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ABSTRACT

The g o a l  o f  t h i s  r e s e a r c h  was t o  f u r t h e r  t h e  

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

m o b i 1 i t y  i n b r i n e s . To a c h i  e ve  t h i s , t h e  e f f e c t  o f  i o n i c  

s t r e n g t h  on t h e  a c t i v i t i e s  o f  c a r b o n a t e ,  T h ( I V ) ,  and  U ( IV )  

a q u o - s p e c  i es was i n v e s t i g a t e d  b o t h  e m p i r i c a l l y  and  

t h e o r e t i c a l l y  u s i n g  t h e  P i t z e r  i o n - i n t e r a c t  i on model t o  

com pute  io n  a c t i v i t y  c o e f f i c i e n t s .

The s o l u b i l i t y  o f  n e s q u e h o n i t e  (MgCOg + SH^O) in  NaC 1 

b r i n e s  b e tw e e n  15 and  3 5 ° C  was m eas u red  t o  e v a l u a t e  t h e  

Mg-HCOg and  Mg-COg P i t z e r  i o n - i n t e r a c t i o n  p a r a m e t e r s .  The  

P i t z e r —computed lo g  in  NaC1 b r i n e s ,  o v e r  an i o n i c

s t r e n g t h  r a n g e  o f  0 . 4  t o  5 . 5  m o l a l , e q u a l e d  - 5 . 5 8 ± 0 . 0 3  a t  

2 5 ° C .  From t h e  m e a s u re d  s o l u b i l i t y  o f  n e s q u e h o n i t e  in  p u r e  

w a t e r  a t  2 5 ° C ,  and  u s i n g  an  io n  a s s o c i a t i o n  model a p p r o a c h  

t o  com pute  io n  a c t i v i t i e s ,  log  Ksp e q u a l e d  - 5 . 4 4 .  T h i s  

com pares  w i t h  lo g  = —5.53 computed w i t h  t h e  same

a p p r o a c h  f r o m  n e s q u e h o n i t e  s o l u b i l i t y  m easurem ents  r e p o r t e d  

by Langmui r  ( 1 9 6 5 ) .

Based upon t h e s e  r e s u l t s ,  and  r e c e n t  p u b l i s h e d  

e v a l u a t i o n s  o f  P i t z e r  p a r a m e t e r s , a s e t  o f  such p a r a m e t e r s  

was a d a p t e d  f o r  i o n —i n t e r a c t i o n  m o d e l i n g  o f  m i n e r a l  

s a t u r a t i o n  in  b r i n e s  f r o m  t h e  P a l o  Duro  b a s i n ,  T e x a s . 

S e v e n t e e n  b r i n e s  w e r e  c o l l e c t e d  f o r  m o d e l i n g .  The

i i i
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a l k a l i n e - e a r t h  s u l f a t e  m i n e r a l s ,  gypsum, ce  1 e s t  i t e  and  

b a r i t e  w e r e  a t  o r  n e a r  s a t u r a t i o n  in  a l l  t h e  b r i n e s .

Radium s u l f a t e  (RaSO^)  was u n d e r s a t u r a t e d .  Radium  

c o n c e n t r a t i o n s  may be l i m i t e d  by  i n c o r p o r a t i o n  i n t o  a s o l i d  

s o l u t i o n  w i t h  b a r i t e  (B a S O ^ ) .  To model c a r b o n a t e  m i n e r a l  

s a t u r a t i o n  and  l a c k i n g  a l k a l i n i t y  d a t a ,  i t  was n e c e s s a r y  t o  

assume c a l c i t e  s a t u r a t i o n .  W i t h  t h i s  a s s u m p t i o n ,  d o l o m i t e  

was t h e  o n l y  o t h e r  c a r b o n a t e  a t  s a t u r a t i o n  in  t h e  P a l o  Duro  

b r i n e s .  A n e a r - c o n s t a n t  d e g r e e  o f  u n d e r s a t u r a t i o n  o f  

s t r o n t i a n i t e  (SrCO^)  may i n d i c a t e  s o l i d  s o l u t i o n  o f  S r 2+ in  

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

m i n e r a l s ,  b u t  n o t  c a r b o n a t e s ,  l i m i t  maximum c o n c e n t r a t i o n s  

o f  r a d i o n u c l i d e s  such as  ^ S r  and  Ra in  t h e  P a l o  Duro  

b r  i n e s .

