e 4.10 s h o w s t h e m a x i m u m t o t a l w a t e r 

d i l u t i o n r a t e as d e f i n e d in E q . ( 4 . 4 . 2 2 ) for e a c h of t h e f o u r 

c a s e s s t u d i e d in t h e B W I P s i t e . T h e s e v a l u e s a r e c o n t r a s t e d 

a g a i n s t the r e c o r d e d f l o w r a t e s in t h e C o l u m b i a R i v e r . 
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d e l a y t i m e for b e g i n n i n g of l e a c h i n g on t h e r e s u l t s o b t a i n e d 

p r e v i o u s l y as w e l l as t h e e f f e c t s of c h a n g e s in M P C v a l u e s a r e 

d i s c u s s e d . 

T h e e x t e n s i o n of t h e c a l c u l a t i o n for s p e n t f u e l d i s p o s a l . 

T h e i n i t i a l a c t i v i t i e s of e a c h n u c l i d e p r e s e n t at the t i m e 

of b u r i a l w e r e t h e r e s u l t of r e p r o c e s s i n g t h e s p e n t fuel of a L W R 

a f t e r g e n e r a t i n g 1 G w ( e ) y r of e l e c t r i c i t y w i t h a load f a c t o r of 

8 0 % , t h e r m a l e f f i c i e n c y of 3 4 % and a b u r n u p of 3 0 . 4 M w d / k g . 

T h e s e s p e n t f u e l s a r e r e p r o c e s s e d a f t e r 150 d a y s c o o l i n g p e r i o d 

and 0.5% of t h e Pu a n d U a r e l o s t to t h e w a s t e . T h e t i m e l a p s e d 

b e t w e e n d i s c h a r g e and e m p l a c e m e n t in t h e r e p o s i t o r y is a s s u m e d to 

be 10 y e a r s . T o s t u d y t h e c a s e of s p e n t fuel d i s p o s a l r a t h e r 

t h a n r e p r o c e s s e d h i g h l e v e l w a s t e , the p r e s e n t a n a l y s i s w o u l d 

s t i l l a p p l y . S i n c e o n l y t h e i n i t i a l a c t i v i t i e s of U and Pu a r e 

a f f e c t e d d u r i n g t h e r e p r o c e s s i n g o n e m u s t m u l t i p l y t h e R a - 2 2 s 

d i s c h a r g e r a t e s and c u m u l a t i v e d i s c h a r g e by 200 to a c c o u n t for 

the f a c t t h a t 1 0 0 % of the d i s c h a r g e d U-2 33 w i l l be i n i t i a l l y in 

the w a s t e i n s t e a d of o n l y 0 . 5 % . T h i s is p o s s i b l e b e c a u s e t h e 

n u c l i d e a r r i v a l t i m e s to t h e b i o s p h e r e a r e l a r g e e n o u g h so t h a t 

o n l y the d e c a y of U - 2 3 8 is i m p o r t a n t , if t h e n u c l i d e a r r i v a l t i m e 

5 

at the b i o s p h e r e w e r e s h o r t e r t h a n 10 y e a r s o n e m u s t a l s o 

c o n s i d e r the c o n t r i b u t i o n of t h e P u - 2 3 8 d e c a y . T h e h y d r o l o g i c a l 

c a l c u l a t i o n s a r e of c o u r s e n o t a f f e c t e d . T h e c o n t a m i n a t e d r e g i o n 

as w e l l as n u c l i d e a r r i v a l t i m e s a r e a l s o n o t a f f e c t e d . 
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T h e e f f e c t s of t h e v a r i a t i o n in the d e l a y t i m e for 

b e g i n n i n g of l e a c h i n g on t h e c a l c u l a t i o n s . 

T h e v a l u e u s e d t h r o u g h o u t t h e c a l c u l a t i o n s for t h e d e l a y 

t i m e in s t a r t i n g t h e l e a c h i n g , to r e p r e s e n t t h e d u r a b i l i t y of t h e 

w a s t e p a c k a g e a n d , t h e e n g i n e e r e d b a r r i e r s w a s 1000 y e a r s . T h e 

f i r s t n u c l i d e a r r i v a l t i m e s (Eg. ( 4 . 4 . 1 9 ) ) of all n u c l i d e s p r e s e n t 

w e r e s u c h t h a t o n l y 1-129 and R a - 2 2 s ( U - 2 3 8 ) , w h o s e e f f e c t i v e 

h a l f l i v e s a r e l a r g e r t h a n 10 y e a r s , r e a c h t h e b i o s p h e r e . In 

v i e w of t h i s f a c t , i n c r e a s i n g t h e d e l a y t i m e for b e g i n n i n g of 

l e a c h i n g to up to 10 y e a r s w i l l n o t c h a n g e s i g n i f i c a n t l y t h e 

i n i t i a l c o n c e n t r a t i o n s of t h e s e n u c l i d e s at t h e b e g i n n i n g of 

l e a c h i n g . T h e r e f o r e the. r e s u l t s o b t a i n e d for t h e c o n c e n t r a t i o n s 

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

t i m e for the n u c l i d e to r e a c h the b i o s p h e r e is i n c r e a s e d 

a c c o r d i n g l y . If the set of r e t a r d a t i o n c o e f f i c i e n t s w a s s u c h 

t h a t o t h e r n u c l i d e s m i g h t a l s o a r r i v e at t h e b i o s p h e r e ( e . g . P u -

242 ,Pu-2 3 9 ,etc.) an i n c r e a s e in t h e d e l a y t i m e for b e g i n n i n g of 

l e a c h i n g c o u l d a f f e c t the w a t e r d i l u t i o n r a t e s at the b i o s p h e r e . 

T h e e f f e c t s of t h e v a r i a t i o n of the n u c l i d e s M P C . 

I C R P - 3 0 (II) h a s r e c o m m e n d e d n e w b i o l o g i c a l u p t a k e f a c t o r s 

for s o m e of t h e n u c l i d e s c o n s i d e r e d h e r e . T h e y c a n be t r a n s l a t e d 

i n t o a d j u s t e d e s t i m a t e s of m a x i m u m p e r m i s s i b l e c o n c e n t r a t i o n 

(MPC*) for the p u r p o s e of c a l c u l a t i n g w a t e r d i l u t i o n r a t e s and 

w a t e r d i l u t i o n v o l u m e s . T h e m o s t s i g n i f i c a n t c h a n g e s a f f e c t N p -

2 3 7 w i t h a 200 t i m e s r e d u c t i o n in t h e M P C v a l u e and R a - 2 2 s w i t h a 
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60 t i m e s i n c r e a s e in M P C , (C4) . T h e s e c h a n g e s in M P C v a l u e s d o e s 

n o t i n v a l i d a t e the p r e s e n t r e s u l t s . S i n c e t h e M P C are l i n e a r 

( i n v e r s e ) m u l t i p l i c a t i o n f a c t o r s , to c o n v e r t t h e o l d w a t e r 

dilution rates and water dilution volumes into the new corrected 
v a l u e s o n e w o u l d s i m p l y m u l t i p l y t h e w a t e r d i l u t i o n r a t e s 

o b t a i n e d in t h i s w o r k by t h e r a t i o of t h e n e w M P C d i v i d e d by t h e 

o l d M P C . O n e c a n t h e r e f o r e e x t e n d t h e p r e s e n t c a l c u l a t i o n to 

i n c l u d e n e w v a l u e s of M P C . 
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4 . 7 . 4 S u m m a r y and c o n c l u s i o n 

U t i l i z a t i o n of t h e p r e s e n t t w o - d i m e n s i o n a l a n a l y t i c a l 

s o l u t i o n to the r a d i o n u c l i d e t r a n s p o r t e q u a t i o n p r o v i d e d s o m e 

q u a l i t a t i v e i n f o r m a t i o n s a b o u t the m i g r a t i o n of r a d i o n u c l i d e s 

t h r o u g h g e o l o g i c m e d i a w h i c h t h e o n e - d i m e n s i o n a l c a l c u l a t i o n s 

l a c k e d . T h e s e a r e the d e s c r i p t i o n of t h e t w o - d i m e n s i o n a l 

c o n t a m i n a t e d r e g i o n in t h e a q u i f e r f r o m t h e r e p o s i t o r y s i t e to 

the d i s c h a r g e l o c a t i o n at t h e b i o s p h e r e at any t i m e a f t e r t h e 

l e a c h i n g s t a r t e d , and t h e d e t e r m i n a t i o n of t h e l o c a t i o n of 

d i s c h a r g e at the b i o s p h e r e . F u r t h e r m o r e , by c o n s i d e r i n g t h e 

a g u i f e r as b e i n g t w o - d i m e n s i o n a l s h o u l d p r o d u c e m o r e r e a l i s t i c 

q u a n t i t a t i v e n u m e r i c a l r e s u l t s t h a n o n e - d i m e s i o n a l c a l c u l a t i o n s . 

T h e c a l c u l a t i o n s p e r f o r m e d in S e c t i o n 4.7 to a s s e s s t h e 

p o t e n t i a l h a z a r d to t h e p u b l i c d u e the f a i l u r e of t h e r e p o s i t o r y 

at the B W I P s i t e h a v e s h o w n t h a t t h e m o s t p o t e n t i a l l y h a z a r d o u s 

n u c l i d e s p r e s e n t in the w a s t e a r e the 1-129 and t h e R a - 2 2 s 

( p r o d u c e d by the d e c a y of U - 2 3 8) . In t h e e v e n t of an a c c i d e n t 

the c o n t a m i n a t i o n of the C o l u m b i a R i v e r d o e s n o t e x c e e d t h e 

a l l o w e d m a x i m u m p e r m i s s i b l e c o n c e n t r a t i o n for e v e r y n u c l i d e 

p r e s e n t in the w a s t e e v e n w h e n the r i v e r f l o w r a t e is a s s u m e d to 

be at its m i n i m u m r e c o r d e d f l o w r a t e . 
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W a t e r R e s o u r c e s R e s . , J 3 , p p . 6 8 0 - 6 9 0 , 1 9 7 2 . 

M l . J. W. M e r c e r and B. R. O r r , " R e v i e w and A n a l y s i s of 

H y d r o g e o l o g y C o n d i t i o n s N e a r t h e S i t e of a P o t e n t i a l N u c l e a r 

W a s t e R e p o s i t o r y , E d d y and L e a C o u n t i e s , N e w M e x i c o " , U S G S O p e n 

F i l e R e p o r t 7 7 - 1 2 3 , F e b r u a r y 1 9 7 7 . 

M 2 . S. M a r c h e t t i , " D o s e C o n s e q u e n c e of R e p o s i t o r y F a i l u r e 

and L e a c h E v e n t s for the W a s t e I s o l a t i o n P i l o t P l a n t " , U . S . 

D e p a r t m e n t of E n e r g y , W I P P , T M E - 3 0 6 6 , N e w M e x i c o , N o v e m b e r 1 9 8 0 . 

N l . R. W. N e l s o n and J. A. S c h u r , "A P r e l i m i n a r y E v a l u a t i o n 

C a p a b i l i t y for S o m e T w o - D i m e n s i o n a l G r o u n d w a t e r C o n t a m i n a t i o n 
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P r o b l e m s " , B C S R i c h l a n d I n c . , B C S R - 3 8 , J u n e 1 9 7 8 . 

N 2 . R. W. N e l s o n , "In P l a c e D e t e r m i n a t i o n of P e r m e a b i l i t y 

D i s t r i b u t i o n for H e t e r o g e n e o u s P o r o u s M e d i a t h r o u g h A n a l y s i s of 

E n e r g y D i s s i p a t i o n " , S o c . P e t r o l . E n g r s . J., _ 8 , p p . 3 3 - 4 2 , 1 9 6 8 . 

N 3 . S. P. N e u m a n , " C a l i b r a t i o n of D i s t r i b u t e d P a r a m e t e r 

G r o u n d w a t e r F l o w M o d e l s V i e w e d as a M u l t i p l e O b j e c t i v e D e c i s i o n 

P r o c e s s U n d e r U n c e r t a i n t y " , W a t e r R e s o u r c e s R e s . , J ) , p p . 1 0 0 6 -

1 0 2 1 , 1 9 7 3 . 

N 4 . R. W. N e l s o n , "Use of G e o h y d r o l o g i c R e s p o n s e F u n c t i o n s 

in the A s s e s s m e n t of D e e p N u c l e a r W a s t e R e p o s i t o r i e s " , P a c i f i c 

N o r t h w e s t L a b . , P N L - 3 8 1 7 , U C - 7 0 , M a y 1 9 8 1 . 

P I . T. H. P i g f o r d , P. L. C h a m b r e , M. A l b e r t , M. F o g l i a , M. 

H a r a d a , F. I w a m o t o , T. K a n k i , D. L e u n g , S. M a s u d a , S. M u r a o k a , 

and D. K. T i n g , " M i g r a t i o n of R a d i o n u c l i d e s T h r o u g h S o r b i n g 

M e d i a - A n a l y t i c a l S o l u t i o n s I I " , L a w r e n c e B e r k e l e y L a b . , L B L -

1 1 6 1 6 , 1 9 8 0 . 

P 3 . T. H. P i g f o r d et a l . , " M i g r a t i o n of R a d i o n u c l i d e s 

T h r o u g h S o r b i n g M e d i a - A n a l y t i c a l S o l u t i o n s I I I " , L a w r e n c e 

B e r k e l e y L a b . , 1 9 8 1 , to b e p u b l i s h e d . 

R l . J. K. R e g i s t e r , " S u b s u r f a c e H y d r o l o g y of S t r a t a 

O v e r l y i n g t h e S a l a d o F o r m a t i o n at t h e W a s t e I s o l a t i o n P i l o t P l a n t 
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S i t e , E d d y C o u n t y , N e w M e x i c o " , U . S . D e p a r t m e n t of E n e r g y , W I P P 

O f f i c e , T M E - 3 0 5 9 , S e p t e m b e r 1 9 8 0 . 

R 2 . R o c k w e l l I n t e r n a t i o n a l I n c . , " H y d r o l o g i c S t u d i e s W i t h i n 

the C o l u m b i a P l a t e a u , W a s h i n g t o n " , B a s a l t W a s t e I s o l a t i o n 

P r o j e c t , R H O - B W I - S T - 5 , O c t o b e r 1 9 7 9 . 

R 3 . R o c k w e l l I n t e r n a t i o n a l , " B a s a l t I s o l a t i o n P r o j e c t -

P r e s e n t a t i o n to t h e N a t i o n a l A c a d e m y of S c i e n c e s " , R i c h l a n d , W a . , 

J u n e 19 8 1. 

5 1 . S c i e n c e A p p l i c a t i o n s I n c . , " T a b u l a t i o n of W a s t e 

I s o l a t i o n C o m p u t e r M o d e l s " , O a k R i d g e , O N W I - 7 8 , S A I / O R - 7 4 9 - 2 , 

D e c e m b e r 1 9 7 9 . 

5 2 . S u r f a c e G r i d d i n g L i b r a r y , "As I m p l e m e n t e d at L a w r e n c e 

L i v e r m o r e L a b o r a t o r y " , D y n a m i c s G r a p h i c s , B e r k e l e y , N o v e m b e r 

1 9 8 0. 

5 3 . B. S a g a r , S. Y a k o w i t z , and L. D u c k s t e i n , "A D i r e c t 

M e t h o d for t h e I d e n t i f i c a t i o n of t h e P a r a m e t e r s of D y n a m i c 

N o n h o m o g e n e o u s A q u i f e r s " , W a t e r R e s o u r c e s R e s . , 1 1 , p p . 5 6 3 - 57 0, 

1 9 7 5 . 

T l . D. K. T i n g , P. L. C h a m b r e , and T. H. P i g f o r d , 

" M i g r a t i o n of L o n g A c t i n i d e C h a i n s in G e o l o g i c M e d i a " , 

T r a n s a c t i o n s A m e r . N u c l . S o c . , 3 8 , 1 9 8 1 . 
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A p p e n d i x A. D e s c r i p t i o n of the c o m p u t e r c o d e U C B N E 2 5 

U C B N E 2 5 e v a l u a t e s t h e a n a l y t i c a l n o n - r e c u r s i v e s o l u t i o n to 

the o n e - d i m e n s i o n a l t r a n s p o r t e q u a t i o n w i t h o u t d i s p e r s i o n for t h e 

i-th m e m b e r of a r a d i o a c t i v e c h a i n of a r b i t r a r y l e n g t h . 

A . 1 D a t a i n p u t d e s c r i p t i o n . (See t h e p r o g r a m s t r u c t u r e in 

F i g u r e A . 1 ) . 

C a r d 1 : F O R M A T (212) 

V a r i a b l e D e s c r i p t i o n 

NCIIAIN (12) N u m b e r of c h a i n s to be s t u d i e d . 

N G R A P H (12) <0 p r o d u c e s a p l o t w i t h t h e c o n c e n t r a t i o n h i s t o r y 

of e v e r y m e m b e r of the c h a i n for e a c h set of 

p a r a m e t e r . 

>0 no p l o t s are p r o d u c e d , o n l y a p r i n t o u t . 

=0 p r o d u c e s a p l o t w i t h t h e w a t e r d i l u t i o n r a t e 

h i s t o r y of e v e r y m e m b e r of t h e c h a i n for e a c h 

set of p a r a m e t e r . 

F O R M A T ( 3 ( 2 F 9 . 3 , I 2 ) , F 9 . 3 , I 2 ) 

D e s c r i p t i o n 

F i r s t v a l u e of p a t h l e n t h (m) to be e v a l u a t e d . 

M u l t i p l y i n g f a c t o r for the n e x t M Z c a s e s of p a t h 

l e n g t h to be e v a l u a t e d . 

N u m b e r of d i f f e r e n t c a s e s of p a t h l e n g t h to be 

C a r d 2 : 

V a r i a b l e 

Z0 (F9.3) 

D E L Z (F9.3) 

M Z (12) 
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V W O (F9.3) 

D E L V W (F9.3) 

M V W (12) 

e v a l u a t e d Z = Z O x ( D E L Z ) n ; n = l , 2 , . . . . M Z . 

F i r s t v a l u e of w a t e r v e l o c i t y to b e u s e d ( m / y r ) . 

M u l t i p l y i n g f a c t o r for t h e n e x t M V W c a s e s of 

w a t e r v e l o c i t i e s to be e v a l u a t e d . 

N u m b e r of d i f f e r e n t c a s e s of w a t e r v e l o c i t i e s to 

b e e v a l u a t e d V W = V W 0 x ( D E L V W ) ; m = l , 2 , M V W . 

T B L O (F9.3) 

D E L T B L (F9.3) 

D E L L T (F9.3) 

M L T (12) 

F i r s t v a l u e of the t i m e for b e g i n n i n g of l e a c h i n g 

t o b e e v a l u a t e d ( y e a r s ) . 

M u l t i p l y i n g f a c t o r to o b t a i n t h e n e x t M T B L c a s e s 

of t i m e for b e g i n n i n g of l e a c h i n g to be e v a l u a t e d 

T B L = T B L 0 x ( D E L T B L ) k ; k = l , 2 , . . . . M T B L . 

M u l t i p l y i n g f a c t o r to g e t the n e x t M L T c a s e s of 

l e a c h t i m e . E a c h n u c l i d e can h a v e a d i f f e r e n t 

f i r s t c a s e v a l u e for t h e l e a c h t i m e and t h e s e 

v a l u e s a r e s p e c i f i e d in the i n d i v i d u a l n u c l i d e 

s p e c i f i c a t i o n c a r d s (see n e x t c a r d s ) . 

N u m b e r of d i f f e r e n t c a s e s of l e a c h t i m e LT to be 

e v a l u a t e d L T = L T 0 x ( D E L L T ) 3 ; j = l , 2 , M L T . 

T h e n e x t set of c a r d s (Card 3 t h r o u g h C a r d 4 + 1 ) m u s t be 

r e p e a t e d for e v e r y c h a i n b e i n g s t u d i e d . In o t h e r w o r d s o n e n e e d 

N C H A I N set of t h e s e c a r d s . 

C a r d 3: F O R M A T ( 1 1 0 , 1 2 ) 

V a r i a b l e D e s c r i p t i o n 

N T I M E (110) N u m b e r of t i m e i n t e r v a l s t h a t t h e c o n t a m i n a t e d 

t i m e of e a c h n u c l i d e is to s u b d i v i d e d . T h e 

c a l c u l a t i o n s w i l l be p e r f o r m e d for e a c h t i m e 

i n t e r v a l . 

m 
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I (12) N u m b e r of m e m b e r s the c h a i n h a s , 

C a r d 4 to C a r d 4 + 1 : F O R M A T ( 1 2 , A 7 , 5 F 1 0 . 4 ) , a t o t a l of I 

cards 
o n e for e a c h m e m b e r of t h i s c h a i n . 

V a r i a b l e 

N U M B E R (12) 

N N U C L (A7) 

T H A L F (F10.4) 

K (F10.4) 

LT (F10.4) 

C (F10.3) 

T O X (F10.4) 

D e s c r i p t i o n 

H i e r a r c h y in t h e c h a i n , N U M B E R = 1 , 2 , I 

N u c l i d e n a m e (e.g. T H - 2 3 0) . 

N u c l i d e h a l f l i f e ( y e a r s ) . 

N u c l i d e r e t a r d a t i o n c o e f f i c i e n t . 

N u c l i d e l e a c h t i m e ( y e a r s ) . 

N u c l i d e t o t a l a c t i v i t y at t h e t i m e of b u r i a l (Ci) . 

3 
N u c l i d e M a x i m u m P e r m i s s i b l e C o n c e n t r a t i o n (Ci/m ) 



F i g u r e A . l S t r u c t u r e of t h e p r o g r a m U C B N E 2 5 . 
264 

I n i t i a l i z e 

Read da t a input 

D o e v e r y c h a i n , N T = 1 , N C H A I N 

D o e v e r y c a s e of t i m e for 
b e g i n n i n g of l e a c h i n r r : 

T B L = T B L 0 * ( D E L T B L ) * * N ; N = 1 , . . M T B L 

D o e v e r y c a s e of w a t e r v e l o c i t y 
V W = V W 0 * ( D E L V W ) * * J ; J = l , . . . M V W 

D o e v e r y c a s e of l e a c h t i m e 
L T = L T 0 * ( D E L L T ) * * K ; K = l , . . . M L T 

D o e v e r y c a s e of p a t h l e n g t h 
Z = Z 0 * ( D E L Z ) * * M ; M = 1 , . . . . M Z ' 

D o e v e r y n u c ide in the c h a i n 
N U = 1 , I 

D e t e r m i n e the c o n t a m i n a t e d t i m e 
for e v e r y n u c l i d e 

D o e v e r y t i m e i n t e r v a l 
NT=a,NTTME I 

E v a l u a t e t h e c o n c e n t r a t i o n a n d 
the w a t e r d i l u t i o n rate 

P l o t w a t e r d i l u t i o n r a t e c u r v e s N G R A P j 1 = 0 
P l o t c o n c e n t r a t i o n c u r v e s N G R A P H < 0 
N o g r a p h s , j u s t p r i n t o u t s N G R A P H > 0 



P I A . 3 6 8 3 0 1 , T I N G , D 

' I N P U T 6 2 D 0 C 2 2 . 2 2 . 5 0 ¿0 S E P 8 1 V I A C R 0 4 2 6 5 

.IDs 

• U S E R P R 

: O P Y , I N P U T / R R » O U T P U T / P R . 

) I S P O S E , O U T P U T = P R , P A = I F . 

P R O G R A M U C 3 N E 2 5 

D A N I E L K . S . T I N G 

D E C E M B E R 1 9 8 0 

D E P A R T M E N T OF N U C L E A R E N G I N E E R I N G 

J N I V E R S I T Y OF C A L I F C R N I ß » B E R K E L E Y 

B E R K E L E Y , C A . , 9 4 7 2 0 

* * C O N T R O L C A R D S L I S T I N G * * 

t J O B C A R D ] 

f P A S S W O R D ] 

* J S E R P R 

M N F 4 . 

F E T C H P S , I D 0 S , U L I 8 , U L I B X „ 

F E T C H P S , G P A C 8 N 7 , G P A C , V A 8 A 

L I N K , F = L G O , F = G P A C , P = U L I B , X . 

G R A P H I C , F N = F I L M , F T = V A . 

EX I T . 

D U M P , 0 . 

G R ' J M P . 

* * P R 3 3 R A M L I S T I N G * * 

P R O G R A M M A C 1 ( I N P L T , C U T P U T , T A P E 5 = I N P U T , T A P E 6 = 0 U T P U T , F I L M J 

C 

C I N I T I A L I Z E T H E P R C G P A M 

C 

ZOMMON/IGSZZZ/ZMCCE12C0) 

D I M E N S I O N X N A M E f 5 C ) , Y N A M E I 5 0 ) , T N A M E l l 5 0 > 

D O U B L E T1 0 

D I M E N S I O N N l d O l , t » 2 ( 1 0 J , W 3 ( 1 0 » 

D I M E N S I O N O C t S . ' S I . V I l O I . E I l O I . C d O l . T C X d O l , T H A L F ( 1 0 I , B( 1 0 , 10 ) , 

5 . 3 E T A ( 1 0 , l O ) , D I ( S , < ; , S ) , A ( 1 0 , 1 0 > , S ( 1 0 ) , S T ( l l l , N N U C L ( 1 0 1 , TM AX ( 10 ) , NUM 

S 3 E R ( 1 0 l , r f D ( 2 0 0 » , T I M E C 2 0 0 » 

D O U B L E P R E C I S I O N K ( 1 0 > , N ( 2 0 0 ) , L T ( 1 0 ) , N M A X ( 1 0 ) 

D I M E N S I O N T I N L O G C 2 C 0 I , W C L 0 G 1 2 0 0 ) 

D O U B L E P R E C I S IC N A , A D S , A P R O , A T , B , B A T E M A N , B E T A , C , CMA X , C 1 , C 2 , C 3 , C 4 , C 

$ 5 » D E L L T , D E L T A , D E L T E L , D E L V W , D E L Z » D t , D I F F , D M , D M A X , O S , 0 1 » 0 2 , 0 3 , 0 4 , 0 5 , 

S D 8 , E , E R R O R P , S , S T , S 1 , S 2 » S 3 , T , T B L , T B L 0 , T D N A X , T E M P 4 , T H A L F , 

$ T I M E , T I M L Q G , T M A S , T M A X , T M A Z , T M I N , T C X , T T , T T M A X , T l , T 2 , V . V I N , V M , V W O , W A 

S L O G , W A P R t W O ' t W C L C G , WMAX , W 1 , W 2 , W 3 , W 6 , X 1 , X 2 , X 3 , X 4 , Y , Z , Z O 

D O U B L E PR 1 , P R 2 

D O U B L E E E , E E E , B B 

D O U B L E E O , E E , E B C e C E . B O E C , S 1 M , S 2 M , S 3 M 

C 

C R E A D D A T A I N P L T 

C 

R E A D ( 5 , 2 0 1 » N C H A I N , N G R A P H 

2 0 1 F OR M A T ( 2 I 2 ) 

I E AD I 5 , 1 0 5 J Z 0 , 0 E L Z t H Z t V W O , O E L V W , M V W , T 8 L 0 ,DE L T B L , M T B L ,DE L L T , M L T 

1 0 5 F O R M A T ( 2 F 7 . 3 , I 2 , 2 F 9 . 3 , I 2 , 2 F 9 . ? , I 2 , F 0 . 3 , I 2 i 



IF (NGRAPH.LE.C) CALL MCDESG( I MODE,6,0. I 
30 89 NC-1.NChAIN 266 
RE AD(5, 20 0) NT IKE,I 

200 FORMATI 110,12) 
DO 9 9 N'J=1 , I 
RE AD I 5» 106 J NUMBER (NL ) ,NNlJCL ( NU J ,THALF(NU) , K(NU),LT(NU),C(NU>,TOXt 
E ( NU ) =ALOG(2 . I/TFALF(NUl 

106 FORMAT! 12,A7,5FI 0.A ) 
99 C O N T I N U E 

EVALUATE B A T E KAN S FUNCTIONS 
:ALL 8ATEMAN(I,E,C,B) 

EVALUATE EVERY CASE OF TIME FOR BEGINNING OF LEACHING 
T BL=TBLO/CELTBL 
DO 61 ITBL = 1,MTBL 
T BL = TBL *D EL TB L 

EVALUATE ACTIVITIES AT THE BEGINNING CF LEACHING 
DO 60 I 1*1, I 
Y = 0. 
DO 62 I I 1 = 1,I I 
A6--EII 11 )*TBL 

62 Y = Y*B(11,111)*DE XFIW6) 
60 C i I I l = Y*E ( I I MC i 1 l/E ( 1 J 

REEVALUATE E A T E N AN S FUNCTION 
:ALL BATEMAN ( I,E,C,B » 

EVALUATE FOR 
VW=V^O/DELVW 
DO 63 IVW = 1 ,MVH 
VW=VW*DELVk 
DO 6 4 I J = 1,I 

64 VIIJKVw/KIUS 

EVALUATE THE 
DO 21 M 1 = 1 , I 
DO 22 ¥J=1, I 
IF1MI.F2.MJ) GO TC 22 
IF/V(MJ).EG.V(MI I 1 GO TO 59 
BETA(MI,MJ!MEIM)*VIMJ>-E(M)*VIMI))/(V(MJ)-V(MII) 
3 E T A(M J,M I )= B E T A{p I , H J ) 
5 0 TO 22 

59 B E T A( M J ,M I 1 = 0. 
22 CONTINUE 
21 CONTINUE 

EVALUATE EVERY CASE OF LEACH TIME 
DO 65 ILT = 1 , I 

65 LH ILT »=LT ( IL T J/DELL T 
DO 66 I 3 = 1,ML T 
DO 67 14 = 1,1 

67 LH I 4 ) = L T ( 14 I * D E L L T 

EVERY CASE CF WATER VELOCITY 

BETA FUNCTIONS 



: EVALUATE FOR EVERY PATH LENGHT 
C 2 6 7 

Z^ZO/DELZ 
30 68 15 = 1,MZ 
Z=Z*DELZ 

C 

C INITIALIZE GRAPHING S Y S T E M 
C 

IF(NGRAPH.GT.C) GCTO 41 
VM=0 . 
DO 7 7 K S= 1 » I 

77 IF(V(KSI.GT.VM) VM=V(KS) 
VIN=1.0D10Q 
DO 78 KL=1,I 

78 I F(V(KLI.LT.VIN) UN = VIKL) 
L3=IDINT(DL0G10(Z/VM)} 
L4= IDINT(DLGG10( Z/V IN»LT(1 ) )) +1 
T3 = FL0AT(L 3) 
T4 = FLOAT(L4I 
Z Vr Z /VW 
CALL SUBJEG(ZMCDE,T3,-3.,T4,5. I 
IF(NGRAPH.LT.O)CALL SUPJEGIZM0DE,T3,- 4.,T4 ,5.I 
CALL OBJCTCCZMCDE»20.,20,,9C.,30.) 
CALL SETSMG(ZM0DE,45,1.5) 
DIVX=1 . 
DIVY=2. 
CALL GRIDG(ZM0DE,0IVX,DIVY,0,0) 
CALL LABELGCZMODErO, DIVX, 0, 3» 
CALL LABELGIZMODE,1,DIVY,0,3 ! 
ENCODE ( 50, 1C0CXN&VE I 

1000 FORMAT( * TIME AFTER LEACHING STARTED {Y R S ) *) 
ENCODE(50,1C01,YNAME) 

1001 FORMAT ( * WATER CILUTION RATE (CU3IC METER/YP,*GWYR8 * I 
IF(NGRA PH.LT.O> ENCCDE(50, 1002 , YNAME) 

1002 FORMAT(* DIMENSIONLESS C O N C E N T R A T I O N * ) 
ENCODE(150,10C3,TKAME»ZV,LT(1»,TBL 

1 003 FORMAT( <W A T ER TRAVEL TIME 1PE8.2,* (YRS),LEACH TIME = *,1PE 8.2,* 
$ (YRS) ,TIME FOR BEGINNING OF LEACHING =* .1PE3.2,* ( Y R S I * ) 
CALL TITLZS(ZMCDE,1,1,1.0» 
CALL TITLEG(ZMCDE,50,XNAME,50,YNAVE,1 50,TNAME) 

C EVALUATE THE CCNCENTRAT ICN FOR E V E R Y N'JCL I DE 
C 

41 DO 50 11 = 1,1 
C DETERMINE TFE T I f* E DOMAIN FOR EVERY NUCLIDE 
C 

VMAX=0. 
DO 36 Kl= 
IF(V(K1».GT„VWAX» V^AX^V(Kl» 

36 CONTINUE 
VMIN=1.0E100 
DO 3 7 K2«l,II 
IF(V(K2).LT.VMIN) VMIN=V(K2) 

37 CONT INUE 
TMIN'Z/VMAX 
T = L T(I 1) 
T M A Z = Z / V M I N * T 
DEL T A=(DLCG10ITfA Z)-DLOG10(TMINi) /NTIME 

C 
C EVALUATE TFE CCNCENTRATICN AT EVERY TIME STEP 
C 

CMAX=0. 
TTMAX=0. 



DO 38 K2 = 1.»NT!ME 
T10=DLOG10(TMIN}*CELTA*K3 
TT=10.**T10 

268 

EVALUATE THE STEP FUNCTIONS 
DO 39 K 4 = 1, I 
S(K4I=0. 
S T ( K4 5 = C« 

39 CONTINUE 
DO 40 K5 = l,I 
IFIV(K5»*TT.GE.ZIS t K5)=1.0D00 
IFIVU5JMTT-TI.GE.Z) ST ( K 5 J= 1. OD 00 

40 CONTINUE 
C1 = 0. 
DO 51 12 = 1,II 
ED=(- El 12 »*(TT-Z/V( Il I » )*OABS I S I I 1 » - S T ( II» > 
CALL EXPO(ED.EE) 

51 C 1 = C1 + B (11,12)* E E * I S ( I 1 5 - S T I I 1 ) J 
EB=(-E(UI*Z/VII1M*DABS(S(I1»-STU1!) 
CALL EXPOIEB .EEEl 
Cl = Cl*EEE*lS ( I 1 S-ST(Il) I 
C5 = 0 . 
IF( 11.EC.1 » GO TO 71 
WMAX=0. 
00 521 L=l, 11 -1 
DO 531 M=L,I1 
DS = S(M I-STIN I 
ADS^DAB St 0 S) 
DO 541 NR=L,I I 
IFINR.EC.»* > GC TO 541 
DO 551 J=I » L 
Wl(J) = (- BETA(NR,M)*UT-Z/V (Kn-E(M)«Z/V(M)l*S(M) 
-<2lJ» = (-T*(E(Jl-3ETA(NP,M»i-BETA(NR,Mi*{TT-Z/V(M»l-E(Mi*Z/V(MM*ST 

tl M ) 
W3(J)=(-E{J)*(TT-Z/V(M))-E(M)*Z/V(M)I*A0S 
1 F(BETA(NR,Ml.EC.C.I Wl(J 1=0. 
IF(BETA(NR,M).EC.C. ) V»2( J I =0. 
IF(BETA(NR,M).EQ.C. ) W3(J)=0. 
I F I Wl(J).GT.WMAX) aNAX-Wl(JI 
IF(W2(J).GT.WMAX) V>PAX =W2 ( J ) 

551 I F(W3(J ) .GT.WMAX I WMAX=W3(J» 
541 CONTINUE 
531 CONTINUE 
521 CONTINUE 

I F ( WMAX.G T.60C. I C I FF = V.MAX-600. 
I F(WMAX.LT.6 0C. >DIFF=0. 
DO 52 NJ=1,II-1 
C4 = 0. 
DO 5 3 NM = NJ, I I 
C3 = 0 . 
DO 54 NP = NJ, I 1 
I F(NR.EC. NN » GO TC 54 
<i 2 " 0 & 
DO 55 NK*1 ,NJ 
PR1=1.0DOO 
DO 58 NC=NJ, I 1-1 

58 PR1=PR1*E(NCI*K(NCI 
PR2=1.0DO0 
DO 57 NC«NJ,I1 
IF(NQ.ECNR) GO TC 57 
I Fl NQ. ECNP » GC TC 57 



PR2 = PR2ME(N3)*K(NC)*(K{NPJ-K(NMH*E(NM)*K(NM)*(MNC)-KINRN«-E(NR) 
S*K(NR I * IK{KM l-K(N C ) !) 

5 7 CONTINUE 2 6 9 
X1 = 3(NJ,NKI*(K(NP)-K(NM) )**(IJ-NJ-1I 
Xl=Xl/(E(NK)*K(NR»-E(NKI*K(NM)-EINP)*KlNR)tE(NM|*K(NMJ| 
Xl=(X1+PR1» / pR2 
S1 = (-BETA(NR,N«I* UT-Z/V(NM)I-E(NV)*Z/V(NM) ) 
S2=(-T*lE(NKI-3ET«(NPINMII)fSl 
S1=S1*S(N*» 
S2= S2*S T(AP) 
S3 = (- E(KKi*TT-(E(K^}-E(NKII*(Z/\/(NM) 1 ! 
S3 = S3*DABS(SI KM >-ST ihH)) 
51 = S1-D IFF 
52 = S2-0 IFF 
S3=S3-0IFF 
CALL EXPO(51,X3) 
IF(BETAINR,NM).EC.C.) X3 = 0. 
X3=X3*S(NM > 
CALL EXPO(S 2» X 2 J 
IF(BETA(NR.NM l.EQ.C.» X2 = 0. 
X2 = X2*ST(NM J 
CALL EXP0(S3,X4) 
X 4 = X 4 * ( S(Nf I— S T C N SV ) > 
C2=C2+X1*(X3-X2-X4) 

55 CONTINUE 
C3=C3+C2 

54 CONTINUE 
C4rC4 + C3 

53 CONTINUE 
C5=C5*C4 

52 CONTINUE 
71 IF ( II.EC.I > D I FF = C. 

T E Q = ( E ( i i «m n / (E i u ! * K { i i 11 

IFEC5.GT.TEQ) GO TC «5 7 
IFSDIFF.GT.6.0DC2» GO TO 97 
M(K3)=C1 + C5*DEXP(CIFF) 
IF(NIK3 I.LT.O.» GC TO 97 
TIME(K3 } * TT 
WD{K3)=MK3I*C(1I*EII1)/(E(1I*T0X(I1I*TI 

146 IF(N (K 3l.GT.CPAX > T TMA X= T T 
IF(N(K?).GT.CMA>) CMAX=N( K3) 

38 CONTINUE 
30 TO 222 

97 30 98 IX=K3,NTIME 
Hi 1X1 = 0 . 
T10=DL0G1C(TMIN1+DELTA*IX 
TT=10.**T10 
T IME(I X )*TT 
*D ( IX)=1.0C-200 

98 IF ( IX.EG.1» GO TC 146 
222 NMAX( m = CMAX*C(l)*E(Il.MEm*TOXlIi)*TI 

T M AX ( II I = T TM A X 
WRITE(6,101* 

101 FORMAT (IH1, 5X , * NL " B EP * , 2 X , *NUC L I D E *, 2 X , * H A L F LIFE (YR)?t,2X ,*S0RPTI 
SON CONSTANT*, 2X , *LEACH TIME ( Y R J * , 2 X, AINITIAL ACTIVITY (CI) *, 2 X, 
SPC (CI /M**3)*) 
WRITE(6,10C) II,NNLCLI 11» , THAL F( I U ,K( I 1 »,LT( I 1» ,C( I 1 t ,TOX( II > 

100 =r)RMAT(7X,I2,4X,A7,5X,lP0 3.2,9X,lPD8.2,10X,lPDfl.2.10X,lPL)8.2,12X,I 
$PD3.2) 
WRITE(6,102» Z , V « , N M A X (II », TMAxl I 1» 

102 FORMAT ( / /,2X,*PATF LENGHT = #,1 PD 8. 2,*(*)*,2X,* WATER VEL . = *,IPD8.2 , 
$MM/YR)«,2X,*MAX.hATER D I L . R AT E = * , 1 PD 8. 2 , * ( M* *3 / G W* YR*» 2 i *,2 X ,*TIM 

http://3l.GT.CPAX


SE OF MAX, (YRJ**,1PD8-2 I 270 
WRITEU,102) 

103 FORMAT(//,8X, «TIME (Y R ) * , 3 X, *DIMENSIONLESS CONC. *, 3X, *WATER OILUTI 
SDN RÄTE { «**3/Gk*iR**2M) 
00 80 NLCG = 1,NT IKE 
WCLQGlNLOGI=WD(M.CGJ 
IF(NGRAPH.LT.OI h CLOG(NL CG)=N(NLG G) 
IF(WCLOGINLOGI.LE.l.OD- 3 » WCLOG i N LOG!-» 1.00-3 
HCLOGINLOG»=ALOGIO(WCLOGlNLOGlJ 

80 TINLQG(NLOGi = CLCGlC!TSME (NLOGn 
DO 56 K3 = l, NT I M1E 
WRITE (6,10 4 I T I F E ? K 3 ) »NCK3I • Vd D C K 3 ! 

104 F0RMAT(8X,1P0B.2» 6X,1P08.2,13X,1PD8.2 ) 
56 CONTINUE 

IF(NGRAPH.GT.C> GC TO 50 
C DRAW CURVES FDR EACH NUCLIDE 
C 

IFIWCLOGI l ) . G T o - 3 . ) WCLOGl1J=-3. 
CALL LINESG(Z«GDE,NTIME,TINLOG»WCLOGJ 

50 CONTINUE 
IF(NGRAPH .LE.OJ CALL FRAME 

68 CONTINUE 
66 CONTINUE 
63 CONTINUE 
61 CONTINUE 
89 CONTINUE 

IF(NGRAPH.GT.O ) GC TO 43 
CALL EX ITG(ZMQDE ) 

43 STOP 
END 
SUBROUTINE BATEMAM I»E ,C »B ) 
DIMENSION EUOI, C (10», B(10,10> 
DOUBLE PRECISION E,C,E 
DOUBLE TEMPI 
DO 27 L 1 = 1 , I 
DO 28 L J=1, I 
TEMP1=0. 
DO 31 LM = 1,LJ 
TEMP2=1. 
30 29 LR=LM,LI 
TEMP2=TEMP2*E(LP I 

29 CONTINUE 
TEMP3=1. 
DO 3 0 LL = Lf» L I 
IF(LL .EC.LU GC 1C 30 
TEMP3 = TEMP3* ( E (LL 1- EILJI ) 

30 CONTINUE 
rEMPl = TEMPlMC(LM)*El 1 J/(C(1>*E(LM)))*TEMP?/(E(LI)*TEMP3> 

31 CONTINUE 
B(LI ,LJ ) = TEMP1 

28 CONTINUE 
27 CONTINUE 

RETURN 
END 
SUBROUTINE EXPO I X , Y ) 
DOUBLE X,Y 
I F (X.LT.-6.002 I GC TO 501 
Y=DEXP(XI 
30 TO 502 

501 Y = 0. ODCC 
502 RETURN 
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A p p e n d i x B D e s c r i p t i o n of t h e c o m p u t e r c o d e U C B N E 2 0 . 

B.l D a t a i n p u t d e s c r i p t i o n . 

1) 1st c a r d : I n i t i a l s y s t e m d e s c r i p t i o n : 

V A R I A B L E F O R M A T D E S C R I P T I O N 

N N U C L 12 t o t a l n u m b e r o f n u c l i d e s b e i n g c o n s i d e r e d 

t> E 1 2 . 4 f i r s t v a l u e of p a t h l e n g t h to b e u s e d ( m e t e r s ) ; {zé + 0) 

T«J E 1 2 . 4 f i r s t v a l u e o f l e a c h t i m e t o b e u s e d ( y r s ) ; [j<t> ± 0 ) 

E 1 2 . 4 f i r s t v a l u e o f w a t e r v e l o c i t y to b e u s e d ( m / y r ) ; (v# 4 0) 

T B U E 1 2 . 4 f i r s t v a l u e of t i m e f o r b e g i n n i n g of l e a c h ( y r ) ; (TBLtf A 0) 

2) 2 n d c a r d : S y s t e m p a r a m e t e r s v a r i a t i o n d e s c r i p t i o n 

V A R I A B L E F O R M A T D E S C R I P T I O N 

M l 

D E L 1 

12 t o t a l n u m b e r of d i f f e r e n t p a t h l e n g t h c a s e s t o b e e v a l u a t e d 
M l = 1,2 ... 

E 1 0 . 4 m u l t i p l y i n g f a c t o r f o r d i f f e r e n t p a t h l e n g t h c a s e s : 
z = it x ( D E L 1 ) n ; n = 1,2 ... M l 

M 2 

D E L 2 

12 t o t a l n u m b e r o f d i f f e r e n t l e a c h t i m e c a s e s t o b e e v a l u a t e d 
M 2 = 1,2 ... 

E 1 0 . 4 m u l t i p l y i n g f a c t o r f o r d i f f e r e n t l e a c h t i m e c a s e s : 
T = T0 x ( D E L 2 ) n ; n = 1,2 ... M2 

M3 

D E L 3 

M 4 

D E L 4 

12 

E 1 0 . 4 

12 

E 1 0 . 4 

t o t a l n u m b e r o f d i f f e r e n t w a t e r v e l o c i t y c a s e s t o b e 
e v a l u a t e d , M3 = 1,2 ... 

m u l t i p l y i n g f a c t o r f o r d i f f e r e n t w a t e r v e l o c i t y c a s e s 
v w = v0 x ( D E L 3 ) n ; n = 1,2 ... M 3 

t o t a l n u m b e r of d i f f e r e n t t i m e f o r b e g i n n i n g of l e a c h i n g 1 

c a s e s to be e v a l u a t e d , M4 = 1,2,3 

m u l t i p l y i n g f a c t o r f o r d i f f e r e n t t i m e f o r b e g i n n i n g of 
l e a c h i n g c a s e s 
T B L = T B l # x ( D E L 4 ) n; n = 1,2 ... M4 



272 

3) 3 r d t h r o u g h ( N N U C L _+ 2)th c a r d : N u c l i d e s d e s c r i p t i o n 

It is r e q u i r e d o n e c a r d f o r e a c h n u c l i d e b e i n g c o n s i d e r e d , f o r a t o t a l of 

N N U C L c a r d s . E a c h c a r d h a s t h e f o l l o w i n g i n p u t s : 

V A R I A B L E F O R M A T D E S C R I P T I O N 

N N 12 N u c l i d e i d e n t i f i c a t i o n n u m b e r 

N U C L 

N H 

A 6 

12 

N u c l i d e n a m e ( e . g . , T H - 2 2 9 ) 

N u c l i d e h i e r a r c h y : 
N H = 1 : if it is a f i r s t m e m b e r of a c h a i n 
N H = 2 : if it is a s e c o n d m e m b e r of a c h a i n 
N H = 3 : if it is a t h i r d m e m b e r of a c h a i n 
N H = 4 : if it is in s e c u l a r e q u i l i b r i u m w i t h t h e n e a r e s t 

l o n g l i v e d p r e c u r s o r 

N P 1 12 N P 1 = i d e n t i f i c a t i o n n u m b e r of t h e 1 s t p r e c u r s o r if N H = 2 
or 3. N P 1 = i d e n t i f i c a t i o n n u m b e r of t h e n e a r e s t l o n g l i v e d 
p r e c u r s o r if N H = 4. N P 1 = 0 if N H = 1 

N P 2 12 If N H = 3, N P 2 is t h e i d e n t i f i c a t i o n n u m b e r of t h e 2 n d 
p r e c u r s o r . N P 2 = 0 o t h e r w i s e 

H F L V E 1 2 . 4 N u c l i d e h a l f - l i f e (yr) 

E 1 2 . 4 N u c l i d e s o r p t i o n c o e f f i c i e n t , K D = 1 + L L Z _ J L ! D J, 

S u 

T O X E 1 2 . 4 N u c l i d e m a x i m u m p e r m i s s i b l e c o n c e n t r a t i o n ( M P C ) ; ( C i / m 3 ) 

C E 1 2 . 4 I n i t i a l a c t i v i t y at the t i m e of e m p l a c e m e n t , i . e . , t<- = 0, 
(Ci) 



F i g u r e B.l S t r u c t u r e of the p r o g r a m U C B N E 2 0 . 

ni t i a l i z e 

Data input (see data i n p u t cards d e s c r i p t i o n bel 

P r i n t 
nuc l ide (see sample o u t p u t , Table 3 .14a) 
parameters 

Times f o r beg inn ing of leaching (t 

Leach t imes (T) 

Water v e l o c i t i e s (v) 

Path length (z) 

Evaluate 
extremum f o r 
each n u c l i d e 

P r i n t 
r e s u l t s (see example o u t p u t . Table 3 .11b) 

o 
Stop 



FIA • 968301,TING.0 2 7 4 

NPUT 620 CC 12.2°,04 12 SEF 51 V I A C P 0 4 

D = 
FY, INFI'T/RR ,0LTFUT/RR . 
SFOSE ,0UTFUT= FP .F<J=1* . 
CGRAM UC BNE 20 
MEL K.S. TING 
F1L,196C 
F ART HF NT CF N L C ItL AR ENGINE. EF ING 
IVfFSITY CF C*LIFCRNI£tEt*K£LE Y 
RKFLcY.CA. ,S4720 

C C N T F C L CARDS L I S T I f G ** 

CBCAR CI 
ASSWORC1 
SERPR 
N4. 
C. 
IT. 
U H P . 