I n  t h e  second p a r t  o f  t h e  s t u d y  t h e  s o l u b i l i t y  o f  ThO^ 

was m e a s u re d  in  NaC1 b r i n e s  a t  3 5 ° C .  The e x p e r i m e n t a l  

r e s u l t s  l e d  t o  lo g  K = - 9 . 5 8 ± 0 . 4  f o r  t h e  r e a c t i o n

T h 02 + 2 H20  = T h (O H ) 4°

In  io n  i n t e r a c t i o n  c a l c u l a t i o n s  o f  u r a n iu m  s p e c i e s  

a c t i v i t i e s ,  T h 4 + , L a 3 + , Ba2+ an d  Cs+ i n t e r a c t i o n  p a r a m e t e r s  

w e r e  used  t o  model t h e  a c t i v i t i e s  o f  t h e  U ( IV )  h y d r o x i d e  

c o m p le x e s  o f  t h e  same c h a r g e .  I o n - i n t e r a c t i o n  m o d e l i n g  o f  

f o u r  P a l o  D u ro  b r i n e s  showed n e a r  s a t u r a t i o n  w i t h  r e s p e c t  t o

i  v
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c r y s t a l l i n e  ThO^ in  t h e  Sawyer  w e l l ,  z o n e  4 ,  M a n s f i e l d  

z o n e  1 and Sawyer  w e l l ,  zo n e  5 .  ThO^ was somewhat  

u n d e r s a t u r a t e d  in  t h e  M a n s f i e l d  w e l l ,  z o n e  2 .  U ran iu m  

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

c r y s t a l l i n e  UO^ in  a l l  f o u r  b r i n e s .  T h i s  r e s u l t  may 

i n d i c a t e  t h a t  u r a n iu m  i s  p r e s e n t  in  t h e  o x i d i z e d  U ( V I ) 

as u r a n y 1- c a r b o n a t e  c o m p le x e s .

w e l l .

t o

s t a t e

v
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INTRODUCTION

The d e v e lo p m e n t  o f  n u c l e a r  power has b r o u g h t  many 

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

h i g h - l e v e l  r a d i o a c t i v e  w a s t e s .  The n u c l e a r  power i n d u s t r y  

t h u s  needs  an a c c e p t a b l e  means f o r  d i s p o s a l  o f  such w a s t e s .

A m a j o r  d i f f i c u l t y  l i e s  in  t h e  h a z a r d o u s  n a t u r e  o f  t h e s e  

m a t e r i a  1 s wh î ch c o n t a  in  h i g h 1 y r a d i o a c t i  ve  e le m e n t s  as we 11 
as  l o n g - l i v e d  r a d i o n u c l i d e s .  A p o s s i b l e  s o l u t i o n  i s  t o  

i s o l a t e  t h e  w a s t e s  in  d e e p ,  g e o l o g i c a l l y  s i t u a t e d  

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

and  human c o n t a c t . The N u c l e a r  Waste  P o l i c y  A c t  o f  1982 

r e q u i r e s  t h e  D e p a r t m e n t  o f  E n e r g y  t o  ' s e l e c t  and  

c h a r a c t e r i z e  t h e  c a n d i d a t e  s i t e s  s e l e c t e d  f o r  t h e  

c o n s t r u c t i o n  and  o p e r a t i o n  o f  a  g e o l o g i c a l  r e p o s i t o r y  f o r  

t h e  d i s p o s a l  o f  h i g h  l e v e l  n u c l e a r  w a s t e s ' .  DOE i s  f u r t h e r  

c h a r g e d  in  10 CFR 6 0 . 1 1 3  t o  a s s u r e  " s u b s t a n t i a l l y  c o m p l e t e  

c o n t a i n m e n t  ( o f  w a s t e s )  w i t h i n  t h e  w a s t e  p a c k a g e  o f  300  t o  

1000 y e a r s  and  c o n t r o l l e d  r e l e a s e  r a t e s  f r o m  t h e  e n g i n e e r e d  

b a r r i e r  s y s te m  f o r  10,000 y e a r s  o r  one p a r t  i n  10^ y e a r  o f  

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

100 y e a r s  a f t e r  p e r m a n t  c l o s u r e . "  U n t i l  r e c e n t l y  ( December  

1987)  t h r e e  g e o l o g i c  l o c a l e s  w e re  u n d e r  c o n s i d e r a t i o n  by t h e  

D e p a r t m e n t  o f  E n e r g y  f o r  a w a s t e  r e p o s i t o r y .  These
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i n c l u d e d :  t h e  b a s a l t s  o f  e a s t e r n  W a s h in g to n  s t a t e ;  t u f f s

w i t h i n  t h e  Nevada t e s t  s i t e ;  and  bedded s a l t  f o r m a t i o n s  o f  

t h e  P a l o  Duro  b a s i n  in  t h e  T ex as  p a n h a n d l e .  T h i s  s t u d y  i s  

d i r e c t e d  t o w a r d s  t h e  bed ded  s a l t s  o f  t h e  P a l o  Duro  b a s i n .  

P r e s e n t l y  o n l y  t h e  Nevada t e s t  s i t e  i s  u n d e r  c o n s i d e r a t i o n  

as  t h e  p r i m a r y  r e p o s i t o r y  s i t e .  The bedded s a l t s  may be  

r e c o n s i d e r e d  s h o u ld  t h e  Nevada t e s t  s i t e  p r o v e  t o  be e i t h e r  

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

To s a f e l y  d i s p o s e  o f  r a d i o a c t i v e  w a s t e s  in  deep  

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

co n s e q u e n c e s  must  be f u l l y  u n d e r s t o o d .  One o f  t h e  most  

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

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

s i t e s  and  t h e i r  p r o p o s e d  w a s t e s . I f  a b r e a c h  o f  t h e  w a s t e  

p a c k a g e  s h o u ld  o c c u r ,  i t  i s  t h e s e  g ro u n d  w a t e r s  t h a t  w o u ld  