FRCGFAH LISTING ** 
PFCGRAH HAX1 < I KF L T, CUT FL T ,T A PE 5 = IN ? UT ,T A P EE =C IT PL T ) 
DIMENSION f'CT FCC ( 100 ) 
0 IHL NSICN NLC L ( 1C C ) , n n (1C C ) , fsPi ( i CO , lJ 02 ( 1C? ) , Nh ( l r J D ) , H F L V ( l C C ) , 

S V K ( i O O ) , C ( 1 0 C M C X 1 0 Q ) , T M X ( 1 0 0 ) , D M A X ( 1 0 0) JIFt. (10 0) 
INTEGER S2 (3, 3) ,S3 (3,3 ) 
OIK N3ICN V (3 ), V2 (3) , AL (3 ,3 ) ,EE ( 3 ,3) ,7 ( ICG) , FRL CSF (ICC 5 ,h (ICC) 
REAL LACBCA(1Q0),KD(1S0KNNAX(100) 

RFA C CATA INRJT 
RLAD (5,200) NM'CL »Z0»T0»V0,TSLQ 

2 0 0 F CF rAT ( 1 2 , 4 1 1 2 . 4 ) 
READ ( 5 , 4 2 C ) H1 ,DELl»K2»OELt,A3»DfiL3,M '*tDTL4 

4 2 0 F CRM AT (12 ,C10 .4 ,1 I ,E 10 . 4 , I 2 ,E 10 . «.,12, £ 10 • M 
DC 2C 1 = 1 , NM'CL 
READ (5,2 [1 ) NN (2 ) tM'CL C I ) ,N F (I) , NF1 ( I >, NP2 ( I ) ,h F L V (I 5 ,K C (I ) , T C X (I 

n ,c(i) 
2 01 F CRM AT ( 1 2 , A c , 12 , 2 12- 12 . 4 > 
20 CCM3NLE 

DC 10 I=1,NNUCL 
LAKECA(I)=0.6 93/HFLV(I) 
E (I) =LA HE CA (I > 

10 AT(I) = LAMEDA(I)*XC(I) 
EVALLATF THE ACTIVITIES AT EACH T I Mc F C R BEGINNING LEACHING 

TEL = TBLC/CELU 
DC 4 13 J413=1,M4 
TEL=TBL*CEL4 

KFITF. PROGRAM 7 IT Lt. , CASF FEING SOLVED AN C MCLICE FAF A EF. TEF< S 



WRITE (6,2 (4) TEL 
>04 F CR HAT (1H1, /T HE MCL ICES F * R A H E T E R S AP.E L I S T E D E E L 0 W t , 5 X , i T I H E FCC 

$ EEGINMNG OF L E A C H I N G IS t , 1 X *i=»c a . 2 , IX , * ( YR ) * ) 
DC 414 I=1,NNUCL 
IF (NH (I ).EQ .3 ) GC TC kls 
GC TC 414 

1(15 J1 = NF2(1) 
J2=NP1(I) 
AX=C(J1)*E(J2)»E(I)»('ZXF(-E(J1)*TBL)/((E(J2)-E(J1)M(?(I)-E(JD))* 
*E>P(-E<J2 )*TBL) / ( (£ (Jl )-E (J2 ) ) * (c (I)-r (J Z)) ) (-F. (I >*TBl) / I (E (Ji 
I)-E' (I))ME(J2)-£(!)))) 
AY = C(J2)»CC)*(EXF(-F(J2)«TEL)-E:XP(-;(I)'T5L))/(E(J)-r(J2>) 
A Z = C (I)*c>P ( - £ ( I ) *T? L ) 
C (I) = A X *A 1 + AZ 
1 F (C (I) .LT . 1. CE-2 (o) C (I) = 1.0E-2C0 

414 CCM IMF 
DC 416 1= 1,NNUCL 
IF (NH(I).EQ.2 ) GC TO 417 
GC TC 416 

417 J4 = NF1( 1) 
C (I) =C ( I)*EXP (-E (I )*T?L) *C (J4)*E (I) * Vi X? <-E ( J 4 )*TEL (-E ( I )*T5L 
S) )/(t (I )-E (J4 )) 
IF (C (I ) .LT .1, OE-2 CO) C (I) = 1.0E-200 

416 CCM3NUE 
DC 18 1= 1, NNUCL 
IF(NH(I).EQ.l> GC TO M1? 
GC TC 4 1 8 

419 C (I) =C ( I) *E XP <-E (I )* T 3 L ) 
IF (C (I ) .LT .1. OE-2 00) C ( I )= 1. OE-2 00 

418 CCM INLF. 
DC 4 62 I-=1, NNUCL 
I F N H (I ) . EQ .4 ) GC TO Ui l 
GC TC 4 62 

461 J 5 = N F1 ( I) 
C (I)=C(J5 ) 
I F (C (I ) .LT . 1. ffc. -2 CO) C (I > = 1. GE-20 0 

462 CCM2NUE 
WRITE (6 ,2 05 ) 

2 05 FCRMAT (// ,f MJ*Efc; F * ,2 X , * f L C L ICC* , 2 X, * HE M 9F F * , 2X , * H. A L F-L IPE (YF )t,2> 
I, /SORPTION CONSTANTS/.2>,* H F C ( C I / M * » 3 ) * » 2/ , / I N I T I A L A C T I V I T Y 
S (CI) * ,2>, /ATENL'ATICN FACTCR(1/Y~)/) 
DC 3 0 1=1 .NNUCL 
WRITE (6 ,2 (6 >NN( I ) ,NUCL ( I ) , N H ( I ) ? H F L V ( I ) , K O ( I ) , T C X « I ) , C J I ) , A r (I) 

20 6 FCRMAT (3X,I2,4X,Afc,5> ,12, ;X,1FES.2,9<,1'EP.?, 10X ,l°cB.2,13X,l>-"Ee.2 
f, 33X ,1FE S .2 ) 

30 CONTINUE 
T = T0 / D E L 2 
DC 411 J127=1,M2 
T=T*CEL2 
V K = V C/DEL3 
DC 412 J27=l,*3 
VW=VW*CEL3 
Z = Z0 /DELI 
DC 650 Jl23=1,hl 
Z = Z *CE L1 
DC 11 1 = 1 ,NNUCL 

11 VK(I) = V W / K D ( I ) 
E VALLATE THE F X T R E HUH C F THE F I R S T M C W E L J 

DC 4 C 1=1 , N N U C L 



GC TC 4Q 
5QQ T H A X (I ) = Z / V < { I) 

MFTHCD( I)=*E# 
NKAX(I } = T >P(-LAHECA(I)»TNAX(I) ) 
OPAX(I)=NNAX(I)«C(I)/(T*TCX(I)) 
T I H E (I)=T 

4Q CCHTIKLE 
EVALUATE THE f XTFF HUH CF THE S E C O N D M E F B E R 

DC 5Q I=i,NNUCL 
I F (NH (I ) . E C .2 > GC 1Q GCQ 
GC T C 5Q 

GQQ J=NP1(I> 
CALL AFFOX2 (I ,Z ,T thHAX,CHAX.THAX,TI1I ,NJ1.LAHECA ,C, \<K.TCX,fETHCC) 

5Q C C M INL'E 

E VALLATE 2HE T XTRE HUH CF THE THIRD HE KEEP 

D C G C 1 = 1 ,NhUCL 
IF (NH (D.EQ.3) GC TO 11C& 
G C T C GQ 

1QQ J1=NF2(I) 
J2 = NP1 { 1) 
J3=I 
V C1)=VK (J 1J 
V(2) =VK U2) 
V (3) =VK(J3) 
AlrLAMECA (J 2) -L AH EDA ( J 3) 
A2 = LAHECAIJ3)-LAHECA(Jl) 
A3 = LAHECA ( Ji) -LAHECA ( J2) 
Q = 1. / (V (1 )*Ai»V<2)*A£*V<3MA3) 
AL(1,3)=A2/ (V (3 ) -V (1 ) ) 
A L (2 ,3 )=A 1/ (V (2 i-V (3 ) ) 
AL (1.2>=A3/ (V (1 )-V (2 ) ) 
A L(3,i)=AL(1,3) 
AL (3,2)=AL ( 2, 3) 
AL (2 ,1 ) =AL (It 2) 
EE(1.3) = (LAHECA(Jl)*V(3)-LAr'ECA(J3)*V(l))/(V(3)-V(l)) 
BE(2,3) = (LAH6CA(J2)*V(3)-LAHeCA(J3)»V(2))/(V(3)-V(2)) 
8E(1,2) = (LAHBQA(J1)*V(2)-LAAECA(J2)*V(1))/(V(2)-V(1)) 
BE (3,1)=EE(1,3) 
BE (2,1)=BE(1,2) 
BE (3,2>=8fc <2* 3) 

EVALUATE THE FLNCTICNS S2 (I, J ) AND VZ (I) 
I F V (1 ) ,LT . V( 25 ) GC TC ICE 
IF (V (2).GT.V(3) ) GC TC 1Q4 
S2(1.3)=Q 
S2(2,3)=-l 
Sc (1 ,2) =1 
I F (V (1 ) .GT , V( ?) ) GC TO 1C 3 
VZ ( 1 )=V (2 ) 
VZ (2 ) = V (1 ) 
VZ (3 ) = V (3 ) 
NF=3 
N !>=! 
NS = 2 
S3 (1 .3) =-1 
S3 (2 , 3 ) = - 1 



GC TC IOS 
V Z (1 ) = V (2 ) 
V Z (2 ) = V (3 ) 
V Z (3 ) = V (1 ) 
N Fr 1 
N h = 2 
KS = 2 
S3 (1,3)=1 
S 3 ( 2 . 3 ) = G 
S 2 ( l i 2 ) = l 
GC TC 1Q9 
S2 ( 1 » 3 ) = 1 
S2 Í2 , 3) -1 
S2 (1 ,2>=Q 
V Z (1> = V (3 ) 
V Z (2 ) = V (2 1 
V Z (3 ) = V (1 ) 
NF = 1 
Nt" = 2 
N S = 3 
S 3(1 » 3 ) = 1 
S 3 ( 2 , 3 ) = Q 
S 3 ( l , 2 ) = í 
GC TC 1Q3 
IF (V (1 ) .LT .V( 3) ) GC TC 1Q G 
52 (1 ,3) =1 
32 5 2 . 3 ) = 1 
S 2 ( i . 2 5 = Q 
V Z (i ) = V (3 ) 
V Z (2 ) = V (1 ) 
V Z (3 ) = V (2 ) 
N F = 2 
N - = l 
NS = 3 
53 (1 ,3)=Q 
S3 (2 ,3)=1 
S3 (1 ,2)=-l 
GC TC 1Q8 
52 (1 » 3 ) = - l 
S 2 ( 2 , 3 ) = Q 
S 2 ( 1 t 2 ) = - 1 
I F (V (2 ) ,G T • V ( 3) ) CC TC 1C 7 
V Z (1 ) = V (1 ) 
V Z (2 ) = V (2 ) 
V Z (3 ) = V (3 ) 
NF = 3 
NF = 2 
NS = 1 
S 3 ( 1 , 3 ) = - 1 
53 (2 ,3 ) =- J 
S3 (1 ,2)sQ 
GC TC 1Q8 
V Z (1 ) = V (1 ) 
V Z (2 ) = V (3 ) 
V Z (3 ) = V (2 ) 
NF = 2 
N h = 3 
NS = 1 
S 3 ( 1 , 3 ) s Q 
S3 (2,3) =1 
S3 (1 .2 )=-l 
CALL A P R O 3 (I « Z . T . C . N * A V . rfAX.T'-IAX.TIVF» V Z . S 3 , S 2 . N F , N r - , N S . A L . L A H E Q 



$A,C.V,VK,TC>,SE,Ji.J2,J3,fc.Tr-CD1 
60 CCNTINLE 
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EVALUATE- THE CCSE FCF- THE KUCLICIS IN S £ C U L A F EOUILIEFL Iv 

DC 7C I = 1,NNUCL 
IF (NF < I > ,E G .4 1 GC TC 1600 
GC TC 70 

300 J = NP 1 (I ) 
RATIC=VK(J)/VK(I) 
IF (NH(J).E0.2 ) GC TC 1601 
IF INHJ1.EC3 ) GO TO 16C2 
NrAX(I)=NNAX(J)«C(J>*VK(I)/(C<I)*VK(J>) 
GC TC 160 3 

501 J2 = NF1(J? 
NNAX (I)=NHAX(J) *LAMEDA (J)*C<J2)/(0(I)*LAMGDA (J 2)*KATIC) 
GC TC 1603 

602 J3=NF2(J) 
NHAX(I)=NNAX(J)*LAMECA(J)«C(J3)/(C(I>»LAMEQA(J3)*FA7IC) 

603 T H AX (I) =T H A Y ( J) 
0 HAX (I ) = N N A X. (I) *C (I) /(7 *T C X (I )) 
T 1 HE (I) =T IM E ( J) 
METHOD (I) =METHOC (J ) 

70 CCNTINLE 
TCTA L = 0. 
DC 90 I = 1 , N N U C L 

90 TCTAUTCTf LONAX (I) 
DC 91 1 = 1 ,NNUCL 

91 FRDCSE(I) = (CMAX(I)/TOTAL)M0C. 
WRITE(6 ,2 (2) 

202 FCRMAT (1H1 »6X , t LEACH T I HE (Y ) t, 3 X , * P AI H L E NG H T ( M ) i , 3 X , t W A TE «? V 
SELCCITY lf/YR)*) 
WRITE (6,2 (3 )T ,Z ,Vfc 

2 03 FCRHAT (8X ,1PE12 .«t ,9X , 1PE12 .4 , EX, !Ptl2 . 4) 
WRITE (6 ,2 17 ) 

20 7 FCRMAT(lHQ»*NC«*t2X,*NUCL3CE*»3X,<HEM3ER*t3X»<lST*»3X,*2NC#,3X«*7I 
3 HE OF PEAK (YF) * ,3X,*HAXIHUN N/N C t , 3 X , * K A T .0 I L . ( M* *3/C W * Y c * * 2 5 * , 3X 
S* *C0NTAN.TIHE (Y R ) * ) 
DC 8 0 1=1 .NNUCL 

80 WRITE(6,2(9)NN(I),NUCL(:),NH(I),N"1(H,NP2(I),THA>(I),HVAX(I),CMA> 
<(I),TIHE(2) 

209 FCRHAT(IX,I2,3X,A6,6>,I2,7X,I2,«X,I2,7X,lPE3.2,9X,LPR*.2,13y,lFEe. 
J2,14X,IFF c. 2,7X,CFF6.3,EX,i1 ) 

650 CCNT INUt 
412 CCNT INL'E 
411 CONTINUE 
413 CCNT IMF 

STOP 
ENC 
SUBROUTINE APrtGXZn.Z.T.NHAX.CMAX.TMAX.TIHF.NPiiLAMenA.CIVK.TOX.N-

STFCD) 
DINE NSICN Hf.T HCC (100 ) 
DIHE NSICN T MAX ( 1GG) , TIME (10 0),O*AX(13G),NPl(10C) ,C(10C),V<(100) ,TC 

$ x (100) 
REAL NH.AX (10 0 ), LA H E C A (ICC ) 
ME TH CO ( 11 - t A* 
A=LAHECA(I>/VK(I) 
J=NP1(I) 
C1=C (I)/LAMEDA(I) 
C2=C(JI/LAKBOA1J) 
3=LAHECA(J)/VK(J) 
T C i \i v f T \ r r w * / til rn T O T O 



I f ( A . G T . B ) GO TC 7QC -
T H A X (I ) = Z/VK(I) 
N N AX ( I ) = ( C 1 / C 2 + L A H E C A ( J ) M * V K ( I ) / A 3 S ( V < ( J ) - V K <I) ) ) *E X r ( - A * Z ) 
GC TC 7 Q1 

7CQ B 12= A 85 (LAMED A( J 5 * V K (I) / < V K (I)-VK (J) ) ) 
Q1 = A L C G (( C1 + C 2 * T * E 1 2 ) t ( C 2 * T * E 1 2 n 
Q 2 = B - A 
Q Q = Q 1 / Q 2 
IF (Z . G E . Q C ) GC TC 711 
T H A X ( I U 2 / V K C I ) 
N h A X ( I ) = ( C i / C 2 * L A r ' E C M J ) * T * V K ( I ) / A 9 S ( V < ( J ) - V K ( I ) ) ) * E X t : (-A*Z) 
GC TC 7Q1 

711 T H A X (I) = Z/VK(J) 
H2 = Q . 
H 2 T = Q . 
IF (VK (I ) * 2/VK (J ) . C-E. Z> F2 = l . 
IF (VK(I ) * ( Z / V K ( J ) - T ) .GE. Z ) H 2 T = 1 . 
N h A X ( I ) = ( C l / C 2 ) * E X F ( - L A N E C A ( I ) * Z / V < ( I ) ) ' ( H 2 - H 2 T ) * T » E 1 2 * E X - ( - L A f E C A 

$ ( J ) * 2 / V K ( J ) ) 
GC TC 7Q1 

712 T T = 2 * Z / V K «1 ) 
h NAX (I ) = < C 1 / C 2 ) *EXP ( -LA H E C A (I )*TT> * (L A M 3 C A (J ) / (L A M B C A (I ) -LAh ECA (J) 

S) ) * (EXF (-LAMBDA (J ) ) * T T - E X F (-LAM 3 D A (I )*TT ) ) 
T H A X (I)=TT 

7Q1 D H AX ( I ) = N H A X ( I ) * L A H E D A ( I ) * C ( J ) / ( T * T O X ( I ) * L A M E C A ( J ) ) 
IF (C ( D / T C X (I ) . L T . Q . 1 ) GC TC 62 5 
IF (VK (I K L T . V M J ) ) GO TC 627 
IF (Z/VK (J J-Z/VK C ).GT.T) GC TC 6 2 6 
TI HE (I)=T 
GC T C 625 

625 T I H t ( I ) = Z / V K ( J ) - Z / V K C ) 
GC TC 625 

627 T1 HE (I) = Z/VK( I )-Z / V K ( J ) * T 
GC TC 625 

628 T I H E (I)sAES (Z/V K (I) - Z / V K (J)) 
625 R E T U R N 

E NC 
S L E R O U T I N E A P F C X 3 (I,Z,T.C . N H A X . O M A X , T H A X , T I H E , V Z ,S3 » S 2 , N F , N H ,NS,AL 

J , L A M E D A , C , V , V K , T C > , E £ , J 1 , J 2 , J 3 , M E - T H Q D ) 
D I HE N S I C N M E T H C C ( I O G ) 
D I N E N S I C N A L ( 3 , 3 ) , C ( l C Q ) , V ( 3 ) , V K ( l G G ) , T O X ( l G Q ) , t f ; { 3 , 3 > 
D IHF H S I C N T I Ml ( 1 C C ) , C M A X ( 1 C G ) , T M A X ( 1 C Q ) , V 7 ( 3 > 
R E A L N H A X ( 1 Q Q ) , L A H B C A (1QQ ) 
IMEGfc R S3 (3, 3) ,S2 (3,3) 
A 2 3 ( Z , T ) = - A L ( 2 , 3 ) * Z - B F ( 2 , 3 ) » T 
A 1 3 ( Z , T ) = - A L ( 1 , 3 ) * Z - 3 E ( 1 , 3 ) * T 
A 1 2 ( Z , T ) = - A L ( l , 2 ) * Z ~ e r < l , 2 ) * T 
Bl = C (J2 ) * L AH8 CA (J1)/(C (Jl ) * LA HBO A (J2) ) 
3 = L A H 8 C A ( J 2 ) » T * 3 i * V ( 3 ) / ( V ( 2 ) - V ( 3 ) ) 
A = I A H B C A ( J 2 ) * T * V ( 3 ) * D * L A M E D A ( J 1 > 
ME T H C D ( I ) = * A < 
W 1 = 8*BE (2 ,3 ) / (A * (EE (NH ,NF ) -BE (NF ,NS ) ) ) 
W2 = B'BL (2 ,3 )/ (A * ( Ft ( NM , NS ) -EF (NF , NS) M 

E X T R E HU N IN R E G I O N 1 

T L = Z / V Z (3 ) 
TR = Z/VZ (2 ) 
X 2 = Z * ( A L ( H H , N F ) - A L ( N F , N S ) ) 
X3 = EE (NH,NF J-BE (NF ,NS) 
IF (VK(J1) .EQ.VZ (3 )) GC TC 33C 
r £ M / L/ / i 4 \ tr r ll"7 # «- » * l~ r~ f f ~t ~i * 



X H = i . o - e / ß 

XK*EÍUM»NF>/Efc (NF.NS) 

(X 4 . LT . C » ) GC TC 312 

X 1 = A LGG (X4) 

T T = (X1-X2 1/X3 

IF ( W l . G E . 1 . 3 ) GO TC 3 3 2 
IF ( T T . L E . T P ) GO TC 333 

T l r Z / V 2 (2 ) 

G C T C 3 3 4 

IF ( T T . G E . T L ) G O T C 3 3 5 

T 1 = Z / V Z (2 ) 

G C T C 3 3 4 

T 1 = T T 

G C T C 3 3 4 

T 1 = Z /V Z (3 ) 

G C T C 3 3 4 

X H = A / (A-e) 

X 4 = X h * E E ( N H , N F ) / E E ( N F , N S ) 

IF ( X 4 . L T . Q . ) GC TC 312 

Xl = A L O G (X4) 

TT= (X1-X2 )/X3 

I F ( W 1 .LE. -1 .Q) G C T C 3 3 6 

I F ( T T . L E . T P ) GO TC 3 3 7 

T 1 = Z / V Z (2 ) 

G C T C 3 3 4 

IF ( T T . G E . TL ) GO TC 3 3«. 

T 1 = Z / V Z (2 S 

G C T C 3 3 4 

T 1 = T T 

G C T C 3 3 U 

T 1 = 2/y2 (5 3 

G C T C 3 3 1 . 

Xh = 1. Q 

X 4 = X f * e L ( N f , N F ) / E 6 (NF.NS) 

IF (Xi..LT. C. ) GO TC 312 

T1T==A WX3 
IF ( T T . L E . T R ) GC TC 311 

T 1= Z/VZ (2 ) 

G C T C 3 3 4 

IF ( T T . G L . T L ) GC TC 333 

T 1 = Z / V Z Í2 ) 

G C T C 3 3 4 

X 1 3 = A 1 3 ( Z . T 1 ) * I A 9 £ ( S 3 < 1 , 3 ) ) 

X 1 2 = A 1 2 ( Z , 7 1 ) * I A E S ( S 3 ( 1 , 2 ) ) 

C C N C 1 = (E-A ) *EXP (X 23) *S3 (2 i3 ) 4A»f.XP (XI 3 ) * S3 (1 , 3 ) - A * E X P (XI 2 5*S 3 (1 ,2 ) 

E X T R E M L M IN F E G I C N 2 

T L = Z / V Z (2 ) 

T R = Z/VZ (1 ) 

Y 2 = Z • ( A L ( KM ,NS) -A L (N F, NS ) ) 

Y3 = B E ( N h , N S ) - 9 E ( K F • N S ) 

IF (VK(Jl) .EC.VZ (3)) GC TC 3~C 

IF (VK(J1) » E G . V Z (2 )) GC TC 341 

Y f = l .C 

Y4 = Y f * E L ( N M » N S )/Er ( N F,N S) 

IF {Y 4 • L T « C . ) G O T C 4 1 1 

Y 1 = AvLOGv(yfc / vx 



IF (T7 . IF .TF. ) GC TC 342 
411 T2= Z/VZ (2 ) 

GC TC 3*3 
342 I F ( T T . G E . T L ) GC TC 34 A 

T2=Z/VZ (2 ) 
GC TC 343 

344 T2=TT 
GC TC 343 

341 YN" = A/(A -9 ) 
Y4 = YN**6E ( NM ,N S) / EE (N'FiNS ) 
IF (YU.LT .0.5 GC TC 411 
Y1 = A LCG<Y4) 
TT= I Y1-Y2 )/Y3 
IF (W2 . L E . - 1 .0 ) GC TO 345 
I F (TT.LE.TR) GO TC 346 
T2= Z/VZ (2 ) 
GC TC 3 43 

346 IF ( T T . G E . T L ) GO TC 3 47 
T2=Z/VZ (2 ) 
GC TC 343 

347 T2=TT 
GC TC 343 

345 T2=Z/VZ (1 1 
GC TC 343 

340 Y H = 1 , 0 - E / A 
Y4=YN*B6 (KM,N S) / E E (N F , NS ) 
IF ( Y 4 . L T . C . ) GC TC 411 
Y 1=A LOG (Y4) 
T T = (Y1-V2 J /Y3 
IF (W2.GF . 1. 0) GC TC 35 Q 
IF ( T T . L E . T K ) GC TC 351 
T2 = Z/VZ (2 I 
GC TC 343 

351 IF (TT.GE.TL) GO 352 
T 2= Z/VZ (2 ) 
GC TC 3 43 

352 T2 = TT 
GC TC 3 43 

350 T2=Z/VZ (1 ) 
3 4 3 Y 2 3 = A 2 3 ( Z , 1 2 5 *I A E S (S 2 ( 2 ,3 Ï ) 

Y 13= A13 (7 ,T2) *IAE5 (S 2 (1 ,3 ) ) 
Y 1 2 = A 1 2 ( Z , T 2 > M A E S ( S 2 ( : , 2 ) > 
C C N C 2 = ( E - A ) * E > P ( Y 2 3 > * S 2 ( 2 , 3 ) * A * E X P ( Y 1 3 ) » 3 2 ( 1 , 3 ) - A » E X P ( Y 1 2 ) * £ 2 ( 1 , 2 ) 
IF(CCNC1.GT.COKC-2> GO TC 4 73 
CCNC=CONC 2 
TN=T 2 
GC TC 483 

«73 CCNC=CC NC1 
T N = T 1 

, e 3 T3 = Z/VK (I ) 
IF ÍVK (I ) . £ Q . V 2 ( 3 ) )GO TC 491 
U2 3 = A 2 3 ( Z , T 3 í * I A E S ( S 2 ( 2 , 3 ) ) 
U 1 3 = A 1 3 ( Z » T 3 ) * I A E S ( S 2 ( 1 .3) ) 
U 1 2 = A 1 2 ( 7 , T 3 ) * I A E S ( S 2 ( 1 , 2 ) ) 
XN = ( E - A ) » E y P ( J 2 3 ) * S 2 ( 2 , 3 ) + A * E X P ( U 1 3 ) * S 2 ( l , 3 ) - A * L X P ( ü l 2 ) J 'S2 (í , 2 ) 
GC TC 492 

»91 U 2 3 = A 2 3 ( Z , T 3 ) * I A E S ( S 3 ( 2 , 3 ) ) 
U 13= Al 3 (Z ,T 3) - I A E S (S3 (1 ,3 ) ) 
U 1 2 = A I 2 ( Z , T 3 ) *IAES (S3 ( 1 , 2 ) ) 
X M = (E-A )* E X F(L2 3 ) * S3 (2 ,3) • A * E X D ( U i 3 ) * ? 3 ( 1 ,3) - A X P ( L 12 ) * S 3 (1,2) 

»9 2 C C S C 3 = ( C ( J 3 ) » L A f E C A ( J Í ) / ( C ( J l ) * L A K 5 D A ( J 3 ) ) ) » E X F ( - L A r ' E C A ( I ) * T 2 A X » ' 
IF(CCNC.GT.CO NC 3) GC TC 4 90 

http://T7.IF.TF


N r A X (I ) =C CNC3 
T h AX (I ) =T 3 
GC TC 15QQ 

4 9Q N hAX (I ) = C C K C 
T H A X (I)=T • 

5 Q Q D H A X ( I > = N r - A X ( I ) * L A H e D A ( I ) « C ( J l > / ( T * L A " 9 D A ( J i ) ' T C X I I ) ) 
IF (C (IJ/TCX (I ).LT . C C I ) GC TC 523 
IF ( V K ( I ) . E G . V Z ( 1 ) ) G C T C 52 5 
IF (VK (I ).£C .V Z (2 > ) GO TC 527 
I F ( Z / V K (I U T . G T . Z/VZ (1 ) ) GC TC 526 
T I HE < I ) = 2 / V Z ( i ) -7/VK (I ) 
GC TC 4 Q5 

526 T i f f (I)=T 
GC TC 4Qe 

527 IF (Z/VK (I H T . C-T .2 /VZ (1 ) ) GC TC 525 
T 1 H E (I) = 2 / V Z ( 1 ) - Z / V Z ( 3 ) 
GC T C 4Q6 

525 T I HE II> = 2 / V K ( I ) - Z / V Z ( 3 ) » T 
GC TC 4Q6 

528 T I H E (I) = Z / V Z ( 1 ) - Z / V Z ( 3 ) 
4Q8 R E T U R N 

F KD 
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A p p e n d i x C. D e s c r i p t i o n of t h e c o m p u t e r p r o g r a m U C R N E 2 1 

C.1 S u b p r o g r a m H Y D R O d a t a i n p u t d e s c r i p t i o n 

S u b p r o g r a m H Y D R O d e t e r m i n e s t h e s t r e a m l i n e s of t h e 

c o n t a m i n a t e d r e g i o n and e v a l u a t e s t h e h y d r a u l i c c o n d u c t i v i t y and 

the w a t e r t r a v e l t i m e a l o n g t h e s e s t r e a m l i n e s for a t w o -

d i m e n s i o n a l g r o u n d w a t e r f l o w . H y d r a u l i c h e a d d i s t r i b u t i o n c a n be 

i n p u t e i t h e r by a n a l y t i c a l e x p r e s s i o n s or by m e a s u r e d f i e l d d a t a . 

C a r d 1: F O R M A T ( 5 F 1 0 . 3 ) . 

V a r i a b l e 

X M I N (F10.3) 

X M A X (F10.3) 

Y M I N (F10.3) 

D e s c r i p t i o n 

M i n i m u m a b c i s s a of t h e r e g i o n of i n t e r e s t (m) . 

M a x i m u m a b c i s s a of t h e r e g i o n of i n t e r e s t (m) . 

M i n i m u m o r d i n a t e of t h e r e g i o n of i n t e r e s t (m) . 

Y M A X (F10.3) M a x i m u m o r d i n a t e of t h e r e g i o n of i n t e r e s t (m) . 

D E L (F10.3) G r i d s i z e in the x - d i r e c t i o n and y - d i r e c t i o n (m) 

C a r d 2 : F O R M A T ( 5 F 1 0 . 3 , 1 1 0 ) . 

V a r i a b l e 

X R E P (F10. 3) 

Y R E P (F10.3) 

R A D (F10.3) 

D e s c r i p t i o n 

A b c i s s a of t h e c e n t e r of t h e r e p o s i t o r y a r c (m) . 

O r d i n a t e of t h e c e n t e r of t h e r e p o s i t o r y a r c (m) 

R a d i u s of t h e r e p o s i t o r y arc (m) . 

T E T A I (F10.3) I n i t i a l a n g l e of t h e r e p o s i t o r y arc ( r a d i a n s ) 

z e r o is the p o s i t i v e x a x i s , it is p o s i t i v e 

c o u n t e r c l o c k w i s e . 
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C a r d 3: F O R M A T ( 1 1 0 , 5 F 1 0 . 3 ) . T h i s c a r d is r e q u i r e d e v e n if 

n o p o i n t s i n k s o r s o u r c e s a r e b e i n g c o n s i d e r e d . 

V a r i a b l e D e s c r i p t i o n 

N W (110) N u m b e r of p o i n t s i n k s or p o i n t s o u r c e s . N W = 0 if 

n o p o i n t s i n k s o r s o u r c e s a r e b e i n g c o n s i d e r e d . 

V I N F I (F10.3) H o r i z o n t a l u n i f o r m f l o w v e l o c i t y ( m / y r ) . V I N F I = 0 

if n o u n i f o r m h o r i z o n t a l f l o w e x i s t . 

E P S I L O N ( F l O . 3 ) C o n s t a n t a q u i f e r p o r o s i t y . 

T H I C K (FlO.3) T h i c k n e s s of t h e a q u i f e r n e a r t h e p o i n t s i n k s and 

s o u r c e s . 

C O N D (FlO.3) H y d r a u l i c c o n d u c t i v i t y (m/yr) for t h e p o i n t s i n k s 

and p o i n t s o u r c e s s y s t e m . 

C O N R E P (FlO.3) H y d r a u l i c c o n d u c t i v i t y at t h e r e p o s i t o r y s i t e . 

C a r d 4 : F O R M A T ( 3 F 1 0 . 3) , one. c a r d for e a c h p o i n t 

s i n k / s o u r c e . If N W = 0 , n o c a r d s 4 a r e r e q u i r e d . 

V a r i a b l e D e s c r i p t i o n 

XP (FlO.3) A b c i s s a of t h e p o i n t s i n k / s o u r c e (m) . 

YP (FlO.3) O r d i n a t e of t h e p o i n t s i n k / s o u r c e ( m ) . 

Q S (FlO.3) F l o w r a t e of t h e p o i n t s i n k or s o u r c e ( m / y r ) . 

C a r d 5: F O R M A T ( 5 F 1 0 . 3 ) , t h i s c a r d i n p u t t h e f i e l d 

T E T A F (FlO.3) F i n a l a n g l e of the r e p o s i t o r y a r c ( r a d i a n s ) . S a m e 

o r i e n t a t i o n as for T E T A I . 

N T E T A (110) N u m b e r of s t r e a m l i n e s to be c o n s i d e r e d on t h e 

r e p o s i t o r y a r c . 
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p i e z o m e t r i c d a t a , it is r e q u i r e d at l e a s t 8 of t h e s e c a r d s . It 

is n o t n e c e s s a r y to s p e c i f y t h e n u m b e r of t h e s e c a r d s b e i n g 

i n p u t . 

V a r i a b l e D e s c r i p t i o n 

X W O R K (F10.35 A b c i s s a of t h e d a t a l o c a t i o n (m) . 

Y W O R K (F10.3) O r d i n a t e of t h e d a t a l o c a t i o n (m) . 

C O N D X (F10.3) R e s e r v e d for f u t u r e u s e . 

C O N D Y (F10.3) R e s e r v e d for f u t u r e u s e . 

POT (F10.3) A q u i f e r p o t e n t i a l at t h e d a t a p o i n t (meters 

a b o v e t h e m e a n sea l e v e l ) . 

C o m m e n t : If n o f i e l d d a t a is b e i n g u s e d , n o c a r d s 5 a r e r e q u i r e d , 



MA . 368301, TING, 0 
MPUT 6200C 23.01.13 20 SEP 81 VIA CR04 286 
5 = 
SERPR 
?Y, INPUT/RR.OUTPUT/RR. 
5P0SE,CJTPUT=PR,PA=1F. 
DGRAM UC8NE21 SUBPROGRAM HYDRO 
M I EL K.S. TING 
GUST 1981 
P A P T M E N T OF N U C L E A R E N G I N E E R I N G 

I VERS ITY OF CALIFCPNIA,BERKELEY 
RKELEY,CA.,54720 

CONTROL CARDS LISTING ** 
OBCARD] 
ASSW3RD ] 
SERPR 
F4 . 
T HL I B . 
TCHPS,SDL,ULIXjUL IB. 
NK»F=LGQ,P=ULI X,X* 
• TAPE,TAPE11 = /TING/MAC2/EX PER IE , 3 748 2 . 
I T. 
MP, 0. 
UMP. 

PF-D3RAM LISTING ** 
PROGRAM MAC2 ( INPUT,OUTPUT,TAPE5^INPUT,TAPE 6 = OUTPUT , TAP Ell,FILM I 
LEVEL 2,XSTR,YSTR,TSTP,P0TEN,PSTR 
: QMMON/DUMMY/XSTR{50, 100 t,YSTR(50,100 »,TSTR!50,1 CO I,POTEN( 1 00,100» 

S,PSTR150,ICO) 
LEVEL 2,C,XP,YT,NV,VINFI 
3DMM3N/SIG/Ol100),XP(100l,YTI 100) ,NW,VINFI 
LEVEL ?,CCNDX,CCNCY,EPS,POT 
CCMMIN/HYDRO/CONDX(2 00 ) ,CONDY(200 I , EPS(200),PCT(200 ) 
LEVEL 2,DPX,DPY,XGR ID,YGRID,NX,NY» D P H I 
2OMM3N/0P/DPX{ICC ,10GJ ,DPY(100,100),XGRID(100 I ,YGRID(100),NX,NY,DP 
SHI ( 100, 100 I 
LEVEL2,OX,CY 
3OMMIN/DE/DXC 10 0,100 8 r D Y 1 1 0 0 , 1 0 0 ) 
0 1 MENS IGN Y{3),WCPKI21 ) , IW0PK{10 ! 
3IMENSICN ARRWCRK(ICO, 100 J 
3 I MENS ICN XBDARR(IOC) , YBDARR{100) 
3DMM0N/DOT /XWORK ( 2 00 ) , YWORK ( 2 00) , DATWOP.K { 2 0 0 ) , I WKARP (1 0000» 
DIMENSION YP {3 »,PY(3 ) 
EXTERNAL F,DP C T 

* * * * } E AD DATA INPUT *************** t ****'****** ************* 
RELERR-1.CE-6 
A8SERR = 1. OE-5 
NTAPE = I 1 
RE AD(5,IOC) XMIN,>MAX,YMIN,YMAX,DEL 

100 :CRM4T(5F10. 3 ) 
MX = INT ( (XMAX- XM IN I/DEL M ) 
1 F I A MOD ( I XMAX-XMIN) .DELUGT.O. > NX = NX O 
XMAX = XM IN*CEL >MNX- 1 I 



\ J Y = I N T U Y * A X - Y M I I U / D E L + T ) 
IF ( A MODI ( Y M 4 X - Y M I N ) ,DEL ) . G T . C • ) N Y = N Y * » I 2 8 7 
Y M A X = Y M I N t D E L + (NY- 1 » 
R E A D ! 5, ICI) X R E P , Y R E P , R A O , T E T A I , T c T A F , N T E T A 

Q1 F O R M A T ( 5 F I O . 3 , I 1 C î 
R E A D (5,132) N>», V I NF I, E P S I L O N , T H I C K , C C N D , C O N R E P 

Q2 F O R M A T ( I 1 Q . 5 F 1 Q . 2 ) 
I F ( N W . L E . O I GO TC 1Q 
3Q 11 J- 1 , NW 
R E A D ( 5 , 1 Q 3 S X P ( J ) , Y T ( J ) , CS 

.Q3 F O R M A T (3F1Q.3 • 
11 S (J ) - Q S / ( EPSI L C M T H I C K * 6 . 2 R 3 2 ) 
1Q W R I T E ( N T A P E , 112 I Xf I N , X MA X , YM î H , A X , D LL , N X , NY » NT E T A 
.12 F O R M A T ( I X , 5 E 9 . 2 , 3 1 5 » 

N D A T A = C 
14 I F ( E O F { 5 ) a N E » Q » ) GO TC 13 

N D A T A = N C A T A + 1 
R E A D (5, 1Q 7 I X W O R K { N C A T A J , Y W O R K ( N'O A T A ) , C O N D X (NDATA ) , C O N D Y ( ND A TA I , POT 

$ ( N D A T A ( 
i Q7 F O R M A T !5F1Q.3 » 

GO TO 14 
13 Q EL X = DE LY = DEL 

N D A T A = N D A T A - l 
: ALL B G N G P D 
J JX = NX 
XM= X M I N 
X X = X M A X 
J JY -NY 
Y M = YM I N 
Y X = Y M A X 
; A L L S E T G R C i J JX, X P«, X X , J J Y , YM, YX) 

E V A L U A T E S P O T E N T I A L F I N C T I O N FOR A D I S T R I B U T I O N OF S O U R C E S A N D S I N K S 
DO 5Q JX=i , JJX 
X G R I D l J X ) X M * O E L X * ( J X - 1 ) 
P X = X G R I C ( J X ) 
DO 51 JY=1 , JJY 
YGR I D( J Y Î Y P + D E L Y ' U J Y - 1 ) 
PY( 1 I = Y G P I C ( J Y ) 
S U M = Q . 
I F ( N W . L E . C ) GG TC 25 
DO 52 J S = 1 , N W 
P A R = S Q R T ( ( X G R I C ( J X J - X P ( J S > ) * * 2 » ( Y G R I Q ( J Y » - Y T ( J S ) ) * * 2 ) 
I F ( P A R . L E o C ) GO TC 52 
SUM = SUM<» C ( JS » * A L C G ( P A R » 

52 C O N T I N U E 
25 3 U T E N ( JX, JY) = - V l N F l * X G R I D ( JX)-SU'4 

P O T E N ( JX, JY »* P C T E M JX, JY l * EP S I L ON / CON D 
I F ( N w . L E . C ) GC TC 54 
C A L L F ( P X , F Y , Y P ) 
D X ( J X , J Y » = - 1 . / Y P Î 2) 
D Y ( J X , J Y ) = - Y P ( 1 ) / Y P(2 I 
3 X ( J X , J Y l = D X ( J X , J Y ) * E P S I L O N / C O N D 
DY ( J X , J Y ) = C Y ( J X , J \ ) * E P S I L Q N / C Q N D 
GO TO 51 

54 D X ( J X t JY i = C. 
D Y ( J X , J Y ) = C . 

51 C O N T I N U E 
5Q C O N T I N U E 

I F ( N D A T i . L E . O ! GC TO 26 
3Q 2 4 ICATA = 1 , NC A T A 

24 D A T W O R K Î I C A T A l - P C T t I C A T A ) 
l A L L C L C G P D t X W O R K , V W O R K , D A T W O R K , N D A T A, A R R W O R K , 1 Q Q , 1 Q Q , I W K A P P , 1 Q Q Q Q ) 



:ALL C L C B N C ( X r f O R K , Y W O R K , C A T W O R K , N D A T A , i , 1 0 0 , X B D A R R , Y B D A R R , I N M B N D » 
C A L L C L C P L M X B D A P P , Y B D A R R , I N M B N D , 1, - 9 999 99 . , A P P W Q R K , 1 0 0 , 100 > 
IALL D E R I V ( A P R W O R K ) 288 
I ALL D E R I 2 ( A R R W C P K , D P H I , X G R I D , Y G R I D , N X , N Y ) 
GO TO 53 

26 DC 27 J X = i , J J X 
DO 28 J Y = 1 , J J Y 
A R R W O R K ( J X , J Y > = 0 . 
D P H I ( J X , J Y ) = 0 . 
D P X ( J X , J Y »-0. 
D P Y ( J X , J Y ) = 0 . 

28 C O N T I N U E 
27 C O N T I N U E 
53 DC 69 M X = 1 , N X 

DO 61 M Y - 1 , N Y 
P O T E N ( M X , M Y I = A P R V C R K ( M X , M Y ) + P n T E N ( M x , V Y ) 
D P X ( M X , M Y J = D P X ( M X , H Y ) + D X I K X , M Y > 
D PY ( MX , MY » * DP Y ( V X, VY ) • DY ( MX , MY ) 

61 C O N T I N U E 
69 C O N T I N U E 

3 E L T A= ( T E T A F - T E T A I ) / ( N T E T A - 1 ) 
DD 55 L X = 1 , N X 
DO 56 L Y=1, NY 
W R I T E ( N T A P E , 1 1 1 ) F C T E N ( L X , L Y ) 

11 F 0 R M A T ( 1 X , E 1 3 . 5 ) 
56 C O N T I N U E 
55 C O N T I N U E 

W R I T E ( 6 , 1 2 ? l 
.22 F O R M A T ( IH1 , * ** * P C T E N T I A L F U N C T I O N M A T R I X (METERS A B O V E M E A N SEA 

S L E V E L I **** I 
C A L L W R I T E R ( P C T E N , N X , N Y , X G R I D , Y G R ! D » 
W R I T E ( 6 , 1 2 3 ) 

.22 F O R M A T ( lHi , * * * < P O T E N T I A L G R A D I E N T IN THE X D I R E C T I O N ***** 
C A L L W R I T E R ( D P X , N X , N Y , X G R I D , Y G R I D ) 
w R I T E ( 6 , 1 2 4 ) 

.24 F O R M A T ( 1 H 1 , * *** P O T E N T I A L G R A D I E N T IN THE Y D I R E C T I O N ****> 
C A L L W R I T E R ( O P Y , N X , N Y , X G R I D , Y G R I D ! 
D E T E R M I N A T I O N OF TFE S H A D O W R E G I O N 
DO 3 3 NT = l,NT ETA 
I E T A = T E T A I + < N T - 1 M D E L T A 
X R = X R E P » R A D * C C S ( T E T A > 
y R = YREP*-R A D * S IN IT ETA j 
N I N I = 0 
DO 34 N S = 1 , N X 
I F ( X G R I C I N S J . L T . X P ) GO TO 34 
N I N I =NS 
GO TO 70 

34 C O N T I N U E 
70 IF(N I N I . E C . l ) GC TC 71 

I F ( N I N I , F C . O » N I N 1= NX 
X = XR 
Y( I)=YR 
Y ( 2 ) = A L C G ( C C N R E P ) 
Y(3 > = 0. 
DO 72 I N = 1 , N I N I- 1 
X O P = X G R I D I M N l - l >-DEL* ( 1N-1 ) 
IFL A G = 1 
NE Q- 3 
C ALL R K F ( D F O T , N E C , Y , X , X O P , R E L E R R , A B S E P R , I F L A G , W O R K , I W O R K } 
XS TR (NT ,N IN I- IM = *CP 
Y S T R ( N T , N I M - I N ) = V (1 ) ,' t'- -
P S T R ( N T , N I M - I N 1 = E X P ( Y ( 2 M I 



n i m - i m yy ( 
= X O P 

R I N T , N I M - I M y \ 3 i 

= X O P 

I F ( Y ( 3 » . L T . Q . > T S T P ( N T , N I N I - I N i = Q. 

I F ( Y ( 1 ) . G T «, Y M A X) G C T O 7 3 

I F ( Y d ) . L T . Y M I N ) G C T O 7 4 

G O T O 7 2 

7 5 Y S T R I N T , N I M - I N > O M A X 

r S T P ( N T , N I M - I N ) = C. 

3 Q T O 7 2 

7 4 Y S T R ( N T , N I M - I N ) = t V I N 

T S T R ( N T , N ï M - Î N » = C 

7 2 C O N T I N U E 

D D 4 4 I X = 1 , N I M - 1 

K X - N I N I - L X 

I F ( K X . F C . I ; G C T O 4 4 

D S = T S T R ( N T , K X » - T $ T R ( N T , K X - 1 I 

I F ( D S . G E . Q . I G C TC 45 

3 D T O 4 4 

4 5 D O 4 3 M X = 1 , K X 

X S T R I N T , M X ) = X S T R l M , K X ) 

Y S T P ( N T , M X ) = Y S T R ( N T , K X > 

P S T R ( N T , M X l = P S T R ( N T » KX ! 

T S T R ( N T , M X » = T S T R ( N T , K X > 

4 3 C O N T I N U E 

G O T O 7 1 

4 4 ^ C O N T I N U E 

71 = X R 

Y ( 1 ) = Y R 

Y Í 2 ) = A L C G ( C C N R E P ) 

Y ( 3 > =Q . 

D O 75 ÎN = NINI ,N X 

X C P = X G P ID ( N IN I ) «-CEL * ( I N - N I N I J 

I F L AG=1 

M E Q = 3 

C A L L R K F I D P C T , N E C , Y , X , X O P , R E L E R R , A B S E R R , I F L A G , W O R K , I W O R K 

X S T R I N T , I N í - X C P 

YSTR(NT,INi=Y(ll 

P S T R ( N T , I N ) = E X P l Y ( 2 ) ) 

T S T R ( N T , I N ) - Y ( 3 I 

I F ( Y ( 3 ) . L T . O . ) T S T R ( N T ,IN) = Q. 

I F ( Y ( 1 » . G T . Y M A X l C C T O 7 6 

I F ( Y ( 1 ) » I T » Y M I N ) G C T O 7 7 

G O T O 7 5 

75 Y S T R I N T , I M - Y M . A X 

T S T R ( N T , I N ) = Q . 

G O T O 7 5 

7 7 Y S T R Î N T , Ï M = Y * I K 

T S T R ( N T , IN 5 = Q. 

X = X O P 

7 5 C O N T I N U E , 

D|O 4 1 L X = N I N I , N X 

I F ( L X . E C . M N I I G O T O 4 1 

D S = T S T R ( N T , L X I - T ! 1 P ( N T , L X - 1 ) 

I F I D S . L E . O . » G C TC 42 

3 Q T O 4 1 

4 2 3D 46 M X = L X , N X 

XSTRINT, MXi = XSTR(NT,LX I 
Y S T R ( N T , M X ) = Y S T R ( N T , L X ) 

P S T R ( N T , M X ! = P S T R ( N T , L X ) 

T S T P ( N T , M X ) - T S T R ( N T , L X ) 

4 6 C O N T I N U E 

G O T O 3 3 



4 1 C O N T I N U E 
3 3 C O N T I N U E 2 9 0 

O C 6 2 Nl = l t N T E T A 
T E TA= TE T A I + C E L T A * (M-l ) 
A N G L E = ( T E T A * 1 8 0 . 1 / 3 . 1 4 16 
k R I T E ( 6 , 1 0 8 ) M , A N G L E 

.08 = D R M A T ( 1 H 1 , 1 1 X , * S T R E A M L I N E N O . * , I 4 , 3 X , * u N G L E IN R E P O S I T O R Y I S * , F 1 0 
S . 3 , * D E G R E E S * I 
r f R I T E ( 6 , 1 2 5) 

.25 C R M A T ( I X , * N X * , 5 X , * X - ( V E T F R S > * , 5 X , * Y - { M E T F P S I * , 5 X , ' T R A V E L T I M E (Y R 
il * , 3 X , <CQKDUC T i \/1 TY ( M / Y R l *I 
D O 6 5 N2 = l » N X 
W R I TE ( N T A » E , 1 16 > X S T P (N 1,N2 » . V S T R I NI ,N2l , I'S T R ( NI , N2 > 

.16 F O R M A T ( I X » 3 E 1 3 . 5 i 

W R I T E ( 6 , 1 1 0 ) N 2 , X S T R ( N 1 . N 2 ) « Y S T R ( M , N? » , I S T R ( N I , N 2 1 , P S T R ( N I , N 2 > 
.10 F O R M A T ( I X , 1 4 , 3 X , 4 ( 1 P E 1 3. 6 , 3 X > > 
6 5 C O N T I N U E 
6 2 C O N T I N U E 

C A L L E N C G R C 
S T O P 
E N D 
S U B R O U T I N E D E R I V ( M 

T H I S V E R S ICN OF C E R I V E V A L U A T E S T H E PARTIAL D E R I V A T I V E S U S I N G A 
C E N T R A L D I F F E R E N C E A P P R O X I M A T I O N A h i A Y F R O M T H F B O U N D A R Y 

L E V E L 2 , D P >,0 P Y, X G R I D , Y G P I D , N X , N Y , D PHI 
C U M M O N / O P / D P X { 10 C ,1CC » , DPY ( 1 0 0 , 1 0 0 » , XGR ID? 10 0 J , YGR 10 ( 1 00 t , NX, N Y , D P 

$3 I ( 1 0 0 , 1 0 0 ! 
D I M E N S I O N M I C O , ICO) 
D E L X = ( X G R I C ( N X i - X C F I D ( 1 » ! / { N X - D 
D E L Y = ( > G R I C ( N Y ) - Y G F I C ( 1 ) ) / ( N Y - 1 ) 
DO 10 LX = 1 , NX 
30 20 LY= 1,NY 
M 2 = L X + 1 
M1 = LX- 1 
M 2 * L Y + l 
N 1 = L Y ~ 1 
3 = 2 . * D E L X 
I F I L X . E C . 1 ) M 1 = L X 
I F ( L X . E C . I ) D = DEL X 
I F I L X . E C . N X I M ? " LX 
IF ( L X . E C . N X I C = D E L X 
I F ( L Y . E C . 1 » Nl = LY 
I F ( L Y . E C . N Y ) N 2 = L Y 
I F ( L Y . E C . 1 ) D = DEL X 
I F { L Y . E C . N Y ) C =D F L Y 
D P X ( L X , L Y ) = ( A ( M 2 , L Y ) - A ( M 1 , L Y ) ) / D 
D P Y ( L X , L Y ) = ( A ( L X , N 2 ) - A ( L X , N 1 ) ) / D 

20 C O N T I N U E 
10 C O N T I N U E 

R E T U R N 
END 
S U B R O U T I N E D E R 1 2 ( « , D P H ! , X G R I D , Y G R ! D » N X , N Y I 
L E V E L 2 , D P H I , X G R I C , Y G R I D , N X , N Y 
D I M E N S I O N A ( 1 C 0 , 1 C 0 ) , X G R I D ( 1 0 0 ) , Y G R I D ( 1 0 0 ) , D P H I ( 10 0 , 1001 
D E L X= ( XGR IC(NX ) - X GF IC ( Il i / ( NX- 1 > 
O E L Y - - ( Y G R I D ( N Y ) - Y G F I D ( 1) ) / I N Y - I ) 
DO 10 L X = 1 , N X 
DC 2 0 L Y = l , N Y 
M 2- L X + 1 