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

e n v i r o n m e n t s .  A g o a l  o f  t h i s  r e s e a r c h  was t o  o b t a i n  

i n f o r m a t i o n  on t h e  P a l o  D u ro  b r i n e s ,  r e l a t e d  t o  t h e i r  

c h e m ic a l  p r o p e r t i e s  w h ic h  m ig h t  i n f l u e n c e  t h e  t r a n s p o r t  o f  

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

c a r b o n a t e  sy s te m  was s t u d i e d ,  in  t h a t  u r a n y 1 c a r b o n a t e  

comp 1 e x i n g  can  g r e a t l y  i n c r e a s e  t h e  s o l u b i l i t y  and m o b i l i t y  

o f  r a d i o a c t i v e  u r a n iu m  f r o m  UO^ d i s s o l u t i o n .
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THERMODYNAMICS AND CHEMICAL MODELING 

OF GROUNDWATERS

A s t a n d a r d  a p p r o a c h  in  aqueous  g e o c h e m i s t r y  i s  t o  a p p l y  

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

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

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

m i n e r a l s  a r e  u s e d ,  o r  t h e  G ib b s  f r e e  e n e r g y ,  e n t h a l p y ,  and  

e n t r o p y  a r e  em p lo yed  t o  compute t h e s e  m i n e r a l  s o l u b i l i t i e s  

as a f u n c t i o n  o f  t e m p e r a t u r e .  T h i s  a p p r o a c h  t h e n  computes  

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

r e s p e c t  t o  t h e  m i n e r a l  p h a ses  w i t h  w h ic h  i t  i s  in  c o n t a c t .  

The m i n e r a 1 s a t u r a t i o n  c a l c u l â t ion  i s  f a c i 1 i t a t e d  by  

c o m p u te r  m ode ls  w h ic h  r a p i d l y  s o l v e  t h e  e q u i l i b r i a  i n v o l v e d .  

T h e r e  a r e  numerous such c h e m ic a l  e q u i l i b r i u m  m odels  

a v a i l a b l e  ( c f .  N o r d s t r o m  and B a l l ,  1 9 8 4 ) .

I n  most  o f  t h e s e  m ode ls  a c t i v i t y  c o e f f i c e n t s  ( y )  f o r  

i o n i c  s p e c i e s  a r e  com puted  u s i n g  t h e  D e b y e - H u c k e 1 o r  D a v i e s  

e q u a t i o n s  ( N o r d s t r o m  and  Munoz,  1 9 8 6 ) .  These  a p p r o a c h e s  a r e  

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

s t r e n g t h s  w e l l  b e lo w  t h a t  o f  s e a w a t e r  ( I  = 0 . 7 m ) .  A m a j o r  

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

c a 1c u 1a t i o n s  in  w a t e r s  o f  h i gh sa 1 i n i t y  i s  in  o b t a i n i n g  

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



T - 3 2 3 2 4

DETERMINATION OF A C T IV IT Y  COEFFIC IENTS

As p r e v i o u s l y  s t a t e d ,  t o  a p p l y  an  e q u i l i b r i u m  c o n s t a n t  

t o  a r e a l  s o l u t i o n ,  t o t a l  m easured  c o n c e n t r a t i o n s  o f  

c h e m ic a l  s p e c i e s  must  be c o n v e r t e d  t o  a c t i v i t i e s  t h r o u g h  t h e  

use o f  a c t i v i t y  c o e f f i c i e n t s .  Much w ork  has been done t o  

o b t a i n  e x p r e s s i o n s  w h ic h  r e l a t e  y v a l u e s  t o  t h e  

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

f i r s t  a p p r o a c h , p r o p o s e d  in  1922 by B r o n s t e d ,  s t a t e s  t h a t  

f o r  a 1:1 e l e c t r o l y t e  t h e  a c t i v i t y  c o e f f i c i e n t  can be  

e x p r e s s e d  as

1 n y = —3 am*^^ — 2 f$m ( 1 )

w h e re  a depends  on t h e  c h a r g e  o f  t h e  io n  and  t h e  n a t u r e  o f  

t h e  s o l v e n t  w h i l e  B i s  s p e c i f i c  t o  each  e l e c t r o l y t e  ( c f .  

P i t z e r ,  1 9 7 9 ) .  T h i s  model was f o l l o w e d  by  t h e  more e l e g a n t  

and  g e n e r a l  model o f  Debye and  HOckel ( 1 9 2 3 )  w h ic h  i s  s t i l l  

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

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

r a n g e  e l e c t r o s t a t i c  i n t e r a c t i o n s  b e tw e e n  i o n s ,  i s  most  

u s e f u l  in  t h e  f o r m  o f  t h e  e x t e n d e d  D e b ye -H O cke l  e q u a t i o n
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l o g  y

1+ B a ( I ) 1/2 ( 2 )

w h ere  A and  B a r e  c o n s t a n t s  w h ic h  a r e  a f u n c t i o n  o f  

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

c h a r g e  on t h e  i o n ,  a i s  t h e  h y d r a t e d  io n  s i z e  p a r a m e t e r  in  

A n gstro m s and I i s  t h e  m o la l  o r  m o l a r  i o n i c  s t r e n g t h .  The  

v a l u e s  o f  A and  B d i f f e r  i f  m o la l  o r  m o l a r  u n i t s  a r e  u s e d .  