H 1 » L X - 1 
N2=LY«-1 291 

I F U X . E Q . l J M1 = LX 
I F ( L X . E C . NX » M2= LX 
I F ( L Y . E C. 1) N 1 =L y 
I F U Y . E C . N Y I N 2 = L Y 
P X M M M 2 , L Y > - 2 . * M L X , L Y ) 4 & ( M 1 I L Y ) ) / ( 3 E L X * * 2 . I 
P Y = ( A ( L X , N 2 ) - ? . * A ( L X , L Y ) + A ( L X , N 1 > ) / ( D E L Y * * 2.) 
3 P H 1 ( L X , L Y i = P X * P Y 

20 C O N T I N U E 
10 C O N T I N U E 

R E T U R N 
END 
S U B R O U T I N E D P C T t X , Y , Y P ) 
L E V E L 2 , D P X f D P Y , X G R I C , Y G R I 0.NX,NY , O*HI 
C O M M J N / O P / C P X ( 1 0 0 ,100 ) , D P Y ( 1 0 0 , 1 0 0 ) , X G R I D ( 1 0 0) ,YGR I D ( 1 0 0 ) , N X , N Y , D P 

S H I ( 1 0 0 , 100 ) 
D I M E N S I O N Y(3 >,YP(3 ) 
NS = N X 
DO 10 I X = 1,NX 
I F ( X G R I D l I X ) . G E . X ) N S= IX 
I F ( X G R I C ( I X ) . G E . X ) GO TO 40 

10 C O N T I N U E 
40 N G = N Y 

DO 20 I Y = 1 , N Y 
I F ( YGR I C ( IY ». G E . Y (1 > i N G r IY 
I F ( Y G R I C ( I Y ) . G E . Y ( l ) I GO TO 30 

20 C O N T I N U E 
30 IF ( N G . E C . 1 I GC TC 50 

A = D P Y ( N S , N G ) - C F Y ( \ S , N G - ? . ) 
3 = ( Y (1 l - Y G R I D ( N C - 1 ) ) / ( Y G R I D ( N G I - Y G R I D ( N G - 1 ) I 
D P D Y = A*8 + C P Y f N S , N G - 1 ! 
C = D P X ( N S , N G ) - C P X ( N S , N G - 1 ) 
D P D X = C * E * D P X ( N S , N G - 1 > 
GO TQ 6C 

50 D PDY = DP Y ( N S , N G I 
D P D X = D P X ( N S , N G > 

60 I F ( D P D X . E C . O . ) D P D X = 1 . O F - 2 9 0 
r P l 1 ) = D P D Y / D P D X 
Y P ( 2 » =- CPH I ( N S, NC l/DPDX 
I F ( Y( 2 ) . G T . 7 3 0. ) GC TO 77 
VX = D P D X * F X F ( Y ( 2 ) } 

77 I Ft Y ( 2 » . G T . 7 3 C . ) v X = I . O E - 2 9 0 
IF ( V X . E C . C . ) VX = 1 . 0 E - 2 9 0 
YP (3 )=- l./VX 
R E T U R N 
END 
S U B R O U T I N E W R I T E R ( A , N X , N Y , B , C > 
L E V E L 2 , A , B , C ,NX , hY 
D I M E N S I O N M 1 0 0 . 1 0 0 I , B ( 1 0 0 ) , C ( 1 0 0 ) 
A R G = N X / 1 1 . 
SIP A G E = I M ( ARG ) 
I F ( A M O C ( F L C A T ( N X » , l l . ) . G T . O . ) NP A GE = N P A G E + 1 
DO 10 N P = i , N P A G E 
I F ( N P . E C . 1 ) W R I T E 16 ,100) ( B ( I ) , I = 1, MI NO ( 11 , NX ) ) 

10 0 F 0 R M A T ( 2 X , / / , I X , * > ( M E T E R J * , 2 X , 1 1 ( I P E I O . 3 , 1 X a ( 
LF I N I N P - 1 )*1 1+10 
I F ( N , } . G T . 1 )WR I TE ( 6 , 102 ) ( B( I ) , 1 = (NP-1 ) *11 ,M INO ( LF I N , N X U 

102 - O R M A T ( l H l , * X ( M E 7 E R i * , 3 X , l l ( l P E 1 0 . 3 , l X M 
W P I T E ( 6 , 1 C 3 ) 

103 F O R M A T ( I X , * Y ( M E T E R I t ) 



DO 20 L I N E = 1 , N Y 
IF( HP, G T o 1 ) GC TC 2C 2 9 2 
rfRITE(6,101) C(L I N E ) , ( M J , L I N E ) ,J = 1 , M ! N O ( 1 1,N X I ) 
GO TO 20 

30 1 F i N P . E C . N P A G E UP HE (6 ,101 ) C ( L I N E \ , (A! J, LI NE) , J = ( N P - 1 ) *11 ,NXI 
I F ( N ? . L T . N P A G E I W R I T E ( f c , 1 0 1 > C ( L l N E I , ( A ( J , L I N E f , J = ( N P - l i * l l , ( N P - i i * i 

$ 1 + 1 0 ) 
101 F O R M A T ( IX , 12( 1 P E 1 0 . 3 , 1 X ) ) 
20 C O N T I N U E 
10 C O N T I N U E 

R E T U R N 
END 
S U B R O U T I N E F { X,Y ,YP) 
L E V E L 2 , C , X P , Y T , N h , V I N F I 
C U M M 3 N / S I G / C ( 1 0 C »,X P ( 1 CO l, Y T t 10 0 i , N W , V IN F I 
D I M E N S I O N Y(3 ) ,YP 13 ) 
S U M 1 = 0 . 
S U M 2 = 0 . 
DO 10 J«1,NV» 
A = ( X - X P ( J » I * * 2 . K Y ( 1 ) - Y T ( J ) ) * * 2 . 
I F J A . E Q . O . ) GC TC 10 
S U M 1 = S U M 1 H Q ( J ) * ( X - X P ( J ) ) ) / A 
S U M 2 = S U V 2 + ( Q { J I * ( Y ( l l - Y T ( J i l l / A 

10 C O N T I N U E 
D X = - V I N F I - S U M 1 
DY= - SUM 2 
Y P { 1 ) = D Y / C X 
Y P C 2 j = - l . / C X 
R E T U R N 
END 
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C.2 S u b p r o g r a m P L O T M A C d a t a i n p u t d e s c r i p t i o n 

S u b p r o g r a m P L O T M A C e v a l u a t e s the c o n c e n t r a t i o n of t h e i-th 

member of a radioactive chain of arbitrary length along the 

s t r e a m l i n e s of the c o n t a m i n a t e d r e g i o n of the t w o - d i m e n s i o n a l 

g r o u n d w a t e r f l o w . 

C a r d 1: F O R M A T ( 2 A 1 0 r F l O . 3 ) 

V a r i a b l e D e s c r i p t i o n 

H 0 L L 1 (A10) H o l l e r i t h to be d i s p l a y e d in t h e g r a p h . 

H O L L 2 (A10) c o n t i n u a t i o n of H 0 L L 1 . 

P O T P L O T ( F 1 0 . 3 ) I f l e s s or e q u a l to z e r o n o g r a p h s are g e n e r a t e d 

o n l y a p r i n t o u t . O t h e r w i s e a p l o t is p r o d u c e d . 

C a r d 2 : 

V a r i a b l e 

X R E P (F10.3) 

Y R E P (F10.3) 

RAD (F10.3) 

T E T A I (F10.3) 

T E T A F (F10.3) 

N T E T A (110) 

A N G N O (F10.3) 

F O R M A T ( 5 F 1 0 . 3 , 1 1 0 , F 1 0 . 3 ) 

D e s c r i p t i o n 

A b c i s s a of the c e n t e r of t h e r e p o s i t o r y arc (m) . 

O r d i n a t e of t h e c e n t e r of t h e r e p o s i t o t y arc (m) . 

R a d i u s of t h e r e p o s i t o r y a r c (m) . 

I n i t i a l a n g l e of t h e r e p o s i t o r y a r c . Z e r o is the 

p o s i t i v e x a x i s ( r a d i a n s ) , p o s i t i v e c o u n t e r c l o c k . 

F i n a l a n g l e of t h e r e p o s i t o r y arc ( r a d i a n s ) . 

N u m b e r of s t r e a m l i n e s to be c o n s i d e r e d on t h e 

r e p o s i t o r y l i n e . T h e s t r e a m l i n e s a r e e q u a l y s p a c e d . 

A n g l e b e t w e e n the n o r t h d i r e c t i o n and the 

p o s i t i v e x a x i s . 
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C a r d 3: F O R M A T ( 4 1 5 , 2 F 1 0 . 3 ) . P L O T M A C a l l o w s t h e u s e r to 

z o o m in a r e g i o n i n s i d e t h e o r i g i n a l r e g i o n of i n t e r e s t d e f i n e d 

in H Y D R O i p r o d u c i n g an a m p l i f i e d v i e w of a g i v e n p a r t of t h e 

r e g i o n of i n t e r e s t . 

V a r i a b l e 

N X P L M X (15) 

D e s c r i p t i o n 

M a x i m u m g r i d n u m b e r in x - d i r e c t i o n to be s h o w n in 

the p l o t . 

M i n i m u m g r i d n u m b e r in x - d i r e c t i o n to be s h o w n in 

t h e p l o t . 

M a x i m u m g r i d n u m b e r in y - d i r e c t i o n to be s h o w n in 

t h e p l o t . 

M i n i m u m g r i d n u m b e r in y - d i r e c t i o n to be s h o w n in 

t h e p l o t . 

S U M A X (F10.3) M a x i m u m v a l u e of t h e p o t e n t i a l f u n c t i o n (m) . 

S U M I N (F10.3) M i n i m u m v a l u e of t h e p o t e n t i a l f u n c t i o n (m) . 

N X P L M N (15) 

N Y P L M X (15) 

N Y P L M N (15) 

C a r d 4 : F O R M A T ( 1 1 0 , 4 F 1 0 . 3 ) . T h i s c a r d is e q u a l to c a r d 3 

in H Y D R O , s e e s e c t i o n C . 1 . 

C a r d 5 : F O R M A T ( 3 F 1 0 . 3 ) . T h e s e c a r d s a r e e q u a l to c a r d s 4 in 

H Y D R O , see s e c t i o n C . 1 . 

C a r d 6: F O R M A T ( 2 ( I 1 0 , 2 F 1 0 . 3 ) ) 

V a r i a b l e D e s c r i p t i o n 

N M E M B E R (I10) N u m b e r of m e m b e r s in t h e c h a i n . 

T L E A C H (F10.3) L e a c h t i m e ( y e a r s ) . 
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C a r d 7 to C a r d (7 + N M E M B E R ) : F O R M A T ( A 7 , 5 F 1 0 . 3 ) , o n e of t h e s e 

c a r d s a r e r e q u i r e d for e a c h m e m b e r of t h e c h a i n , t h e c a r d s m u s t 

be o r d e r e d as t h e c h a i n i s . 

V a r i a b l e 

N N U C L (A7) 

D e s c r i p t i o n 

N u c l i d e n a m e (e.g. R a - 2 2 6 ) . 

T H A L F (F10.3) N u c l i d e h a l f l i f e ( y e a r s ) . 

K (F10.3) 

C (F10.3) 

R C G (F10.3) 

G R A P (F10.3) 

N u c l i d e r e t a r d a t i o n c o e f f i c i e n t . 

N u c l i d e t o t a l a c t i v i t y at t h e t i m e of b u r i a l ( y r ) . 

3 

M a x i m u m P e r m i s s i b l e C o n c e n t r a t i o n (Ci/m ) . 

If G R A P is l a r g e r t h a n z e r o a p l o t for t h i s 

n u c l i d e is p r o d u c e d , o t h e r w i s e o n l y t h e p r i n t - o u t 

of t h i s n u c l i d e c o n c e n t r a t i o n is g e n e r a t e d . 

C a r d 8 + N M E M B E R : F O R M A T ( 2 F 1 0 . 3 ) , t h e s e c a r d s d e s c r i b e the 

b i o s p h e r e by g i v e n a n u m b e r of c o o r d i n a t e s , any n u m b e r of c a r d s 

is a c c e p t t a b l e . If b i o s p h e r e is n o t to be s h o w n in the p l o t s no 

c a r d is i n c l u d e d in t h i s s e c t i o n . 

V a r i a b l e D e s c r i p t i o n 

X B I O (F10.3) A b c i s s a of t h e b i o s p h e r e c o o r d i n a t e (m) . 

Y B I O (F10.3) O r d i n a t e of t h e b i o s p h e r e c o o r d i n a t e (m) . 

C o m m e n t : T h e c o o r d i n a t e s m u s t be s e q u e n t i a l l y i n p u t . 

T B E G I N (F10.3) D e l a y t i m e for b e g i n n i n g of l e a c h i n g ( y e a r s ) . 

N T I M E (110) N u m b e r of d i f f e r e n t t i m e v a l u e s a f t e r t h e l e a c h i n g 

for w h i c h c a l c u l a t i o n s a r e to be d o n e . 

T I M E O (F10.3) T h e f i r s t v a l u e of t i m e to b e u s e d ( y e a r s ) . 

D T I M E (F10.3) M u l t i p l y i n g f a c t o r for t h e N T I M E c a s e s of t i m e s 

to be e v a l u a t e d : T I M E = T I M E O * ( D T I M E ) * * K ; K = 1 , . . N T I M E 



I A . 3 6 8 3 0 1 , T I N G , 0 2 

PUT 6 2 J 0 C 2 3 . 2 7 . 2 7 2C SEP 81 V I A C R 0 4 9 6 

I E R P R 
'Y,I SI P U T / R R , 0 U T P U T / R R . 
-POSE , O U T P U T = PR ,PA = .\F. 

) GRAM U C B N E 2 1 S U B P R O G R A M P L O T M A C 
JIEL K . S . T I N G 
iUST 1981 
' A P T M E N T OF N U C L E A R E N G I N E E R I N G 
! V E R S I T Y OF C A L I F C P N I A , B E R K E L E Y 
I K E L E Y . C A . , 9 4 7 2 0 

C O N T R O L C A R D S L I S T I N G ** 

D B C A R D 1 
A S S » I 3 R D ] 
SERPR 
' 4 . 
r C H P S , I D D S , U L I B , U L I 8 X . 
r C H P S , G P A C B N 7 , G P A C , V A E N . 
TTAPE,TAPE11=/TING/MAC2/PUSTLE3,3 74 0 3 . 
NK, F = L G O , F = G P A C , P = UL IB ,X. 
A P H I C , F N = F I L M , F T = V A » 
I T. 
1 P . 0 . 
JMP . 

PP 03 R A M L I S T I N G ** 

P R O G R A M P L C T M A C ( I N P U T , O U T P U T , T A P E 5- I N P U T , T A P E 6-OUT P U T , TAP E U , F I LM I 
C O M M O N / I G S Z Z Z / Z M C C E ( 2 0 0 ) 
D O U B L E S R P M X , S P P M N , T I E 
D I M E N S I O N X B I C ( 2 C 0 ) , Y B I O ( 2 O O ) 
J I M E N S I C N V E X I 1 ) , V E Y l 1 ) , P L O T ( 4 0) 
D I M E N S I O N A B S T (20 ! , BAC T( 20 I , A B S M ( 2 0 ! , 3ACM ( 20i , A B S L (20i , B A C H 2 Ot 
D I M E N S I O N X W E L L ( 2 C ) , Y W E L L ( 2 0 ) , S ( 2 0 ) 
D I M E N S I O N M A X ( 4 0 ) ,7 fiX(20> 
D I M E N S I O N Z H A X ( 2 0 i , Z M I N ( 2 0 ! , D I F F E U O O > 
D I M E N S I O N N N . U C K 2C) ,GR A P ( 2 0 ) 
C O M M O N / A N A M E / X K A M E f 50 ? , Y N A M F / 5 J ! , T N A M E ( 1 0 0 J , Z N A M E ( 5 0 ) 
L E V E L 2,E, K , C , R C G , T v M E M B E R , T L E & C H , TBF.G IN 
D O U B L E T H A L F , K ( 2 0 ) , E ( 2 C ) , C 1 2 C ) 
C O M M , D N / C O N C / N * E M B E F , T L E A C H , T B E G I N , E , K , C , R C G ( 2 0 8 
L E V E L 2 . X S T R , Y S T R , T S T R 
C O M M O N / S T R E A M / X S T R ( 5 0 , 1 0 0 ) , Y S T R ( 5 0 , 1 C O ) , TSTR( 5 0 , 100) 
L E V E L 2 , POT EN 
C O M M O N / C U M M Y / P C T E N ( 1 0 0 , 1 0 0 ) 
D I M E N S IGN X W O R K ( 2 C 0 I , Y W O R K ( 2 0 0 I , D A T W O R K ( ? O O I , A R R W O R K ( 1 0 0,100I 
SJTAPE=11 
R E A D ( 5 , 1 0 0 ) H C L L 1 , H 0 L L 2 , P 0 T P L 0 T 

100 F O R M A T ( 2 A 1 0 , F 1 0 . 3 ) 
RE A D ( 5 , 1 2 0 I X R E P , Y F E P , R A D , T E T A I , T E T A F , N T E T A , A N G N O 

120 F O R M A T ( 5 F 1 0 . 3 , I 1 0 , F 1 0 . 3 ) 
R E A D ( 5 , 1 3 0 1 N X P L N X , N X P L M N f N Y P L M X , N Y P L M N , S U M A X , S U M IN 

120 F O R M A T ( 4 1 5 , 2 F 1 0 . 3) 



LIO F O R M A T ( 11 Q, 4 F 1Q . 3 » 

I F I N W . L E . C » GC TC 56 

DO 5 7 J = 1 » NW 

RE AD I 5 , 12 1 » X W E L L Î J ¡ , Y w E L L ( J ) , Q S 

121 F O R M A T î 3F1Q» 3 ) 

57 J ( J I = Q S / ( E P S I L Q N * T h l C K * 6. 2 822 > 

56 3 E A D I 5 1 1 Q 5 > N U M B E R , T L E A C H , T B EG IN » NTI MF, T I M E O , D T I ME 

1Q5 F O R M A T I 2 ( I 1 Q , 2 F 1 Q . 3 ) ) 

3Q 12 1 = 1 , N M £ V 8 E P 

R E A D I 5,1Q6 J N N U C L ( I « » T H A L F i K ( I ) , C í I ) ,RCG(I I , G P A p( I) 

1Q6 F O R M A T « A 7 , 5 F 1 Q . 3 I 

12 E(i ) = D L C G ( 2 . D O O I / T F A L F 

R E A D ( N T A P E , 1 1 2 ) X V I N , X M A X , Y M I N , Y M A X , Q E L » N X , N Y , N T E T A 

112 F O R M A T ( I X , 5 E 9 * 2,3 If) 

DO 1Q L X = 1 , N X 

DO 11 L Y = I » N Y 

R E A D Î N T A P F . , 1 1 1 ) P C T E N I LX, L Y ) 

111 F O R M A T ( I X , E 1 3 . 5 » 

11 C O N T I N U E 

1Q C O N T I N U E 

DO 15 N l = l , N T E T A 

DO 16 N2= 1 ,NX 

R E A D ( N T A P E , 1 1 6 t X S T R ( N l , N 2 l , Y 5 T R ( N l , N 2 i , T S T R ( N l , N 2 > 

116 F O R M A T ( l X , 3 E 1 3 . 5 ) 

16 C O N T I N U E 

15 C O N T I N U E 

SIDA TA = C 

14 I F ( E O F ( 5 J . N E . O . ) GC TO 17 

S I D A T A - N C A T A + 1 

RE A D ( 5 , 1Q 2 1 X B I O U C A T A ) ,Y B I C ( N D A T A ) 

1Q2 F O R M A T I 2 F 1 Q . 3 » 

3 Q TO 14 

17 XV.AX = X M I N M N X F L M X - 1 J * D E L 

X M I N = X M I N f ( N X P L M N - 1 » * D E L 

X M A X * XV A X - X M I N 

X R E P = XP E P - X M I N 

X T R A N S = XM IN 

X M I N = Q . 

Y M A X = Y M I N K N Y P L M X - 1 ) *DEL 

Y M I N = Y M I N + (NYPLMN- 1 > * D E L 

Y M A X = Y M A X - Y M I N 

Y R E P = Y R E P - Y M I N 

V T R A N S = Y M I N 

Y M I N = Q . 

N D A T A = N C ATA- 1 

3D 2Q J X - - N X P L M N , N X P L M X 

DD 21 J Y = N Y P L * N , N Y F L M X 

M X - J X - N X P L M N * 1 

M Y = J Y- N V P t M N *1 
P O T E N ( M X , M Y I = P O T E N ( J X , J Y » 

21 C O N T I N U E 

2Q C O N T I N U E 

DC 22 M E T A = 1 , N T E T A 

DO 23 I X = K X P L M N , N X P L M X 

MX = I X - N X P L M N * 1 

X S T R ( M E T A , M X l = X S T R ( M E T A , I X » - X T R A N S 

r S T R ( M E T A , M X ) = Y S l F ( M E T A , I X I - Y T R A N S 

T S T R ( M E T A , M X ) = T S T P ( M E T A , I X J 

23 C O N T I N U E 

22 C O N T I N U E 

NLX = N X P L M X - N X P L M N • 1 

Ni Y = N Y P L V X - N Y P L M N * 1 



D T A = ( T E T A F - T E T A I 1/IN TE TA- 1 ) 
I F ( A3 S IXREP- XM IN » . CT .A BS ( X R E P- X M A X M KD' -1 
1 F I A 3 S I X R E P - X M I N 1 . L E . A B S ( X R E P - X M A X I I KD = 1 
I F U X M A X - X M I N J . G T . ( Y M A X - Y M I N ) I GO TO 43 
A 3 = 8 0. 
A 2 = A 4 = 2 C . 
A l = ( ( X M A X - X M I N ) * ( « 3 - A 4 ) ) / ( Y M A X - Y M I N J»A2 
GO TO 44 

42 4 1 = 8 0 . 
A 2 = A 4 = 2 0. 
A 3= ( t Y M A X - Y M N » * ( a i - A 2 ) ) / l X M A X - X M I N ) » A A 

44 D IV X = ( X V A X - X M I N ) / 5. 
D I V Y = ( Y M A X - Y M I N » / 5 . 
A N = ( 3. 1 4 1 6 * A N G N C ) 11 8 0. 
A A= A1 *3 . 
V E X ( 1 I - A A + 5 „ * C C S ( A N J 
V E Y l 1 ) = 2 0 . . 5 . * 5 I N f A M ) 
DIF = TET A F - T ET A I 
A N G 1 ~ I T E T A I * 1 8 C . ) / 2 . 1 4 1 6 
3 A N G = ( D I F * 1 8 0 . 1 / 3 . 1 4 1 6 

••••'DRAW P O T E N T I A L L I N E S A N D S T R E A M L I N E S OF THE S H A D O W R E G I O N 
C A L L M 0 D E S G ( Z M C O E , 6 , C I 
T I M E = T I M E C / D T IME 
DO 13 I T T - 1 , N T I M E 
TI ME = T I M E * C TI ME 
DO 41 L U = l » N M E M B 5 R 
S R P M X = - 1 . OD + 3 0 0 
S R P M , = 1 . 0 C + ?00 
DO 31 J U = 1 , L U 
S R P M X " D M A X 1 ( S R P M X t K { J U ) J 
S R P M N = D M I N K S R F M N , K ( J U ) ) 

21 C O N T I N U E 
ZMAXt LU)= T I M E / S F F * N 
TIE = (TI M E - T L E A C H ) / S P P M X 
Z M I N t L U i = D P A X l ( O . C C O , T I F i 
W R I T E I 6 , 1 0 3 ) N N L C L ( L U ) , Z M A x ( L U ) ,ZMlN( LUI 

103 F O R M A T ( I X , 4 7 , 2 ( 1 P E S . 2 , 3 X ) ( 
41 C O N T I N U E 

DO 29 NU= I , N M E M 8 E P 
* R I T E ( 6 , 1 0 4 ) N N U C L ( N U ) 

104 F O R M A T ! I X , A 7 ) 
I F ( G R A P ( N L ) . L E . O . > GO TO 29 
C ALL S U 8 J E G ( Z M 0 D E , X M I N f Y M I N , X M A X , Y M A X I 
C A L L O B J C T C l Z M C D E , £ 2 , A 4 , Al , A3) 
C A L L S E T S M G ( Z M Q D E , 4 5 , 1.5 J 
C A L L G R l D G ( Z M D D E , C I V X , D I V Y , C , O i 
C A L L L A 3 E L G ( Z M O D 6 , C , D I V X , 0 , - 9 . 2 ) 
C A L L L A 3 E L G ( Z M 0 D E , I , D I V Y , 0 , - 9 . 2 ) 
E N C O D E { 5 0 , 1 C O 0 , X N A M E I 

00 0 F O R M A T ( * X - C O C R D I N A T E ( M E T E R S } * ) 
E N C O D E ! 5 0 , 1 0 0 1 , Y N 4ME I 

001 F O R M A T t * Y - C C C R D I N A T E (METERS ) * > 
E N C O D E ( 1 0 C . 1 0 C 3 , T \ J A M E ) N N U C L ( N M E M B E R ) ,HCL L \ f H 0 L L 2,TIMF 

0D3 F O R M A T ( A 7 , * C O N T A M I N A T E D RE GI ON- * , A 1 0 , A 1 0 , * 4 F T E R * , 1 P E 9 , 2 , * Y P S 
C A L L T I T L Z S I Z M C D E , 1 . 1 . 1 . 0 ) 
C A L L T I T L Z S I Z M O D E , 1 , 2 , 1 . E l 
C A L L T I T L E G ( Z M O O E , 5 0 , X N A M E , 5 0 , Y N A M E , 1 0 0 , T N A M E i 
C A L L S E T S M G ( Z M C D E , 4 5 , 1 . 0 ) 
DO 4 5 N T = 1 , N T E T A 
DC 46 MX-=1,NX 
X W O R K ( M X ) = X S T R ( N T ,MX) 

46 Y W O R K ( M X ) = Y S T R ( N T ,MX I 



45 C A L L L I N E S G ( Z M Q B E » N X » X V * O R K , Y * O R K ) 
DO 4 7 J J = 1,NX 
DC 48 N N ~ 1 , N Y 
A R R W O R K l J J , N N > = P C T E N ( J J , NN ) 

48 C O N T I N U E 
47 C O N T I N U E 

XO= A 2 / 1 C 0 . 
Y 0 = A 4 / 1 C 0 . 
C A L L C C N Z S I Z M C D E , I , 8, X O ) 
C A L L C C N Z S ( Z M Q D E , 1 , 9 , Y 0 } 
C A L L C C N Z S I Z M C D E , 1 . 1 8 . 1 > 
C A L L C C N Z S I Z M C D E , 1 , 1 7 , 1 ) 
C A L L C C N R E C I A R R t o C R K , 1 0 0 , N X , N Y , S U M A X . S U M I N » - 1 0 . , - 1 , - 1 , 0 ) 

* * * * * * * D R A W R E P O S I T O R Y . B I G S P H E R E A N D N O R T H D I R E C T I O N * * * * * * * * * * * * * * * 
C A L L S E T S * G ( Z M C D E , 1 8 5 , 1 . 0 J 
C ALL C I R A R G ( Z M O D E , X R E P , Y R E P , R A O , A N G 1 , D A N G » 
I F I N D A T A . G T . O )C A L L L I N E S G 5 Z H O D E , N C A T A , X 3 1 0 , Y R 1 0 ) 
C A L L S E T S M G ( Z M 0 D E , 1 4 , 3 . 0 ) 
C A L L V E C 2 X Y I Z M C C E , A A , 2 0 . , 4 . , A N G N O , 0 . , 0. , 11 
I V A L ' J E = I H N 
C A L L S E T S M G t Z M O D E , 1 8 9 , 0 . 5 1 
C A L L S E T S V G ( Z M C D E , 8 4 , I V A L U E I 
C A L L P O I N T G t Z M G D E , 1 , V E X , V F Y ) 
CALL S E T S * G I Z M O D E , 1 4 , 0 . ) 
I F ( N W . L E . O ) GC TC 59 
C A L L S E T S M G I Z M O D E , 1 8 9 , 0 . 4 ) 
DO 5 5 N W E L L = 1 , N W 
DC 54 1=1,F 
A N G U = ( ( l - l ) * 4 5 . * 3 . 1 4 1 6 ) / 1 8 0 . 
A N G U L O = ( I- 1 1*45. 
1DMX= A M A X I ( ( Y M A X - t M N) , J X M A X - X M I N ) ) 
RAD I U S = R D M X / 3 0. 
S E N G H T = C . 8 * R A C I L S 
AX = R A D I L ' S * C C S S A N G L ) 
A Y = R A D I L S * S I N t A N G L ) 
X A R R = X W E L L ( N W E L L l - X T R A N S 
Y A R R = Y W E L L ( N W E L L ! - Y T R A N S 
I F ( Q ( N W E L L I . L T . C . ) X A R R = X A P R + A X 
I F ( 0 ( N W E L L ».L T.C. i Y AR R-Y ARP * AY 
I F ( CM N W E L L I.LT. C. ) A NG LLC = ( I«-3)*45. 
C A L L V E C 2 X Y I Z M C D E , X A R P , Y A R R , S E N G H T , A N G U I 0 , 0 . , 0 . , 1» 

54 C O N T I N U E 
55 C O N T I N U E 
59 C A L L S E T S M G ( Z M C D E , 1 8 9 , Q . 5 > 

I F ( P O T P L O T . L E . O , t GO TC 83 
C A L L S F T S M G ( Z H 0 0 E , 4 5 , 1 . 0 ) 
C A L L S E T S M G I Z M C D E , 5 0, 0.1 

83 :)D 24 N S T R = 1 * N T E T A 
D I M I N = » 1.0 E + 300 
DO 30 LX= 1, NX 
D I F F E ( L X ) = A B S ( T S T F ( N S T R , I X ) - Z M I N ( N U ) 1 
D I M I N = A M I N 1 ( 0 I M I N , D I F F E ( L X ) I 

20 C O N T I N U E 
DO 51 LX= 1 ,NX 

51 I F ( D I F F E C L X l . E O . D ININ» K X = L X 
IF(T S T P ( N S T R , K X ) . E C . O . ) GO TO 18 
A B S T I N S T R ) = X S T R ( N S T R , K X ) 
8 A C T ( N S T R « = Y S T R ( N $ T R » K X » 
GO TO 15 

18 T E T A = T E T A I + ( N S T R - 1 ) * ( T E T A F - T E T A I ) / ( N T E T A - 1 ) 
A 3 S U N S T R i « X R E P * R A C * C C S ( T E T A J 
3 A C T ( N S T R ) = Y R E P > R S C * S I N ( T E T A ) 



1 9 W R I T E 1 6 , 1 3 1 » N S T R , A B S T ( N S T R » » B A C T ( N S T R » 
. 3 1 F 0 R M A T ( 1 X , * T R A I L I N G * , 2 X , I 4 , 3 X , 2 . P E 9 » 2 , 3 X , 1 P E 9 . 2 ! 3 0 0 
2 4 C O N T I N U E 

I V A L U E = 1 H * 
C A L L S E T S M G ( Z M O D E , 8 4 , I V A L U E » 
C A L L S E T S M G ( Z M O D E , 4 5 , 1 . 0 ! 
I T ( G R A P L N U I . G T . O . ( C A L L PC Intg( Z M O D E , n t et A, A B S T,B A C T I 
00 35 J 5 = l , N T E T A 
W R I T E ( 6 , 1 0 6 ) J 5 

L 0 8 F O R M A T I l H l , l O X , * S T p E A M L I N E N C . * t I 4 ) 
d R I T E ( 6 , 1 4 7 ) 

147 F O R M A T ( 2 X , * N X * , 3 X , * X - I M E T E R I * , 3 X , *Y- ( M E T E R bx , * S I G M A ( Y R »*, 3x, *N 
$ / N 0 * , 3 X , * Q I L U T I C N R A T E ( C U B I C M E T E R / Y E A R I*) 
T A X ( J 5 ) = - 1 . 0 E + 3 0 0 
0 0 3 6 J 6 = 1 , N X 
Z- T S I R ( J 5 , J 6 > 
C A L L M A C K N U , Z , T I M E , A , B S 
X W O R M J 6 > - E 
W R I T E ( 6 , 1 0 5 ) J 6 , X S 1 R I J 5 , J 6 ) , Y S T R ( J 5 , J 6 ),TSTP ( J 5 , J 6 ) , A ,B 

1 0 9 F O R M A T ( 1 X , I 4 , 3 X , 5 I 1 P E 9 . 2 , 3 X ) ) 
3 6 C O N T I N U E 

D O 3 8 L X = 1 ,NX 
28 T A X ( J 5 ) = A M A X 1 { T A X ( J 5 J , X W O P K ( L X ) ) 

D O 53 L X * l , N X 
53 I F ( T A X ( J 5 ) , E Q » X W 0 F K ( L X ) ) KX = LX 

A B S M ( J 5 J = X S T R ( J 5 , K X 1 
8 A C M ( J 5 ) - Y S T R ( J 5 , K X ) 
I F ( A 8 S M ( J 5 J . E 2 « A e S T ( J 5 J » G O T O 2 6 
G O T O 2 6 

26 I F ( B A C M { J 5 ) . N E . R A C T ( J 5 ) ) GO TO 2 8 
A B S M ( J 5J = X S T R ( J 5 , K X + K O > 
B A C M ( J 5 Y S T R ( J 5 , K X * K D ! 

28 W R I T E ( 6 , 1 3 3 I J 5 , A B S M ( J 5! , B A C M ( J 5) 
125 F O R M A T ( I X , * M A X I M U » * , 2 X , I 4 , 3 X , l P E 9 . 2 , 3 X , l P E 5 . 2 i 
3 5 C O N T I N U E 

D O 3 3 J 3 = 1 , N T E T A 
3 I M I N = * U O E « - 3 0 0 
DO 3 4 L X " 1 , N X 
D I F F E ( L X > = A B S ( T S T P ( J 3 , L X J - Z M A X { N U I > 
D I M I N = A M I N 1 ( D I M I N , C I F F E ( L X M 

3 4 C O N T I N U E 
D O 5 2 L X = 1 , N X 

5 2 I F ( D I F F E ( L X » . E C O W I M KX" L X 
A 3 S L ( J 3 J = X 5 T R ( J 3 ,KX) 
B A C L ( J 3 ) = Y S T R ( J 2 ,KX i 
riRITE(6,1»2 I J3, A E S L I J 3 » , B A C L ( J 3 » 

1 3 2 F 0 P M A T ( 1 X , * L E A D I N G * , 2 X , I 4 . 3 X , 1 P E 9 . 2 , 3 X , 1 P E 9 . 2 ) 
3 2 C O N T I N U E 

1 V A L U E - - 1 H * 
I F ( G R A P ( N U » . G T . O . » C A L L P C I N T G l Z M O D E , N T E T A , A B S L , B A C L I 
C A L L F R A M E 

2 9 C O N T I N U E 
1 3 C O N T I N U E 

C A L L E X I T G ( Z M C D E » 
S T O P 
E N D 
SUBROUTINE M A C 1 I 1 1 , Z , T T , P , W ) 
D I M E N S I O N T C X ( 2 0 ) 
C O M M O N / D / B , E E T A 
L E V E L 2 , 1 , T , T e L , E , K , C , T O X 
L E V E L 2 , B , B E T A 
C C M M O N / C O N C / I , T , T E L , E , K , C , T O X 



D O U B L E E ( 2 C ) » K ( 2 C ) , C l 2 Q i » B l 2 Q » 2 Q l » B E T A ( 2 Q , 2 Q l 

D O U B L E S 1 T S 2 » S 3 3Q1 

D O U B L E C l » C 2 » C 3 » C 4 , C 5 , X l » X 2 , X 3 , X 4 , P R l » P R 2 

D O U B L E E3 » EC » EE » EEE 

D I M E N S I G N W l ( 2 Q ) , w Z I 2Q ),W3(2Q> 

D I M E N S I C N S ( 2 Q ) , S U 2 Q ) , V ( 2 Q ) 

C A L L B A T E M A N ( I , E , C , B ) 

DO 6Q 1 1 = 1 , 1 

Y=Q. 

DC 62 1 1 1 = 1 , Ï I 

rV6*-E( I I I »*T3L 

Y = Y + B ( II ,1 U i * E X P I K 6 l 

C ( I I l = Y * E l I Î ) * C l l ) / £ î . î ) 

C A L L B A T E M A N ( I , E , C , B ) 

VW=1. 

DO 64 I J = l, I 

• \/(lJ} = V » / K ( I J S 

DO 21 M i = i , ï 

DO 22 M J = I,I 

I F( M I . ECJ. M J > GC TC 2 2 

I F I V Í M J U E C . V Í M I II GC TO 5 9 

3 E T A ( M I , M J l M E ( M I I * \ / ( M J > - E ( M J > + \ M M I l » / ( V ( M J ) - V ( M I N 

B E T A I M J , M I I = B E T Ä ( M I , F J ) 

GO TO 22 

) B E T A I M J , M I ) = Q . 

Ï C O N T I N U E 

C O N T I N U E 

DO 39 K 4 = l , I 

S ( K 4 ) = Q . 

S T ( K 4 » = Q . 

! C O N T I N U E 

DO 4Q K 5 = 1 , I 

I F f V ( K 5 i * T T . G E . Z l S ( K5 i~ 1 . 

I F ( V ( K 5 ) * ( T T - T ) . C E . Z I S T ( K 5 1 = 1 . Q 

I C O N T I N U E 

C1=Q. 

DO 5 1 1 2 = 1 , 1 1 

ED= ( - E ( 12 >*(TT- Z/V ( I I » A B S ( S( I 1 » - S T f I 1 » ) 

C A L L E X P O ! E O , EE I 

Cl = Cl + B ( I l , I > » * E E * ( S ( i l ) - S T U i n 

E B = (-Etil í * Z / V ( Il I I* A BS ( S ( I 1 i- ST ( 11 i » 

C A L L E X P C t E E , E E E ) 

Cl = C 1 * E E E * ( S ( I 1 ) - S T ( I 1 > J 

C5 = Q . 

I F ( I I . E C U GO TC 71 

W M A X = Q . 

DO 521 L » l , 1 1 - 1 

DO 53 1 f. =L ,11 

D S - S I M I - S K H I 

ADS=ABS(DS J 

DO 541 NR = L,I 1 

I F I N R . E C M I GC TC 541 

DO 551 J = 1 , L 

W l ( J ) = ( - B E T A ( N R , w | * ( T T ~ Z / V ( M ) ) - E ( M I * Z / V ( M ) >*S(Mi 

* 2 ( J l = ( - T * ( E ( J l - B E T A ( N R , M i ) - B E T A ( N R t " , t * ( T T - Z / v / ( M » > - E ( M i * Z / N / ( M » ) * S T 

$ l M ) 

W 3 ( J ) = ( - E ( J I * ( T T - Z / V ( M ) - E ( M ) * Z / V ( M | | * A D S 

I F ( B E T A ( N R , M i . E Q . C . » w l ( J - Q. 

I F ( B E T A ( N P , M J . E C . C . I W 2 S J = Q . 

I F ( B E T A ( N R , M | . E C C . > K 3 (J = Q. 

I F I W 1 Í J I . G T . W N A X J n M A X = W l J I 

I F ( W 2 ( J » . G T . W M A X ) W M A X = H2 J i 



51 
41 

IF (W3 ( J l . G T . W A X » h M A X = W 3 ( J > 
C O N T I N U E 3 02 

.31 C O N T I N U E 
21 C O N T I N U E 

I F ( W M A X . G T . 6 0 0 . ) C I F F = W M A X - 6 0 0 . 
I F I W M A X . L T . 6 0 C . ) C I F F = 0 . 
DO 52 N J- 1 1 U - l 
C 4 = 0. 
DO 53 N M = N J , I 1 
C3 = 0. 
DO 5 4 N R = N J 1 1 1 
I F ( N R . E C . K F ) GO TC 54 
C2 = 0. 
DO 55 N K = 1 , N J 
P R 1 = 1 . D O O 
DO 53 N Q = N Jf I 1-1 

58 P R 1 = P R 1 * E ( N C f * K ( N C . 
? R 2 = 1 . D O O 
DO 5 7 N C = NJ »I 1 
I F ( N O . E C ^ N R > GO TC 57 
I F t N Q . E C . N H » C-C TC 57 
PR2 = P R 2 * l E t N Q » * K ( NC ) * ( Kt NR ) -K(NM) > t-E ( NH ) *K ( NM ) * ( K (NQ ) - K ( NR ) ) + E( NR ) 

$ * K ( N R J * ( K ( N M , - K ( N C ) ) » 
57 C O N T I N U E 

X 1 = B ( N J , N K ) * ( K ( N P ) - K ( N M , , * * ( I 1 - N J - l ) 
Xl = X l / ( E ( N K l * K ( N R l - E ( N K , * K ( N M l - E ( N R i * K ( N P » * E { N M l * K ( N M i . 
X l = ( X 1 * P R 1 J / P R 2 
5 1 = t-B E T 4 ( N Ft N MI * t T T - Z / V ( N M ) S - E ( N M ) * Z / V ( NM I ! 
S2=r J - T* ( E ( NK> - 8 E T M N P , NM> > > *S1 
S 1 = S 1 * S ( N M ) 
52 = S 2 * S Y ( N f I 
S 3 M - E t M a * T T - ( E ( N M , - E l N K N * { Z / V ( N M ) ) ) 
53 = S 3 * A B S ( S I N K J - S T (NM I ) 
S1 = S 1 - D I F F 
S 2 = S 2 - D I F F 
S3 = S 3 - D IFF 
C A L L E X P 0 ( S 1 , X 3 ) 
I F t B E T A l N R t N M I . E C . C . J X 3 = 0 . 
X3 = X 3 * S (NM » 
C A L L E X P 0 ( S 2 , X 2 J 
I F ( B E T A ( N R » N M I . E C . C . > X 2 = 0 . 
X 2 = X 2 * S T ( N H i 
C A L L E X P O ( S 3 , X 4 ) 
X4 = X 4 * ( SINK »-ST ( N* ) ) 
C2= C2 + X I * ( X 3 - X Z - X 4 > 

55 C O N T I N U E 
C 3 = C 3 * C 2 

54 C O N T I N U E 
C4 = C 4 + C 3 

53 C O N T I N U E 
C 5 = C 5 + C 4 

52 C O N T I N U E 
71 I F U l . E C . l l D IF F - C . 

T E C = ( E ( 1 » * K ( \ J I / ( E ( I I ) * K ( 1 1 1 ) 
I F I C 5 . G T . T E C 1 GO TC 97 
IF(D I F F . G T . 6 0 0.. GO TO 97 
P = C1 + C 5 * E X P ( D I F F i 
I F ( P . L T . O . I P = 0. 
,V = P*C( 1 l*E( II »/(E (1 >*T O X ( 1 1 > *T) 
GO TO 58 

97 P = 0 . 
W = 0. 
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98 R E T U R N 
END 303 
S U B R O U T I N E B 4 T E M A M I, E , C,B) 
L E V E L 2 , E , C , B , I 
D I M E N S I O N E ( 2 0 , , C ( 2 G ) , B 1 2 0, 20 J 
D O U B L E C , E , T E M P I , E 
DO 27 L 1 = 1 , I 
DO 28 LJ = l , I 
T E M P 1 = 0 . 
DO 31 L M ' 1 , L J 
T E M P Z - 1 . 
DO 2 9 L R = L M , L I 
T E M P 2 = T E M P 2 » E ( L R ) 

29 C O N T I N U E 
T E M P 3 = 1 . 
DO 30 LL= L M , L I 
I F I L L . E C . L J » GC TC 2 0 
T E M P 3 ~ T E M P 3 * l E I L L J - E ( L J > ) 

3D C O N T I N U E 
T E M P 1 = T E M P 1 * ( C ( If* » * E ( 1 » / ( C ( 1 I * E ( L M ) M * T E M P 2 / ( E ( L I ) » T E M P 3 ) 

31 C O N T I N U E 
3(L I , L J 1 = T E M P 1 

28 C O N T I N U E 
27 C O N T I N U E 

R E T U R N 
END 
S U B R O U T I N E E X P O l X , Y ) 
D O U B L E X f Y 
I F ( X . L T . - 6 . 0 D 2 > GC TO 501 
Y = D E X P f X ) 
GO TO 502 

501 Y = 0 . 0 D 0 0 
502 R E T U R N 

END 

1 1 1 1 1 1 1 . 1 1 1 1 1 1 1 1 1 . 1 1 1 3 1 1 1 1 1 . 1 1 1 1 1 1 1 1 1 . 1 1 I I 1 1 1 1 1 . 1 1 1 1 1 1 1 1 1 . 1 1 1 1 1 1 1 1 1 . 1 1 1 1 1 1 
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C.3 S u b p r o g r a m D C H A R G E d a t a i n p u t d e s c r i p t i o n 

S u b p r o g r a m D C H A R G E e v a l u a t e s t h e d i s c h a r g e r a t e , t h e w a t e r 

dilution rate rate, the cumulative discharge and the water 
d i l u t i o n v o l u m e at t h e b i o s p h e r e for a i-th m e m b e r of a 

r a d i o a c t i v e c h a i n of a r b i t r a r y l e n g t h m i g r a t i n g in g r o u n d w a t e r 

through a t w o - d i m e n s i o n a l g e o l o g i c m e d i a . 

T h e s u b p r o g r a m D C H A R G E is e n t i r e l y i n d e p e n d e n t of t h e 

P L O T M A C p r o g r a m . It is r e l a t e d to H Y D R O s u b p r o g r a m o n l y by t h e 

w a t e r t r a v e l t i m e at t h e b i o s p h e r e w h i c h m u s t be r e a d o u t of t h e 

H Y D R O p r i n t o u t . A n o t h e r set of d a t a t h a t m u s t be o b t a i n e d f r o m 

the H Y D R O p r i n t o u t s are the v o l u m e t r i c f l o w r a t e s b e t w e e n t h e 

s t r e a m l i n e s of t h e s h a d o w r e g i o n . S u p p o s e t h e s y s t e m s t u d i e d c a n 

be r e p r e s e n t e d by the f o l l o w i n g s k e t c h 

R e p o s i t o r y 

\ 
\ 

\ 
2 

3 4 
S h a d o w r e g i o n s t r e a m l i n e s 

* y 
1 Ç 

X B i o s p h e r e 

T h e v a l u e s of o ( l ) , o ( 2 ) o ( N T E T A ) as w e l l a s 

Q d ) ,Q(2) , Q ( N T E T A ) c a n b e o b t a i n e d f r o m H Y D R O . T h e 

f r a c t i o n a l v o l u m e t r i c f l o w r a t e is d e f i n e d as 



R Q ( J ) = Q ( J ) / Z Q ( D , J = 1 , 2 , . . . N T E T A (C.3.1) 
J 

O n c e the h y d r o l o g y is d e f i n e d by H Y D R O , D C H A R G E c a n 

evaluate the water dilution rate a n d the w a t e r d i l u t i o n v o l u m e 

Eq. (4.2.26) a n d Eq. (4.2.27) r e s p e c t i v e l y f o r a n y r a d i o n u c l i d e 

c h a i n at any p o i n t i n s i d e the s h a d o w r e g i o n . T h e p a r t i c u l a r 

l o c a t i o n w h e r e the c a l c u l a t i o n s a r e to be p e r f o r m e d is n o t 

c h a r a c t e r i z e d by a c o o r d i n a t e p a i r b u t r a t h e r by t h e 

c o r r e s p o n d e n t w a t e r t r a v e l t i m e v a l u e at t h a t p o i n t . 

C a r d 1: F O R M A T ( 1 1 0 , 2 ( F 1 0 . 3 , I 1 0 ) ) 

V a r i a b l e 

N T E T A (110) 

T B L O (F10.3) 

D E L I (F10.3) 

N T B L (110) 

TO (F10.3) 

D E L 2 (710.3) 

N T (110) 

D e s c r i p t i o n 

N u m b e r of c o n t a m i n a t e d s t r e a m l i n e s to be 

c o n s i d e r e d . It is n o t n e c e s s a r i l y the s a m e as in 

H Y D R O . ( N T E T A m u s t e q u a l o r l a r g e r t h a n t w o ) . 

F i r s t v a l u e of d e l a y t i m e for b e g i n n i n g of 

l e a c h i n g t o be u s e d ( y e a r s ) . 

M u l t i p l y i n g f a c t o r for t h e n e x t N T B L c a s e s of 

t i m e for b e g i n n i n g of l e a c h i n g to be e v a l u a t e d . 

N u m b e r of d i f f e r e n t c a s e s of t i m e for b e g i n n i n g 

of l e a c h i n g ( T B L ) to be e v a l u a t e d . 

T B L = T B L 0 x ( D E L l ) ; k = l , 2 , N T B L . 

F i r s t v a l u e of l e a c h t i m e t o b e u s e d ( y e a r s ) . 

M u l t i p l y i n g f a c t o r for t h e n e x t N T c a s e s of l e a c h 

t i m e t o b e e v a l u a t e d . 

N u m b e r of d i f f e r e n t c a s e s of l e a c h t i m e (T) to be 

e v a l u a t e d : T = T 0 x ( D E L 2 ) 3 ; j = l , 2 , . . . N T . 
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C a r d 2 t h r o u g h C a r d 2 + N T E T A : F O R M A T ( 2 F 1 0 . 3 ) . N T E T A of 

t h e s e c a r d s a r e r e q u i r e d , o n e for e a c h s t r e a m l i n e d e s c r i b i n g the 

s h a d o w r e g i o n . 

Variable Description 

S I G M A (F10.3) V a l u e of t h e w a t e r t r a v e l t i m e at t h e l o c a t i o n 

w h e r e t h i s s t r e a m l i n e i n t e r c e p t s t h e b i o s p h e r e 

(years) . 

R Q (F10.3) F r a c t i o n a l v o l u m e t r i c f l o w r a t e as d e f i n e d in 

E q . (C.3.1) for t h i s s t r e a m l i n e . 

C a r d 3 + N T E T A : F O R M A T ( 3 1 5 ) 

V a r i a b l e 

N T I M E (15) 

N M E M B E R (15) 

KS (15) 

D e s c r i p t i o n 

N u m b e r of t i m e i n t e r v a l s t h a t the c o n t a m i n a t i o n 

t i m e o f a r a d i o n u c l i d e at t h e b i o s p h e r e is to be 

d i v i d e d . N T I M E d o e s n o t a f f e c t t h e a c c u r a c y b u t t o 

p r o d u c e a s m o o t h p l o t it is r e c o m e n d e d t h a t N T I M E 

be e q u a l to 20 or l a r g e r . 

N u m b e r of m e m b e r s in t h e r a d i o a c t i v e c h a i n . 