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

o f  io n s  in  s o l u t i o n s  o f  low i o n i c  s t r e n g t h  ( I  < 0 . 1 m ) .  

H o w e v e r ,  a t  m o d e r a t e  t o  h i g h  i o n i c  s t r e n g h  ( I  > 0 . 5 m ) ,  

m easured  v a l u e s  o f  y b e g i n  t o  i n c r e a s e ,  w h e re a s  D e b ye -H O cke l  

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

s t r e n g t h  i n c r e a s e s .  S e v e r a l  m odels  add  p o s i t i v e  t e r m s  t o  

t h e  D e b ye -H O cke l  e q u a t i o n  t o  i n c r e a s e  p r e d i c t e d  y v a l u e s .

The most  f a m i l i a r  o f  t h e s e  i s  t h e  D a v i e s  e q u a t i o n  ( c f .  

N o r d s t r o m  and M unoz, 1986)

w h ic h  i s  a c c u r a t e  t o  a p p r o x i m a t e l y  I = 0 . 5  f o r  1:1 

e l e c t r o l y t e s .  Guggenheim ( c f .  P i t z e r ,  1979)  used p r i n c i p l e s  

f r o m  B r o n s t e d  and  Debye and  HOckel t o  d e v e l o p  h i s  e q u a t i o n :

( 3 )
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1 n y = -A  z 2 d )l/2 + ( 2v + v _ )  (26 )m

l + ( I )1/2 v+ v _ ( 4 )

w h e re  6 î s  an io n  i n t e r a c t i o n  c o n s t a n t ,  v + i s t h e  number o f  

c a t i o n s  and  v_ t h e  number a n i o n s  in  t h e  n e u t r a l  s a l t ,  and  

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

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

c o u p l e d  w i t h  t h e  mean s a l t  m ethod p r o p o s e d  by  T r u e s d e l 1 and  

Jones  ( 1 9 7 4 )  has been  s u c c e s s f u l  f o r  s i n g l e  e l e c t o l y t e  

so 1 u t io n s  up t o  I = 6m. T h e i r  e q u a t i  on i s :

lo g  y = - A z 2 ( I ) 1Z2 + b l

1 + B a ( I)1/2 ( 5 )

w h e re  a  and  b a r e  c o n s t a n t s  f o r  i n d i v i d u a l  i o n s .  T h i s  

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

A r e c e n t  c o m p r e h e n s iv e  a p p r o a c h  t o  c o m p le x ,  h i g h  i o n i c  

s t r e n g t h  s o l u t i o n s  has been  d e v e l o p e d  by  K e n n e th  P i t z e r  and  

h i s  c o l l e a g u e s ,  and  i s  common 1 y  c a l l e d  t h e  i o n - i n t e r a c t i o n  

a p p r o a c h  ( c f .  P i t z e r ,  1 9 7 7 ) .  T h i s  s e m i - e m p i r i c a l  model was 

d e v e l o p e d  in  p a r t  f r o m  s t a t i s t i c a l  m e c h a n ic s ,  w h ic h  i s  used  

t o  o b t a i n  th e r m o d y n a m ic  f u n c t i o n s  f ro m  t h e  r e l a t i o n s h i p  

b e tw e e n  i n t e r - i o n i c  p o t e n t i a l s  and  r a d i a l  d i s t r i b u t i o n
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f u n c t i o n s  ( P i t z e r ,  1 9 7 3 ) .  The a p p p r o a c h  a c c o u n t s  f o r  

l o n g - r a n g e  e l e c t r o s t a t i c  e f f e c t s ,  as  i n  t h e  D e b ye -H O cke l  

e q u a t i o n ,  b u t  a l s o  f o r  s h o r t - r a n g e  i n t e r a c t i o n s  b e tw e e n  io n s  

t h a t  o n l y  o c c u r  in  c o n c e n t r a t e d  s o l u t i o n s .  The se  i n c l u d e  

r e p u I s i v e  f o r c e s  b e tw e e n  tw o  io n s  o f  l i k e  s ign  and  

i n t e r a c t i o n s  w h ic h  i n v o l v e  t h r e e  i o n s ,  w h ic h  w ere  i g n o r e d  in  

p r e v i o u s  a p p r o a c h e s .  The g e n e r a l  f o r m  o f  P i t z e r  e q u a t i o n s  

f o r  c a l c u l a t i n g  a c t i v i t y  c o e f f i  c e n t s  i s  g i v e n  in  A p p e n d ix  I .  

The P i t z e r  e q u a t i o n s  a r e  t h e o r e t i c a l l y  c a p a b l e  o f  m o d e l l i n g  

com p lex  e l e c t o l y t e  m i x t u r e s  c o n t a i n i n g  as  many d i f f e r e n t  

io n s  as  d e s i r e d ,  so lo n g  as  t h e i r  i n t e r a c t i o n  p a r a m e t e r s  a r e  

known.

S e v e r a l  w o r k e r s  hav e  i n c o r p o r a t e d  t h e  P i t z e r  e q u a t i o n s  

i n t o  g e o c h e m ic a l  c o m p u te r  c o d e s ,  t h e  most  r e c e n t  and  

c o m p l e t e  b e i n g  t h a t  o f  H a r v î e  e t  a l .  ( 1 9 8 4 ) .  T h i s  p ro g ra m  

c o n t a i n s  P i t z e r  i o n - i n t e r a c t  io n  p a r a m e t e r s  f o r  t h e  s y s te m  

N a -K -C a -M g -C l -S O ^ -H C O g -C O g -H g O -C O g  and  has been s u c c e s s f u l  

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

s o l u t i o n s  up t o  20m i o n i c  s t r e n g t h .  O t h e r  w o r k e r s  h av e  used  

P i t z e r ' s  e q u a t i o n s  t o  s u c c e s s f u l l y  model s u l f a t e  m i n e r a l  

e q u i l i b r i a  ( R o g e r s ,  1981 ;  Langmu i r  and  M e l c h i o r ,  1985;  

R e ard o n  and  A r m s t r o n g ,  1 9 8 7 ) .  L a n g m u ir  and  M e l c h i o r  

c o n s i d e r e d  f i v e  o f  t h e  s e v e n t e e n  P a l o  Duro  b a s i n  b r i n e s  

c o n s i d e r e d  h e r e i n .  B a s s e t t  and  B e n t l e y  ( 1 9 8 2 )  a l s o  em p loyed
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P i t z e r  e q u a t i o n s  t o  model c a r b o n a t e  e q u i l i b r i a  in  t h e  P a l o  

Duro and Dal h a r t  b a s i n s .  H o w e v e r ,  t h e y  em p loyed  a l e s s  

c o m p l e t e  s e t  o f  P i t z e r  c a r b o n a t e  i n t e r a c t i o n  p a r a m e t e r s  and  

no c o n s i d e r a t i o n  o f  t e m p e r a t u r e  e f f e c t s  on t h e  c o e f f i c e n t s  

was g i v e n .  M o n n in and  S c h o t t  ( 1 9 8 4 )  e x a m in e d  t h e  s a t u r a t i o n  

s t a t e  o f  sod ium  c a r b o n a t e ,  t r o n a , in  w a t e r s  o f  Lake  M a g a d i , 

K e n y a , u s i n g  P i t z e r  e q u a t i o n s .  M i l l e r o  ( 1 9 8 3 )  e s t i m a t e d  t h e  

e f f e c t i v e  a c i d i t y  c o n s t a n t s  o f  a number o f  a c i d s  in  s e a w a t e r  

u s i n g  P i t z e r  e q u a t i o n s .

A go a l  o f  my r e s e a r c h  was t o  use  t h e  P i t z e r  e q u a t i o n s  

t o  model t h e  g e o c h e m i s t r y  o f  c a r b o n a t e  m i n e r a l s  in  some P a l o  

Duro  b a s i n  b r i n e s .  The f i r s t  s t e p  in  t h i s  e f f o r t  was t o  

p e r f o r m  l a b o r a t o r y  e x p e r i m e n t s  on c a r b o n a t e  s o l u b i l i t y  in  

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

c a r b o n a t e  i n t e r a c t i o n  p a r a m e t e r s .  The g ro u n d  w a t e r  

c h e m i s t r y  d a t a  was t h e n  m ode led  u s i n g  t h e  P i t z e r  e q u a t i o n s  

t o  o b t a i n  s o l u t i o n  s p e c i e s  a c t i v i t i e s .  The r e s u l t s  w ere  

used t o  com pute  t h e  s a t u r a t i o n  i n d i c e s  f o r  v a r i o u s  m i n e r a l s .  

O f  s p e c i a l  i n t e r e s t  w e re  t h e  s a t u r a t i o n  s t a t e s  o f  t h e  

s u l f a t e  and  c a r b o n a t e  m i n e r a l s  w h ic h  m i g h t  l i m i t  

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

The e f f e c t  o f  i o n i c  s t r e n g t h  on t h e  s o l u b i l i t y  o f  ThOg,  

t h o r i a n i t e ,  was m eas u red  and t h e  d a t a  used  t o  d e t e r m i n e  

a c t i v i t y  c o e f f i c e n t s  f o r  t h o r i u m  a q u o - s p e c ï e s . These
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r e s u l t s  w e re  used t o  d e t e r m i n e  i f  ThO^ was a t  s a t u r a t i o n  in  

P a l o  Duro g ro u n d  w a t e r s . The r e s u l t s  o f  t h e  ThD^ 

e x p e r i m e n t s  w e r e  used  by  a n a l o g y  t o  model UO^ s o l u b i l i t y  in  

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

CARBONATE SOLUBIL ITY STUDY

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

C a r b o n a t e  m i n e r a l s  such as  c a l c i t e  and  d o l o m i t e ,  l i m i t  

maximum c o n c e n t r a t i o n s  o f  Ca and  Mg in  many g ro u n d  w a t e r s .  