N u m b e r of i n t e r v a l s t h a t t h e b i o s p h e r e c u r v e is 

to be s u b d i v i d e d b e t w e e n t w o c o n s e c u t i v e 

s t r e a m l i n e s . T h e a c c u r a c y of the c a l c u l a t i o n s is 

v e r y s e n s i t i v e to t h i s n u m b e r . If l e a c h t i m e is 

s m a l l c o m p a r e d to t h e a r r i v a l t i m e of t h e n u c l i d e 

t h i s n u m b e r s h o u l d be i n c r e a s e d . A f i r s t t r y is 

K S = 5 0 . 



C a r d 4 + N T E T A t h r o u g h C a r d 4 + N T E T A + N M E M B E R : 

F O R M A T ( A 7 , 5 F 1 0 . 3 ) . O n e of t h e s e c a r d s is r e q u i r e d for e a c h 

m e m b e r of t h e c h a i n . T h e c a r d s m u s t be o r d e r e d in the s a m e w a y 

the chain is. 

V a r i a b l e 

N N U C L (A7 ) 

T H A L F (F10.3) 

K (F10.3) 

C (F10.3) 

R C G (F10. 3) 

C A L C (F10.3) 

D e s c r i p t i o n 

N u c l i d e n a m e (e.g. R A - 2 2 6) . 

N u c l i d e h a l f l i f e ( y e a r s ) . 

N u c l i d e r e t a r d a t i o n c o e f f i c i e n t . 

N u c l i d e t o t a l a c t i v i t y at t h e t i m e of b u r i a l (Ci) 

N u c l i d e m a x i m u m p e r m i s s i b l e c o n c e n t r a t i o n (Ci/m ) 

If C A L C <0 the p r o g r a m d o e s n o t c a l c u l a t e for 

t h i s n u c l i d e a l t h o u g h u s e s its p a r a m e t e r s for its 

d a u g t h e r s c a l c u l a t i o n s . I f C A L O 0 the p r o g r a m 

p r i n t s and p l o t s t h e r e s u l t s for t h i s n u c l i d e . 
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F i g u r e C.I S t r u c t u r e of t h e s u b p r o g r a m D C H A R G E . 

I n i t i a l i z e 

R e a d d a t a i n p u t 

D o e v e r y c a s e of t i m e for 

for b e g i n n i n g of l e a c h i n g 

T B L = T B L 0 * ( D E L I ) * * K ; K = 1 , . . N T B L . 

D o e v e r y c a s e of l e a c h t i m e 

T = T 0 * ( D E L 2 ) * * J ; J = l , . . . N T . 

D o e v e r y m e m b e r of the c h a i n 

1 = 1 , 2 , . . . N M E M B E R . 

If C A L C > 0 e v a l u a t e t h e w a t e r 

d i l u t i o n r a t e ( E q . 4 . 4 . 2 0 ) and 

w a t e r d i l u t i o n v o l u m e ( E q . 4 . 4 . 2 1 ) . 

If C A L C >0 p l o t and p r i n t t h e 

r e s u l t s for t h i s n u c l i d e : t h e w a t e r 

d i l u t i o n r a t e and the w a t e r d i l u t i o n 

v o l u m e . I 



3IA. 8 68301 ,T INGt 0 
iPUT 6 2 0 0 C 1 3 . 2 3 . 3 9 10 S E P 81 V I A C R 0 2 309 
) = 

'Y, INPUT/R.R, O U T P U T / R R . 
5 P 0 S E , 0 J T P U T = P R , P A * 1 F . 

) CRAM U C B N E 2 1 ( S U B P R O G R A M O C H A R G E ) 
*4IE L K . S . TING 

1 A R T M E N T OF N U C L E A R E N G I N E E R I N G 
[\ECSITY OF C A L I F O R N I A , 8 E R « t £ L £ V 
? K E L E A , C A . ,94720 

C O N T R O L C A R D S L I S T I N G ** 

0 B C A R C 1 
A S S W O F D ) 
S E R P R . 
F<.,L*0. 
T H L I B . 
T C H F S , I D O S , U L I B , U L I B X . 
T C H F S , G P A C B N 7 , G P A C , V A 3 N . 
N K , F = L G O , F = G F A C , P = U L I B , X . 
A P H I C » F N S F I L M , F T = VA. 
IT. 
MP, 0. 
JMP . 

P R O G R A M L I S T I N G 

P R O G R A M O C H A R G E (INPUT • OUT PUT , T £P £5 = INPUT , T A P £ 6 * 0 UT PUT , F IL Ml 
C O M M O N / I G S Z Z Z / Z M C D E ( 2 0 1) 
C O M M O N / C O N C / N K E h E E R , T ,T3L , E , K , C , R C G ( 20 ) 
D I M E N S I O N X ( 2 Q ) , H ( 2 Q ) 
D I M E N S I O N N K U C L (20 ) ,CALC ( 20) 
D O U B L E T MA X , T MIN 
0 0 U 3 L E Z M I N , Z M A X 
D 0 U 3 L E T H A L F , K ( 2 0 ) , E ( 2 C ) , C ( 2 0 ) , SRFMX , S R P M N , S M A X , S M I N 
DIME NS ION X N A M E (70 J , Y NA HE ( 7 0 ) » T N A H E ( 1 5 G > 
DIM-INS I O N ZMIN (2 0 > , Z K A X (2 0 ) , S IGM A ( 2L ) , R Q < 2 0 ) 
D I M E N S I O N P L C T E S <1GQ I ,1 I M E P C 1 C 0 ) 
D I M E N S I O N R A T E (5*100 ) t T O T AL (5* 10 0) «T IKE ( 5 110 0 ) 
D I M E N S I O N RN (18 0Q) . T O X R A T E (5 , 1 0 t ) .TOXTOT A (5. 1QCI 
READ ( 5 , 1 0 0 ! N T E T A , T B L C , D E L I , N T B L , T O , O E L 2 , N T 

100 F O R M A T (I 1 0 ^ 2 ( 2 F 1 0 . 3 1 1 1 0 > > 
DO 22 I T E T A = 1 , N T E T A 
READ (5 ,1011 S I G f A (ITETA J , RQ (I T ET A ) 

1 01 F O R M A T ( 2 F 1 0 . 3 ) 
22 C O N T I N U E 

READ (5,102) NT I h£» N ME M8E R,KS 
102 F O R M A T (3 15) 

DO 10 1 = 1 , N M E M B E R 
R E A D ( 5 , 1 0 3 ) N N U C L ( I ) , T H A L F » K ( I ) , C ( I ) , R C G ( I ) ,CAL3 CI) 

1C3 F O R M A T ( A 7 , 5 F I 0 . 3 ) 
10 E(I) = D L O G ( 2 . D 0 0 ) / T H A L F 

READ (5,107) H O L 1 . H C L 2 
107 FORi AT (2A8) 

TBL = T 3 L 0 / D E L 1 

file:///ECSITY


DO IODO IT BL = i» NTBL 

TBL= TB L* CE L1 310 

DO 11 N U C = i f N M E K B E R 

I F ( C A L C í N U C ) .LE.O. ) GO TO 11 

T M A X s - 1 . 0 0 * 3 0 0 

T M I N * 1 . 0 0 * 300 

T s T O / D E L 2 

DO 1QÜ1 I T = Í , N T 

T = r » 0 E L 2 

S R P I X s - l . 0 * 3 0 0 

SRPMN= 1. 0*300 

DC 1 2 JU = 1, K U C 

S R P M X = D M A X Í ( S R P M X , K ( J U > Í 

12 S R P M N = D M I N 1 ( S R P K N , K ( J U ) ) 

0 0 13 NS TR= 1,NTETA 

2MAX (NSTR)x SIGMA ( N S T R ) * 3 R P M X * T 

13 Z M I M ( N S T R ) = S I G M A ( N S T R ) *3RP MN 

SMAX D * 3 0 0 

SMIM = 1 . D * 3 0 0 

0 0 14 NS TRsl ,NTETA 

S H A X s D M A XI (SMAX,Z*AX (NSTR) ) 

S K I N = D M I M ( S M I N t Z K I N Í N S T R ) ) 

14 C O N T I N U E 

00 1 7 NSTR = 1,NTETA 

17 X(NS TR) = F L O A T (KS*NSTR) 

0 0 18 NS TR = 1,NTETA 

00 19 N S = 1 , K S 

NN = K S * N S TR • (NS-1) 

R N ( N N ) =RQ (NSTR) /KS 

19 C O N T I N U E 

16 C O N T I N U E 

CALL P O L I N T ( N T E T A , X , S I G M A , Hi 

DELT A= ( D L O G i O l S M A » - D L O G l C ( S M I N ) ) / ( N T I M £ - 1 ) 

DO 15 IT I M E s l , N T I M £ 

AXPA s D L O G l O ( S M I M * ( I T I M £ - 1 >*DELTA 

TlMi (IT, I T I M E ) * 1 0 . ««AXPA 

TT = T I M E ( I T t I T I M E ) 

T G T A L O T , I T I M E ) = Q . 

R A T E ( I T , I T I M E ) = 0 . 

DO 20 N S T R = K S , N T E T A * K S 

X X = F L O A T (NSTR) 

CALL POL YVL (0, X X , Z , Y P , N T E T A , X , H , W O R K , 1 ERR) 

CALL M A C K N U C , Z , T T , S M I N , P, W) 

R A T E ( I T , I T I h E ) = R A T E ( I T , I T I M E ) * P » C ( 1 ) * R N ( N S T R ) / T 

TOTA L ( I T , I T I M t ) = T O T A L ( I T , I T I M L > * W » C ( 1 ) » R N ( N S T R ) / T 

20 C O N T I N U E 

T O X R A T E ( I T , ITI ME I = R A T E ( I T , I T I M E ) / R C G ( N U C ) 

T O X T O T A Í I T , I T I M E ) = T O T A L ( I T , I T I M E ) / R C G ( N U C ) 

15 C O N T I N U E 

W R I T E ( 6 , 1 0 4 ) N N U C L ( N U C ) , T 8L,T 

LC4 F O R M A I 11H1 ,5X, * N U C L I D E - 11A 7 , 3X ,* DELA Y TIME (YRS ) = *,1Pt 8 . 2 , 3 X , * L 

tEAC- ( T I M E (YRS) = * , 1 P E 8 . 2 ) 

W R I T E Í 6 , 1 Õ 5 ) , 

LC5 FCRMAT í//,lX,jcTIME (Yt) í , 2 X, * D ISCH ARGL RATE ( C I / Y R G W Y R ) * , 2 X , í C U M U L 

S A T I V E OI SC HAR GE ( C I / G W Y R ) * ,2X , / R A T E / M P C ( M 3 / Y R G W Y R ) t,2X, t C U M U L A T I i 

S E / M P C (M3/GWYR) t ) 

00 16 IT IME = 1, NTIME ' 

W R I T E (6, 1 0 6 ) T I H E Í I T , ITIME ) , RATE (IT, ITIME) ,TOT AL {IT , III ME í ,T O X R A T E 

K I T , ITIME) , T C X T C T A ( I T , I T I M E ) 

1C6 F O R M A I ( I X , 1 P E 8 . 2 , 1 2 X , 1 P E 8 . 2 , 2 0 X , 1 P E 6 . 2 , 2 0 X , 1 P E 8 . 2 , i 0 X , 1 P E 8.2) 

16 C O N T I N U E 

TMAX = D M A X i (SMAX,TMAX) 



T H I N = D MI M ( S M I N , T M N ) 

1 C O N T I N U E 311 

CALL M O D E S G ( Z M O O E , 6 , 0 ) 

RATE MXs - 1. OE + 300 

RATE MN" i « . Q E * 3 0 0 

T O T A L M X = - l . CE+300 

T O T A L M N * Í . Q E * 3 0 0 

DO 1 0 0 3 I T « 1 , N T 

00 23 IT IME=1» NTIfE 

I F ( T O X R A T £ ( I T , I T I M E K L T . 1 . GE-<. > TOX* ATE C I T v ITIME I = 1 . 

IF ( T O X T O T A (IT •» ITZME i »LF .1 • 0» T O X T O T A (IT , I T I M E > « 1 . 0 

T I M E ( I T , I T I M E J s A L O G l O (T IME (IT, IT XWE) > 

RATE MX B A MA XI (R A T E M X , T O X R A T E (IT , IT IME ) I 

RATE MN = A Ml N K R A T E M N , T O X R A T E (IT .ITIME > ) 

TOT A LM X= AMAX1 (TOTAL M X , T O X T O T A (IT , ITIME ) ) 

TOTA LMN= A M I N l ( T C T A L M N , T O X T O T A ( I T , I T I M E ) ) 

T OX* ATE < IT, IT IME U A L O G l O ( T O X R A T E (IT, I T I M E ) ) 

T O X T O T A ( IT , IT IME ) = A L O G i G (TOXTOTA (IT, I T I M E ) ) 

23 C O N T I N U E 

03 C O N T I N U E 

XMAX = F L O A T ( I O I N T ( D L O G l u ( T M A X ) ) ) * 1 .0 

XHIN=F LO AT (IOI NT (DL061C (TMIN) ) ) 

O I V X s l . O 

D I V Y s l . O 

A " A L O G l O (RATEMN) 

Y M I N " F LOAT (INT(A)) 

IF ( A • L E • 0. ) Y M I N = F L O A T ( I N T (A) ) -1 . 

BsAL O G 1 0 ( R A T E M X ) 

Y M A X s F L O A T ( I N T ( 8 ) 

I F ( 3 . L E . 0.) Y M A X = F L O A T ( I N T ( B ) ) 

IF ( A B S (Y M A X - Y M I N ) . G E . & . ) O I V Y = 2, 0 

P L O T T H E C I S C H A R G E R A T E 

C A L . SUBJEG « Z M C D E , X M I N , Y M I N , X M A X , YMAX ) 

CALL OBJ C I G < 2 M G Q E , 3 0 , , 2 0 . , 9 0 ^ , 6 0 , ) 

CALL S E T S M G ( Z M C C E , 4 5 , 1 . 5 ) 

CALL G R I O G ( Z M O O E , C I V X , D I V Y , 0 , 0 ) 

CALL L A B E L G ( Z M O O E , 0 , 0 I V X , 0 , 3 ) 

CALL L A B E L G ( Z M O O E , 1 , D I V Y , 0 , 3 ) 

E N C O D E ( 5 0 , 2 0C0 , XNAME ) 

0 0 FORMAT (1 O X , / T I M E A F T E R L E A C H I N G S T A R T E D (YRS ) * ) 

ENCODE ( 7 0 , 2 0 0 1 , Y N A M E ) 

01 F O R M A T (2 X, it D I S C H A R G E R A T t / M P C (CUBIC M L T E R / Y R ) / ) 

E N C O D E (150 , 2 0 C 2 , T N A M E ) N N U C L ( N U C ) , H 0 L 1 , H O L 2 

02 F O R M A T ( A 7 , * C I S C H A R G E RATE H I S T O R Y A T / . 2 A 8 ) 

CALL T I T L Z S ( Z M O O E , 1 , 1 , 1 . ) 

CALL T I T L Z S ( Z M O D E , 1 , 2 , 1 . 8 1 

C A L L T I T L E G ( Z M O D E ,50 , X N A M E , 50 , Y N A M E , 15 U , T N A M E ) 

00 1004 I T s l t M T 

TOXR ATE (IT » 1) = Y M N 

T O X * A T E ( I T , N T I M E ) = Y M I N 

00 100 5 IT IME = 1 ,NT IME 

T I M £ P ( IT IME) = T I h E ( I T , IT IME ) 

05 P L O T E R ( I T I M E ) = T O X R A T E (IT, I T I M E ) 

CALL L I N E S G ( Z M C D E , N T I M c , T I M E P , P L O T E R ) 

IC CONT INUE 

P L O T T H E C U H M U L A T I V c D I S C H A R G E 

CALL F R A M E 

D 1 V Y = 1 . 0 

WNAX sF L O A T ( I NT (A LOG 10 ( T O T A L M X ) > ) + 1 . 0 

W M I N = F L O A T ( INT (ALOGlu ( T O T A L M N ) I ) 

I F ( ( W M A X - W M I N ) .GE.6.) D I V Y = 2 . 0 

CALL S U 3 J E 6 ( Z M O O E , X M I N . W M I N , X M A X , W M A X ) 



CAI L 0 6JCTG(ZMOCE, 3 0. ,2 0. , 90 . , 60 . í 

CALL S E T S M G ( Z M O C E , 4 5 , 1 . 5 ) 

CALL G R I D G ( Z M O O E , C I V X , Ü I V Y , Ü , G ) 

CALL L A 6 E L G ( Z M 0 D E , Ü , O I V X , 0 , 3 ) 

CALL L A B E L G ( Z M C D E » 1 » D I V Y» 0,3) 

ENCOOL (7 0, 20 03 , YNAME) 

03 F O R M A T it C U M U L A T ! VE 0 1 S C H A R G E / M PC CCUBIC ME T E R ) *) 

E N C O O E ( 1 5 0 , 2 0 0 4 , T N A M E ) N N U C L ( N U C ) , H O L l , H 0 L 2 

04 FGRMAT (A7, * C U M U L A T I V E 0 I S C H A R G E US T O R Y A T / ,2A8) 

CALL T I T L Z S ( Z M O O E , 1 , 1 , 1 . ) 

CALL T I T L Z S ( Z M O O E , 1 , 2 , 1 . 8 ) 

CALL TII LE G ( Z M O D E , 5 0 , X N A M E , 5 0 , Y N A M E , 1 5 U , T N A M E J 

OO 100 6 I T - i . N F 

00 1 0 0 7 I T I M £ = i , M I M £ 

T IME P ( IT I M E ) = T U E ( IT , IT IME I 

107 PLOT E R ( I T I M E ) = T C X T O T A ( I I , I T I M E Í 

CALL L I N E S G ( Z M O C E , N T Í M.., T I ME P , P L O T E R ) 

OELT A l * ( XM A X-T IME ( IT » NT IME ) ) / ( NT I »/E -1 ) 

DO 15 0 0 IT IME = 1 » NT I M E 

T IME P ( I T I M E ) = T I M E ( I T t N T I M £ ) * ( I T Í M E - l ) * O E L T A i 

AXP= 10 .»*T IMEP ( ITIME) 

P L O T E R (ITIME) = T O X T O T A (IT , NT IME )»£XP( -E (NUC) *AXP) 

;CC C O N T I N U E 

CALL L I N E S G ( Z M C C E , NT IME , T I M E P , FL C T E R ) 

Í06 C O N T I N U E 

CALL F R A Me. 

11 C O N T I N U E 

JOC C O N T I N U E 

STOP 

END 

S U 3 R O U T I NE MAC 1( Il, Z , T T , T A ,P , W ) 

DIME N S I G K TOX (20 I 

CC.-M 0 N / L > / B , 8 E T A 

COMMUN / C O N C / I , T , T B L , E , K , C , TOX 

0 0 U 3 L E E ( 2 0 ) ,K (20 ),C ( 2 Ü ) , 6 ( 2 0 , 2 0 ) , B E T A ( 2 0 , 2 0 ) 

C U U 3 L E A l , A 2 , A 3 , Y l , Y 2 , Y 3 , D l , Q 2 , D 3 , D 4 , P i , P 2 , P 3 , P 4 

O O U B L E S 1 , S 2 , S 3 

O O U 3 L E E Z, EY , T A, £W, EF 

D O U 3 L E A F,AZ 

D O U B L E C l , C i , C 3 , C 4 , C 5 , X l , X 2 , X 3 , X t . , P R l , PR2 

D O U B L E E B , c D , E E , E E E 

C I M E N S I O N hi (20) ,W2(2U» ,W3 (20 ) 

D I M E N S I O N S <2C ) ,ST (20 ) , V ( 2 0 ) 

CALL B A T E M A N ( Il , E , C , 8 * 

OC 6 0 1 1 = 1 , 1 1 

Y*0 • 

O O b Z 111 = 1,11 

X 6 = - E ( I I I ) * T 8 L 

62 Y = Y f B ( I I . H X ) * £ X P (H6> 

60 C (II ) = Y'£(II;j*C ( Í ) / E C 1 1 

CALL B A T E M A N ( I 1 , E , C , B ) 

VH=1 . 

OO Q*, I J = 1 , I 1 

6-, V (I J) = V W / K ( I J ) 

OC 21 M I = 1 , 1 1 

OO 2 2 MJ = 1, Il 

I F ( M I . E Q . M J ) GC TO 22 

I F ( V ( M J ) . E Q » V (MI)) 60 TU 59 

BETA ( M I , M J ) s ( E ( M I ) ' V ( M J ) - E ( M J ) * V ( M I ) ) / ( V ( M J > - V ( M I ) ) 

BETA (MJ,HI) = B E T A ( M I , M J ) 

GO T 0 2 2 
59 B E T A ( M J , M I ) = 0 . 



22 C O N T I N U E 

21 C O N T I N U E 313 

DO 39 Ki.=l,I 1 

S ( K 4 ) = Q. 

S T ( K 4 ) = G • 

39 C O N T I N U E 

GG <tQ K S s i , I l 

IF(V K S ) * T T »GL .Z) S ( K S ) = l . 

IF(V (KSJ * t T T - T J .GE.Z) ST ( K S ) * 1 • Q 

4Q C C N T I N U E 

Pl = Û . 

Ci = Q . 

ÛC S1 1 2 * 1 , 1 1 

£G= (-E (121 * 4 T T - Z / 1 ? ( I l l ) I* ÂBSISîîiî-ST ( I D ) 

CALL E X P O ( E C E E ) 

I F ( T T . G E . K ( I 1 ) » Z ) GO TO 3G 

EF = £ Z= Q. GGG 
GO TO 31 

3G I F ( T T . G E . ( K ( I D * Z * T > ) GO TO 32 

I F ( T A , L E . K ( I 1 ) » Z ) GO TO 33 

E F = - E ( I 2 1 * (TA-Z/V (11 ) I 

E Z = - E ( I 2 ) * (TT-Z/V (ID ) 

GO TO 31 

33 E F = G í 

E Z = - E ( I 2 ) M T T - Z / V ( I D ) 

GO TO 31 

32 IF ( T A. G T . K ( I D * 2 ) GO TO 34 

EF = 2 . 

E Z = - E ( 1 2 ) * ( T T * T ) 

GO TO 31 

3i. IF ( T A. GT ,(K ( I D » Z * T ) ) GO TO 35 

EF = -E (12 >* ( T A - Z / V d l M 

E Z = - E (12 ) • CTT + T) 

GO TO 31 

3 S E F = £ Z = Q. 

31 CALL E X P Ü ( E F , E Y ) 

CALL E X P O ( E Z , E H ) 

P 1 * P 1 * B ( II .12 ) • (EY-EM)/£ (12) 

S1 C1 = C l«-8( Il . I 2 ) * E E » ( S ( I 1 ) - S T ( I D ) 

EB= ( - c (II) *Z/V ( I D ) * A 3 S ( S U D - S T ( I D ) 

CALL E X P O ( E B , E E E ) 

C l « C l » E E E * (S ( I D -ST ( I D ) 

CS=G • 

P5 = G . 

I F C I l . E Q . l l GO TO 71 

KMAXxC . 

G G S 2 1 L s l , 1 1 - 1 

G G S 3 1 H = L ,11 

D S = S ( M ) - S T (M) 

ACS= AB S ( OS) 

OC S4 1 N R = L ,11 

I F ( N R , E C «M) GO TO S4l 

CO SS1 J = 1 , L 

Hl( J) = (-BETA ( N R , W M T T - Z / V (M) ) - L ( M ) * Z / V ( M ) )»S(M) 

H2 (J ) = (-T» (E (J) - 8 E T A ( ) * , K ) ) -BETA (NR,M) » (TT-Z/V (M) )-E(M) » Z / V I M ) ) *ST 

S (M) 

K 3 ( J ) = ( - E ( J ) * ( T T - Z / V ( M ) ) - E ( M ) » Z / V ( M ) ) » A D S 

I F ( 3 E T A ( N R , M ) .EQ.O.) H l ( J ) x Q . 

IF ( B E T A ( NR ,M) . E C O . ) H2( J) =Q, 

I F ( 8 E T A ( N R ,»/).EQ.O.) W 3 ( J ) x O . 

I F ( W 1 ( J ) . G T . H M A X ) W M A X = W 1 ( J ) 

IF (W2 ( J) .GT. WMAX) WMAX = W2 (J) 



51 IF {H 3 ( J ) . G T . W M A X ) H M A X = H 3 ( J S 

1.1 C O N T I N U E 314 

31 C O N T I N U E 

21 C O N T I N U E 

IF < W M A X . G T . 6 G G . ) D I F F = W M A X - O C G . 

IF (WMA X. L T . 6 G G . ) O I F F s Û . 

OC S 2 N J = 1 , 1 1 -1 

C4=Q • 

Pi» = Q • 

G G S3 NM = N J , I 1 

C3 = Q . 

P 3 = G . 

D O S k N R = N J , U 

IF (N R. EQ .NM) GO TO 5% 
G2= G . 