C a l c i t e  can i n c o r p o r a t e  Ba ,  S r  and Ra in  s o l i d  s o l u t i o n  and  

t h e r e b y  e x e r c i s e  c o n t r o l  o v e r  t h e  aqueous  c o n c e n t r a t i o n s  o f  

t h e s e  e l e m e n t s  ( c f .  S v e r j e n s k y , 1 9 8 4 ) .  T h i s  may have  

i m p o r t a n c e  i n  d e t e r m i n i n g  t h e  maximum aqu eous  c o n c e n t r a t i o n  

o f  ^ ° S r  ( c f .  Mucci and M o rs e ,  1 9 8 3 ) .  A l s o  HCO^-  and  C O ^  

ions  f o r m  co m p le x e s  w i t h  many c a t i o n s ,  t h e r e b y  a f f e c t i n g  t h e  

s o l u t i o n  b e h a v i o r  o f  many i m p o r t a n t  c h e m ic a l  s p e c i e s  and  

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

comp 1 ex  i ng b e tw e e n  UO^"*" an d  C O ^ -  ( Langmu i r , 1 9 7 8 ) .  F o r  

t h e s e  r e a s o n s  i t  i s  n e c e s s a r y  t o  o b t a i n  i n f o r m a t i o n  on t h e  

r e l a t i o n s h i p s  b e tw e e n  a c t i v i t y  c o e f f i c i e n t s  o f  t h e  aqueous  

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

An o b j e c t i v e  o f  t h i s  r e s e a r c h  was t o  d e t e r m i n e  t h e  

a c t i v i t y  c o e f f i c e n t s  o f  aqueous  s p e c i e s  in  t h e  c a l c i u m  and
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magnesium c a r b o n a t e  sys tem s u s i n g  t h e  P i t z e r  i o n - i n t e r a c t i o n  

m o d e l . P i t z e r  c o e f f i c i e n t s  a r e  a v a i l a b l e  f o r  t h e s e  sys tem s  

( H a r v i e ,  1981 )  b u t  a r e  n o t  e x t e n s i v e .  In  o r d e r  t o  e v a l u a t e  

t h e  r e l i a b i l i t y  o f  t h e  magnesium and c a r b o n a t e  p a r a m e t e r s ,  

t h e  e f f e c t  o f  i o n i c  s t r e n g t h s  up t o  5 .5m  on t h e  s o l u b i l i t y  

p r o d u c t  (K s p ) o f  n e s q u e h o n i t e  was i n v e s t i g a t e d .  The  

e x p e r i m e n t s  w e r e  p e r f o r m e d  u n d e r  a CO^ s a t u r a t e d  a t m o s p h e r e ,  

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

p h a s e  ( s e e  F i g u r e  1 ) .  T h e se  c o n d i t i o n s  w e re  chosen t o  

b e t t e r  c o n t r o l  t h e  c a r b o n a t e  s y s te m  and t o  i n c r e a s e  

c a r b o n a t e  m i n e r a l  s o l u b i l i t y .  S o l u b i l i t y  r e s u l t s  w e re  

m o d e led  u s i n g  t h e  P i t z e r  i o n - i n t e r a c t i o n  e q u a t i o n s  t o  o b t a i n  

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

s t r e n g t h .  The r e s u l t s  w ere  compared t o  v a l u e s  f r o m  t h e

l i t e r a t u r e .  P u b l i s h e d  c a l c i t e  s o l u b i l i t i e s  m eas ured  in  

b r i n e s  w e re  s i m i l a r l y  e v a l u a t e d .

C a r b o n a t e  i n t e r a c t i o n  p a r a m e t e r s

I o n - i n t e r a c t  io n  p a r a m e t e r s  f o r  t h e  c a r b o n a t e  sy s te m  

have  been  d e v e l o p e d  by  a number o f  w o r k e r s .  The p a r a m e t e r s  

f o r  t h e  s y s te m  N a - K - C a - M g - C 1-SO^-HCO^-COg-H^O as  c o m p i l e d  by  

H a r v i e  e t  a l . ( 1 9 8 4 )  and  Weare ( 1 9 8 7 )  a r e  g i v e n  in  T a b l e s  1 

and 2 .  The Na-HCOg ( P i t z e r  and  Pe i  p e r ,  1980)  and Na-COg  

( P e i p e r  and  P i t z e r ,  1982 )  p a r a m e t e r s  w e re  o b t a i n e d  f r o m
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T a b l e  1.  Second and t h i r d  v i r i a l  c o e f f i c i e n t s  f o r  t h e
sy s te m  N a - K - C a —M g - H - C1-SO . -cO q-H oO  a t  2 5 °C  f ro m  
H a r v i e  e t  a l . ( 1 9 8 4 ) .

S p e c i e s  6^ 6  ̂ 6^

NaCl 0 . 0 7 6 5 0 . 2 6 4 4 — 0 . 0 0 1 2 7

Na 2 S04 0 . 0 1 9 5 8 1 . 1 1 3 - 0 . 0 0 4 9 7

NaHC03 0 . 0 2 7 7 0 . 0 4 1 1 - -

Na2C0 3 0 . 0 3 9 9 1 . 3 8 9 - 0 . 0 0 4 4

NaOH 0 . 0 8 6 4 0 . 2 5 3 - 0 . 0 0 4 4

KC1 0 . 0 4 8 3 5 0.2122 - - 0 . 0 0 0 8 4

KgSO, 0 . 0 4 9 9 5 0 . 7 7 9 3 - -

KHC03 0 . 0 2 9 6 - 0 . 0 1 3 - - 0 . 0 0 8

K2 C03 0 . 1 4 8 8 1 . 4 3 - - 0 . 0 0 1 5

KOH 0 . 1 2 9 8 0 . 3 2 0 — ■ 0 . 0 0 4 1

CaC 1 2 0 . 3 1 5 9 1 . 6 1 4 - - 0 . 0 0 0 3 4

CaSO.4 0.20 3 . 1 9 7 3 - 5 4 . 2 4 -

Ca(H C 03 )2 0 . 4 2 . 9 7 7 — -

CaC03 0 0 0 0
C a(O H)2 - 0 . 1 7 4 7 - 0 . 2 3 0 3 - 5 . 7 2 -

MgC 1 2 0 . 3 5 2 3 5 1 . 6 8 1 5 - 0 . 0 0 5 1 9

MgS04 0.2210 3 . 3 4 3 - 3 7 . 2 3 0 . 0 2 5

Mg(HC03 )2 0 . 3 2 9 0 . 6 0 7 2 - -

MgC03 0 0 0 0

( c o n t  i nued)
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T a b l e  1. ( c o n t i n u e d ) .

S p e c i e s  B° B1 62 C°

Mg(OH)^ -  _ _ _

HC1 0 . 1 7 7 5  0 . 2 9 4 5  -  0 . 0 0 0 8

H2S04 0 . 2 9 8  -  -  0 . 0 4 3 8

H ^ C O g  — —  — —
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T a b l e  2 .  P i t z e r  *  and Y p a r a m e t e r s  f o r  t h e  c a r b o n a t e  s y s te m  
a t  25°C  f r o m  H a r v i e  e t  a l .  ( 1 9 8 4 ) .

i j Y i j C l * i j  S04 ¥ i j C03

Na K - 0.012 - 0 . 0 0 1 8 - 0.010 - 0 . 0 0 3 0 . 0 0 3

Na Ca 0 . 0 7 - 0 . 0 0 7 - 0 . 0 5 5 - -

Na Mg 0 . 0 7 - 0.012 - 0 . 0 1 5 - -

Na H 0 . 0 3 6 - 0 . 0 0 4 - - -

K Ca 0 . 0 3 2 - 0 . 0 2 5 - - -

K Mg

oo

- 0.022 - 0 . 0 4 8 - -

K H 0 . 0 0 5 - 0.01 1 0 .  197 - -

Ca Mg 0 . 0 0 7 - 0.012 0 . 0 2 4 - -

Ca H 0 . 0 9 2 - 0 . 0 1 5 - - -

Mg H 0.10 - 0.011 — — —

( c o n t i n u e d )
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T a b l e  2 .  ( c o n t i n u e d ) .
Ï j * i j Y j j N a V i j K Y i j C a

Cl S04 0.02 0 . 0 0 1 4 - - 0 . 0 1 8

Cl OH - 0 . 0 5 0 - 0 . 0 0 6 - 0 . 0 0 6 - 0 . 0 2 5

Cl hc° 3 0 . 0 3 - 0 . 0 1 5 - -

Cl C03 - 0.02 0 . 0 0 8 5 0 . 0 0 4 —

50 4 OH - 0 . 0 1 3 - 0 . 0 0 9 - 0 . 0 5 0 -

50 4 h c o3 0.01 - 0 . 0 0 5 - -

50 4 o o w 0.02 - 0 . 0 0 5 - 0 . 0 0 9 -

OH h c o3 - - - -

OH C03 0.10 - 0 . 0 1 7 - 0.01 -

h c o3 COg
o01 0.002 0.012 -

V i j  Mg 

- 0 . 0 0 4

- 0 . 0 9 6

— 0 . 1 6 1
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e l e c t r o c h e m i c a l  c e l l  m e a s u r e m e n t s . The Na-CO^ p a r a m e t e r s  

( H a r v i e ,  1982)  w ere  a l s o  e s t i m a t e d  f r o m  emf and  i s o p i e s t i c  

m e a s u r e m e n ts .  R e m a in in g  p a r a m e t e r s  f o r  t h e  N a - C l - S O ^ -

^COg-COg-HgO s y s te m  w e re  o b t a i n e d  by e v a l u a t i n g  s o l u b i l i t y  

m eas urem ents  in  common- ion sys tem s ( H a r v i e  e t  a l . ,  1 9 8 4 ) .

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

K -C l -S O j -H C O g -C O ^ -H g O  s y s te m .  P i t z e r  and P e i p e r  ( 1 9 8 2 )  

e s t i m a t e d  6^K,HC0g and  H a r v i e  ( 1 9 8 1 )  e s t i m a t e d  6 ^ , COg f rom 

em f d a t a .  H i g h e r - o r d e r  p a r a m e t e r s  f o r  t h i s  s y s te m  w ere  

d e r i v e d  f r o m  s o l u b i l i t y  d a t a  ( H a r v i e ,  1 9 8 1 ) .