P2 = G « 

DO SS N K = 1 , NJ 

PRlr 1. DO G 

G G 58 NQ = N J , I 1 - 1 

S8 P R 1 = P R 1 * E ( N Q ) *K(NQ) 

PR2 = 1 . DOC 

GG 57 N Q = N J , I l 

I F ( N Q . E Q . N R ) GO TO 57 

I F ( N Q . E Q . N M ) GO TO 57 

P R 2 = P R 2 M E (NQ) »K(NQ> • (K(NR)-K (NM) ) •£ (NM) »K (NM) » ( K ( N Q ) - K (NR) > *E(NR > 

$ » K ( N R ) » ( K ( N M ) - K ( N Q ) ) ) 

S7 C O N T I N U E 

Xl=3 (NJ, NK )*(K(NR)-K (NM) ) » » ( I l - N J - l i 

X 1 = X 1 / ÍE (NK> *K (NR)-E ( NK) *K (NM) -£ (NR) »K (NR) +E (NM) *K ( NM) ) 

Xl= ( X 1 * P R 1 )/PR2 

Sl= ( -BET A ( NR ,NM) * (TT-Z/V (NM) ) -E (NM)»Z/V (NM)) 

Ai= Í - B E I A ( N R , N M ) « C T A - Z / V (NM) ) - E (NM) *Z/V (NM) ) 

IF (TA. L T . K (NM) »ZI Al = - £ ( N M ) * Z * K ( N H ) 

S 2 = ( - T * ( E ( N K ) - B E T A ( N R . N M ) ) ) * S l 

A2= ( - T M E ( N K ) -BETA (NR,NM) ) ) + A1 

I F d A . L T . ( K (NM)*Z*T) ) -Ü2 = -T*£ ( NK)-£ ( NM ) » Z*K ( NM) 

51 = S 1 * S ( N M ) 

52 = S 2 * S T (NM Î 

S3= (-E (NK) * T T - ( E ( N M ) - E ( N K ) )*(Z/V (NM))) 

A3= (-E (NK) • ÎA - iE (NM) - E ( N K ) )» (Z/V (NM) ) ) 

I F ( T T . GL.K (NM)*¿) GO TO 8 C 

AF=A Z = G -

GO TO 81 

8G IF ( T T . Gt « ( K (NM) *Z*T) I &G T O 82 

I F ( T A . L E . K (Il)*2) 6G TO 83 

AF=A 3 

AZ = S3 

GO TO 81 

83 A F = - E ( N M ) * Z*K (NM Ï 

A 7=S 3 

GO TO 81 

82 IF( T A . GT «K (NM) *Z) GO TO 84 

A F = - E ( N M ) * Z * K ( N M ) 

AZ= - E ( NK ) * T -E (Nh >*Z*K (NM) 

GO TO 81 

84 IF(T A . G T . ( K ( N M ) * Z + T) ) GO TO 8S 

AF=A 3 

A Z = - E ( N K )*T-E (NM)*Z*K (NM) 

GO TO 81 

85 A F = A Z = G . 

81 AF = A F- G1 FF. . . . . . . 

AZ=A Z-DIFF 



At = A 1- Dl FF 

S 2 = S 2 - D I F F 

A2 = A 2 - O I F F 

S 3 = S 3 - D I F F 

CALL E X P C ( S 1 , X 3 ) 

CALL E X P G ( A 1 , Y 3 > 

I F ( 3 £ T A ( N R , N M ) . E Q . f l . ) X 3 = G . 

IFiBET A ( N R , NM) ^ E Q . O . ) ¥3=Q«, 

X 3 = X 3 * S ( K M ) 

G3= ( Y 3 - X 3 ) * ( K ( N R ) - K ( N M I )»S (NM) /(t ( N M ) í < ( N R ) - E (NR I »< (NM) ) 

CALL E X P G ( S 2 , X 2 ) 

CALL E X P G ( A 2 , Y 2 I 

IF ( 3 ET A { NR »NH) .EQ.O.) X 2= G . 

I F ( B E T A ( f\R»NM) .EQ.O.) Y2= G . 

X 2 = X 2 * S T ( N M ) 

D2= ( Y 2 - X 2 ) * ( K ( N R ) - K ( N M ) ) í ST (NM) / (E (N M > »K (NR) «E (NR ) *K(NM ) ) 

CALL E X P O ( S 3 , X < . ) 

CALL E X P O ( A F , Y i ) 

CALL E X P O ( A Z . D i ) 

Qk= (Yl-G1) /£ (NK) 

X<i=X<.* (S (NM)-ST (NM) ) 

C2 = C 2 * X 1 * ( X 3 - X 2 - X 4 ) 

P2=P2«- Xl*(Q3-Q2-D<») 

SS C O N T I N U E 

C 3 = C 3 * C 2 

P3 = P 3 * P 2 

5k COM INUL 

Ck=0k*-CZ 

Pk=Pk*P3 

S3 C O N T I N U E 

C S = C S * C 4 

PS=PS«-P4 

52 CONT INUE 

71 I F ( I l . E Q . l ) D I F F = G . 

TEQ = (t ( 1 ) » K ( 1 ) ) / ( E ( I 1 ) * K ( I 1 ) ) 

1 F ( C S . G T . T E Q ) GO TO 97 

I F ( P S . G T . T E Q ) GO TO 97 

IF ( OIF F. G T . 6 C L . ) GO TO 97 

P = C 1 * C 5 * E X P ( D I F F ) 

W = P 1 * P S * E X F (DIFF) 

I F ( P . L T . G . ) P = G . 

IF(*< . L . T .G.) H s O . 

GO TO 98 

97 P=Q. 

w = o . 

98 R E T U R N 

END 

S U B R O U T I N E BATE f.AN( 1 1 £ «C «B ) 

D I M E N S I O N E ( 2 C ) ,C(2Q) , 8 ( 2 Q , 2 G ) 

D O U B L E C , E , T E M P I , B 

DO 27 L I = 1 , I 

DO 28 LJ = 1,I 

T E M P 1 = G . 

DO 31 LM «1,L J 

T E M P 2 = 1 . 

DC 29 L R = L M , L I 

T E M P 2 = T E M P 2 » E (LR ) 

29 C O N T I N U E 

T E M P 3 * 1 . 

QQ 3 G L L * L M , L I 



I F ( L L . E Q . L J ) GO TO 3G 
TEMP 3= Tt MP 3* IE <LL>-E (LJ ) > 

3G C O N T I N U E 
TEMP 1= TE MP 1 + IC (LM) *E (11 / < C ( 1 ) » E ( L M ) > > í T E M P 2 / I E ( L I ) » T E M P 3 ) 

31 C O N T I N U E 
B ( L I , L J ) s T E M P l 

28 C O N T I N U E 
27 C O N T I N U E 

R E T U R N 
END 
S U B R O U T I N E E X P O ( X , Y > 
D O U B L E X ,Y 
IF(X . L T . - 6 . G O 2 ) GO TO SG1 
Y=DE XP (X 1 
GO T G S G 2 

Ql YsO.ODfiO 
G 2 R E T U R N 

END 
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C.4 S u b p r o g r a m P O T 3 D d a t a i n p u t d e s c r i p t i o n 

S u b p r o g r a m P 0 T 3 D p r o d u c e s a t h r e e d i m e n s i o n a l p l o t of t h e 

h y d r a u l i c h e a d d i s t r i b u t i o n u s e d in t h e s u b p r o g r a m H Y D R O . 

C a r d 1: F O R M A T ( 2 A 1 0 , 2 F 1 0 . 3 ) 

V a r i a b l e 

H 0 L L 1 (AlO) 

H 0 L L 2 (AlO) 

D e s c r i p t i o n 

H o l l e r i t h to be d i s p l a y e d in t h e g r a p h l e g e n d . 

C o n t i n u a t i o n of H 0 L L 1 . 

S U M I N (F10.3) M i n i m u m v a l u e of t h e p o t e n t i a l f u n c t i o n (in) , see 

H Y D R O p r i n t o u t . 

S U M A X (F10.3) M a x i m u m v a l u e of the p o t e n t i a l f u n c t i o n (m) , see 

H Y D R O p r i n t o u t . 



[A. 6 6 83 01 , T I N G , 0 
3 U T 6 2 0 0 C 1 3 . 3 1 . 3 1 10 S E P 81 V I A C R 0 2 318 
E 
r, INPUT /RR» C U T P U T / R R . 
P O S E , 0 J T P U T = P R , P A « 1 F . 

GRAM U C 8 N E 2 1 ( S U B P R O G R A M P O T 3D) 
IEL K . S , T I N G 

A R T M E N T OF N U C L E A R E N G I N E E R I N G 
V E F S I T Y OF C A L I F O R N I A , B E R K E L E Y 
KELE t.CA. , 94 7 2 0 

C O N T R O L C A R D S L I S T I N G 

B C A R C 1 
S S H C R D ] 
ERPR 
4 . 
C M P S , I D O S , U L I B , U L I E X . 
C H P S , G P A C 8 N 7 . G P A C , V A 8 N . 
T A P E , TAPE 11 = / T I N G / J / A C 2 / R U S T L E 3, 3 7 4 8 3 . 
K , F = L G 3 , F = G F A C , P = U L I 8 , X . 
P H I C , F N = F I L M , F T s V A . 
T . 
P.O. 
MP . 

P R O G R A M L ISTING •* 

P R O G R A M POT 3 D ( I N P U T , O U T P U T , T A P E 5 = I N P U T , T A P E 6 = 0UT P U T , T A P E 1 1 , F I L M ) 
COMMON/IGSZ22/ZMCOE(2 00) 
D I M E N S I O N VEX (1) ,V£ Y ( 1 ) ,P L OT U 0) 
C O M M O N / A N A M E / X N A M E ( 5 0 ) , Y N A ME(5 C) » TNA M L ( 1 0 0 ) , Z N A M E ( 5 0) 
DIME NS ION XWORK (100) » Y M O R K ( 10 0)» ARRW ORK (10 0 , 10 0) 
R E A D ( 5 , 1 0 0 ) H O L L l , H O L L 2 , S U M I N . S U M A X 

CO FORMAT (2 Al 0 , 2F10 » 3) 
M A P E= 11 
READ ( N T A P E , 1 1 2 ) X M I N , X M A X , Y M I N , Y M A > , D E L , N X , N Y , N T E T A 

12 F O R M A T (IX, 5 E 9 . 2 , 3 1 5 ) 
00 10 L X = 1 , N X 
DO 11 L Y = i , N Y 
READ ( N T A P E , 1 1 1 ) A R R W O R K (LX, L Y ) 

11 FORMAT ( 1 X , E 1 3 . 5 ) 
11 C O N T I N U E 
10 C O N T I N U E 

IF ({ X M A X - X M IN) .GT . ( Y M A X - Y M IN ) > GO TO 43 
A3 = 3 0. 
A2 =A 4 = 2 0 . 
Al= ( (XMAX-XM IN ) * (A3-A4) ) /( YMA X - Y M I N ) *A2 
GO T O 4 4 

43 Al = 3 0. 
A2 = Ah= 2C . 
A3=( (YMA X- YMIN >• (A1-A2I )/( X M A X - X M I N ) *A<. 

4h D I V X = ( X M A X - X M l N ) / 5 . 
C I V Y = ( Y M A X - Y M I N ) / 5 . 
D I V Z = ( S U M A X - S U M l N ) / 5 . 
r a t ! m nn F'a t rnnrF .A . n i 



CALL B E G I N 3 (PLOT) 
PLOT (1 U X M I N 
PLOT (2 )= XMAX 
PLOT (3 )= THIN 
PLOT (o ) = YMAX 
PLOT ( 5 U S U M I N 
PLOT (6 ) = S U H A X 
PLOT < 7 ) = 9 Q . 
PLOT (3 1*1. 
PLOT (19) « 1 . 
P L O T ( 2 6 ) = 2 * 6 
PLOT (2 7) =io0 
CALL S U 6 U 3 D ( Z M O D E , P L O T I 
CALL 0 B J C T G ( Z M 0 C E , A 2 , A<.,Ai,A3> 
CALL GRI 03 0 ( Z M G C E , P L O T , Q I \ , X , D I VY, D I V Z ) 
CALL S E T S M G ( Z M G 0 E , 4 5 , 1 . 2 ) 
CALL L A B L 3 D (ZMODE .PLOT, 1, Ol V X , 2 , 9. 2) 
CALL L A 8 L 3 D ( Z M O D E , P L 0 T , 2 , D I V Y , 2 » 9 . 2 ) 
CALL L A 8 L 3 0 ( Z M C 0 E , P L 0 T , 3 , 0 I V Z , 2 , 9 . 2 ) 
E N C O D E ( 5 0, 1 0 0 C , X N A M E ) 

JOG FORMAT (* X - C O O R D I N A T E ( M E T E R S ) t ) 
E N C D O E ( 5 0 . 1 0 0 1 .YNAME) 

301 FORMAT I t Y - C O O R C I N A T E ( M E T E R S ) ? ) 
E N C O D E (5 0. 1 Q 0 4 . Z N A M E ) 

304 FCRM AT I t H Y D R A U L I C P O T E N T I A L ( M E T E R S ) / ) 
E N C O D E ( 100 , 100 6.T NAME ) HOL L I , HOLL 2 

306 FORMAT It P O T E N T IOMc T R I C S U R F A C E IN THE A Q U I F E R - * , A 1 G , A 1 C ) 
CALL T I T L 3 D ( Z M O D E , P L O T , 5 0,XNA ME , 5 0 ,YNA M E , 5 0 , Z N A M E , 1 0 0 , T N A ME) 
00 54 K l = l , N X 
X W O R M K 1 } = X M I N * (Kl-1) * 0 E L 

54 C O N T I N U E 
DO 55 K 2 = 1 , N Y 
YWORK(K2 ) = Y M I N - K K 2 - 1 ) *OEL 

55 C O N T I N U E 
CALL S U R F C E ( Z M O C E , P L O T , X W O R K , Y K O R K , A R R W 0 R K , 1 0 0 , N X , N Y , Q ) 
CALL E X I T G ( Z M O D E ) 
S T O P 
END 
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D . 1 - D e t e r m i n a t i o n of t h e c o n t a m i n a t i o n t i m e i n t e r v a l 9, for 

0 
the s e c o n d m e m b e r w h e n 5*0 (Table 3 . 7 ) . 

T h e s o l u t i o n for t h e c o n c e n t r a t i o n of t h e s e c o n d m e m b e r is 

e x p r e s s e d b y E q . 3 . 4 . 8 . T h e c o n t a m i n a t i o n t i m e i n t e r v a l is d e f i n e d 

as t h e t i m e i n t e r v a l in w h i c h t h e c o n c e n t r a t i o n is n o n z e r o at a 

f i x e d p o s i t i o n . T h e f i r s t t e r m on t h e r i g h t h a n d s i d e of E q . 3 . 4 . 3 

is n o n z e r o in the t i m e i n t e r v a l ( z / v + T - z / v . > = T ) b e c a u s e t h e 

f u n c t i o n S (v2t?V2 (t~T)) is n o n z e r o in t h i s i n t e r v a l . L i k e w i s e , t h e 

s e c o n d t e r m is n o n z e r o in t h e i n t e r v a l ( z / v ^ ~ z / v 7 ) if v^< or 

( z A A - z / v A ) if v A > v .When the two t e r m s are a d d e d the r e s u l t a n t 

c o n c e n t r a t i o n is n o n z e r o in t h e s u p e r p o s i t i o n of t h e a b o v e t i r e 

i n t e r v a l s w h e n e a c h i n d i v i d u a l t e r m is n o n z e r o . T h e d i f f e r e n t 

c o n f i m i r a t i o n s r e s u l t i n g f r o m t h e s u p e r p o s i t i o n a r e s h o w n in t h e 

f o i l l o w i n a d i a g r a m s 

N, = 0 = 0 
e = z/ v 2 + T ~ z / v 1 

Z / V- z/v? + T 

W i e n v,<V- t w o p o s s i b i l i t i e s a r i s e 
1 2 

N =0 m = n 
z/v 2 + T < . z / v 1 : ^ " ' H ' l / y i - i / y 

z / V o z / v 2 + T z/v 

A p p e n d i x D - D e r i v a t i o n of T h e C o n t a m i n a t i o n T i m e I n t e r v a l 

and the C o n t a m i n a t e d R e a i o n for t h e S e c o n d and T h i r d M e m b e r 

N u c l i d e s w h e n N 0 ^N„ 5*0. 



3 2 1 

No = 0 
z/v 0 + T > z / v . 

z/v. z/v* Z/V? + T 

A b o v e r e s u l t s a r e s u m m a r i z e d in T a b l e 3 . 7 . 

D . 2 — D e t e r m i n a t i o n of t h e c o n t a m i n a t e d r e g i o n R 0 for t h e 

s e c o n d m e m b e r w h e n N . *0 (Table 3 . 7 ) . 

T h e c o n t a m i n a t e d r e g i o n is d e f i n e d as t h e r e g i o n in w h i c h 

the c o n c e n t r a t i o n is n o n z e r o at a f i x e d t i m e t . T h e f i r s t t e r m in 

E g . 3 . 4 . 8 is n o n z e r o at a f i x e d t i m e t in t h e r e g i o n d e f i n e d by 

( v 2 t - v 2 ( t - T ) = v 2 T ) b e c a u s e t h e f u n c t i o n S ( v , t ; v 2 ( t - T ) ) is n o n z e r o 

in t h i s r e g i o n . T h e s e c o n d t e r m is n o n z e r o in t h e r e g i o n ( v 0 t -

v * t ) if v , > v * o r (v*t-v t) if v i > v 2 , b e c a u s e t h e f u n c t i o n 

S (v-*t; v 2 t ) is n o n z e r o in t h i s i n t e r v a l s . B y a d d i n g t h e t w o 

t e r m s , t h e r e s u l t a n t c o n c e n t r a t i o n w i l l be n o n z e r o in t h e 

s u p e r i m p o s e d r e g i o n of t h e t w o i n d i v i d u a l n o n z e r o r e g i o n s . T h e 

d i f f e r e n t p o s s i b i l i t i e s a r e s h o w n in t h e f o l l o w i n g d i a g r a m s 

N =0 
V V 2 

v 2 (t-T) V * t V i t . 

9 
2 l 2 

W h e n v*< v_* t w o d i f f e r e n t p o s s i b i l i t i e s a r i s e 

N • = 0 N 2 # 0 

( t - T ) > v i t 2 ' R * = v 2 t - v i t 
v x t V? ( t - T ) v,1 

v 



3 2 2 

v , ( t - T k v t 
v, t 

T h e s e r e s u l t s a r e s u m m a r i z e d in T a b l e 3 „ 7 . 

D . 3 - D e t e r m i n a t i o n of t h e c o n t a m i n a t i o n t i m e i n t e r v a l for 

0 
the t h i r d m e m b e r w h e n #0 (Table 3 . 1 0 ) . 

T h e s o l u t i o n for the c o n c e n t r a t i o n o { t h e t h i r d m e m b e r is 

e x p r e s s e d by E q . 3 . 5 . 1 5 . O n e c a n d i s t i n g u i s h t w o t e r n s : t h e f i r s t 

t e r m w h i c h r e p r e s e n t s t h e c o n t r i b u t i o n of t h e t h i r d m e m b e r 

n u c l i d e s i n i t i a l l y p r e s e n t at t h e r e p o s i t o r y and t h e s e c o n d t e r m 

( b r a c k l e t e d t e r m ) w h i c h r e p r e s e n t s the c o n t r i b u t i o n f r o m t h e 

d e c a y of t h e p r e c u r s o r s . A t a f i x e d p o s i t i o n , t h e f i r s t t e r m is n o n 

z e r o in t h e t i m e i n t e r v a l ( z / v ^ + T - z / v =T) b e c a u s e t h e f u n c t i o n 

S(v t ; v ^ ( t - T ) ) is n o n z e r o in t h i s i n t e r v a l . T h e s e c o n d t e r m is 

n o n z e r o in the t i m e i n t e r v a l (z,/v -z /v_) w h e r e v is t h e s l o w e s t 

n u c l i d e v e l o c i t y and v * is t h e f a s t e s t n u c l i d e v e l o c i t y . T h i s is 

b e c a u s e at l e a s t t w o of t h e f u n c t i o n s S ( v l t ? v . t ) a r e n o n z e r o in 
t h i s i n t e r v a l (see T a b l e 3 . 8 ) . W h e n t h e t w o t e r m s a r e a d d e d , t h e 

r e s u l t a n t c o n c e n t r a t i o n w i l l be n o n z e r o in t h e s u n e r i n n o s e d 

i n t e r v a l of the i n d i v i d u a l n o n z e r o t i m e d o m a i n s . T h e f o l l o w i n g 

d i a g r a m s s h o w t h e d i f f e r e n t p o s s i b i l i t i e s for t h e c o n t a m i n a t i o n 

t i m e i n t e r v a l d e p e n d i n g on the r e l a t i v e m a g n i t u d e of t h e n u c l i d e 

v e l o c i t i e s . 

s f s 



1 ) - W h e n t h e t h i r d m e m b e r is t h e s l c w e s t n u c l i d e , i . e . v = v t 

(case l : v 1 > v 2 > v and c a s e 6 : v

2 >
v i > V 3 i n T a b l e 3.3) 

N = 0 
3 

N , * 0 

• . - * 1 

z / v , z/v z/v-, 
f n 3 

•-=- -- - " — » : 9 = z / v + T - z / v 
z/v + T 

3 

2 ) - W h e n the t h i r d m e m b e r h a s t h e i n t e r m e d i a t e v e l o c i t y , i . e 

v =v (case 3:v*>v >v and c a s e 4:v >v >v in T a b l e 3.5) 
3 m 1 3 2 - - ¿ 3 1 

3 £ 

N 3 = 0 N 3 = 0 

z / v , + T > z / v : 9 3 = z / v 3 + T - z / v 

z / v , z/v_ z/v z / v _ + T 
r 3 s 3 

N 3 = 0 N - * 0 N =0 

z/v 3 + T < z / v s , _3._*: 93 = z / v s - z / v f 
z / v z / v z / v 0 + T z/v 

3)-When the third m e m b e r is the fastest n u c l i d e , i . e . v*=v 

(case 2:v 3>v 2>v-* and case 5 : v 3 > v ] > v ? * n T a b l e 3.8) 

N 3 = 0 N 3 = 0 

z / v 7 + T > z / v 

z/v-. z/v z/v z / v , + T 
nt 

N 3 = 0 N * O N 3 = 0 

z / v 3 + T < z / v t *- : e = z / v s - z / v 3 

z/v, z/v z/v-.+T z/v 
m 

A b o v e r e s u l t s a r e s u m m a r i z e d in T a b l e 3 . 1 0 . 
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D . 4 - D e t e r m i n a t i o n of t h e c o n t a m i n a t e d r e g i o n R 3 for t h e 

t h i r d m e m b e r w h e n N * * V o (Table 3.10) . 

L e t us consider a o a i n t h e c o n c e n t r a t i o n d i s t r i b u t i o n for 

the t h i r d m e m b e r , a s b e i n a t h e s u p e r p o s i t i o n of t w o t e r m s as 

d i s c u s s e d in D . 3 . A t a f i x e d t i m e , t h e f i r s t t e r m is n o n z e r o in 

the r e a i o n d e f i n e d by (v 3 t - v ( t - T ) = v * T ) b d c a u s e t h e f u n c t i o n 

S ( v * t ; v 3 ( t - T ) ) is n o n z e r o in t h i s r e g i o n . T h e s e c o n d t e r m is n o n 

z e r o at a f i x e d t i m e in t h e r e g i o n (v t-v t) w h e r e , a g a i n , v 

s t a n d s for t h e s l o w e s t n u c l i d e v e l o c i t y and vf s t a n d s for the 

f a s t e s t n u c l i d e v e l o c i t y . T h i s is b e c a u s e at l e a s t t w o of t h e 

f u n c t i o n s $ ( v * t ; v . . t ) are n o n z e r o in t h i s r e g i o n (see T a b l e 

3 . 8 ) . W h e n t h e t w o t e r m s a r e a d d e d , t h e r e s u l t a n t c o n c e n t r a t i o n 

w a l l be n o n z e r o in t h e r e g i o n of t h e s u p e r p o s i t i o n of t h e t w o 

i n d i v i d u a l n o n z e r o c o n c e n t r a t i o n r e g i o n s of e a c h i n d i v i d u a l 

t e r m . T h e f o l l o w i n g d i a g r a m s s h o w t h e d i f f e r e n t p o s s i b i l i t i e s for 

the c o n t a m i n a t e d r e g i o n d e p e n d i n n on t h e r e l a t i v e m a a n i t u d e s of 

the n u c l i d e v e l o c i t i e s . 

1 ) - W h e n the t h i r d m e m b e r is t h e s l o w e s t n u c l i d e , i . e . v =v 
3 s 

(case l : v , > v - > v and c a s e 6 :v > v , > v in T a b l e 3.3) 
1 2 3 2 1 I 

N =0 N ~ 0 
3 A A z R _ = v , t - V , (t-T) 

v 3 (t-T) v 3 t v * t v f t 3 r S 

2)-When t h e t h i r d m e m b e r h a s t h e i n t e r m e d i a t e v e l o c i t y , i . e . 

v 3 = v m (case 3 : v ^ > v 3 > v 2 and c a s e 4 : v s > v 3 > v ^ in T a b l e 3.8) 
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v , ( t - T ) > v t 
3 s V t V - ( t -

E 3 

Z R - = V _ t - V _ t 
3 f S 

v 3 ( t - T ) < v s t _3_ 
N = 0 

3 z R 3 = v f t - v 3 ( t - T ) 
v 3 ( t - T ) v o t v 3 t v f t 

N , = 0 N , = 0 

3 ) - W h e n t h e t h i r d m e m b e r is t h e f a s t e s t n u c l i d e , i . e . 

(case 2 : v 3 v 2 and c a s e 5 : v 3 v, in T a b l e 3.8) 

v 3 ( t - T ) > v t 
N , = 0 

3 
N , = 0 

3 

v t v - ( t - T ) v t V t s 3 m 3 

z R _ = v _ r t - v t 3 J s 

v 3 ( t - T ) < v t 
(t-T) v t V t V I „t 

V 3 I 3 1 s m 1 

z R = v '? 
3 3 

3 f 

N 
3 

N . * O N , = 0 

A b o v e r e s u l t s are s u m m a r i z e d in T a b l e 3 . 1 0 . 
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