H a r v i e  e t  a l  ( 1 9 8 4 )  o b t a i n e d  i n t e r a c t i o n  p a r a m e t e r s  f o r  

Ca-HCOg and  Ca-COg f r o m  t h e  c a l c i t e  s o l u b i l i t y  w ork  o f  

S h t e r n i n a  and  F r o l o v a  ( 1 9 5 2 ,  1 9 6 2 ) ,  F r e a r  and  Johnson ( 1 9 2 9 )  

and  Cameron e t  a l .  ( 1 9 0 7 ) .  The c a l c i t e  s o l u b i l i t y  d a t a  in  

NaCl o b t a i n e d  f r o m  t h e s e  w o r k e r s  c o v e r s  an i o n i c  s t r e n g t h  

r a n g e  o f  0 . 0 0 8  t o  6 . 3  mol a 1 and  a  CO^ p r e s s u r e ,  P ( C C ^ ) ,  

r a n g e  o f  0 . 0 0 0 3 3  t o  0 . 9 7  b a r s .  T h e i r  r e s u l t s  w e re  m ode led  

u s i n g  t h e  i n t e r a c t i o n  p a r a m e t e r s  f ro m  H a r v i e  e t  a l .  ( 1 9 8 4 )

t o  o b t a i n  v a l u e s  f o r  t h e  K o f  c a l c i t e  as  a f u n c t i o n  o fsp
i o n i c  s t r e n g t h .  T a b l e  3 shows t h e  r e l a t i v e l y  good a g r e e m e n t

b e tw e e n  t h e  P i t z e r - c o m p u t e d  lo g  K ' s  and  t h e  2 5 °C  v a l u e  o fsp

- 8 . 4 8  o b t a i n e d  by Plummer and  B u senbe rg  ( 1 9 8 2 ) .

M i l l e r o  e t  a l .  ( 1 9 8 4 )  used  e x i s t i n g  Ca-HCOg and Ca-COg  

p a r a m e t e r s  t o  e x p l a i n  t h e  s o l u b i l i t i e s  o f  c a l c i t e .
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T a b l e  3 .  P i t z e r - c o m p u t e d  lo g  
f r o m  t h e  s o l u b i 1 i t y  
( 1 9 5 2 , 1 9 6 2 ) (co lu m n  , 
( c o 1umn B ) .

A
I (m) - l o g  K

0 . 0 3 8 . 3 7

0 . 1 1 8 . 5 3

0.21 8 . 4 9

0 . 3 9 8 . 4 9

1 . 4 7 8 . 3 2

1 . 9 7 8 . 3 5

2 . 4 6 8 . 3 9

3 . 0 8 8 . 4 3

5 . 3 1 8 . 3 2

6 . 2 7 8 . 7 1

- K s p ' s  f o r  c a l c i t e  a t  2 5 °C  
d a t a  o f  S h t e r n i n a  and  F r o l o v a  
) and F r e a r  and  J o h n s o n ( 1 9 2 9 )

B
I (m) - l o g  K

0 . 0 3 8 . 4 3

0 . 0 4 8 . 4 3

0 . 0 6 8 . 4 7

0 . 1 1 8 . 4 7

0 . 2 7 8 . 4 8

0 . 3 3 8 . 5 5

0 . 6 4 8 . 4 7

0.86 8 . 5 6

0 . 9 2 8 . 4 8

1 . 13 8 . 6 1

1.20 8 . 4 9

mean 8 . 4 4  ± 0 . 1 2  mean
g r a n d  mean

8 . 4 9  ± 0 . 0 6  
8 . 4 7  ± 0 . 0 9
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s t r o n t i a n i t e  (SrCO ^)  and w i t h e n * t e  ( BaC03 ) in  NaCl s o l u t i o n s  

a t  a t m o s p h e r i c  COg p r e s s u r e  ( l o g  P ( C 0 2 ) = - 3 . 5  b a r s )  and  

2 5 ° C .  He f o u n d  t h e  P i t z e r - c o m p u t e d  lo g  f<sp v a l u e s  f o r  t h e  

r e s p e c t i v e  m i n e r a l s  t o  be w i t h i n  ± 0 . 02 , ± 0 . 1 4 ,  and  ± 0 . 2 6  

o f  t h e  p r e f e r e d  th e r m o d y n a m ic  v a l u e s .  From t h e  abo ve  

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

t h e  Ca~HCOg-CO^~H2 O sy s te m  w e re  o f  s u f f i c i e n t  a c c u r a c y  t o  be  

used in  t h i s  s t u d y .

The M g-H C0g-c0g  s y s te m  has n o t  been  s t u d i e d  as  

e x t e n s i v e l y  as  t h e  Ca-HCOg-cOg s y s te m .  H a r v i e  e t  a l .  ( 1 9 8 4 )  

o b t a i n e d  Mg-HCOg and Mg-COg p a r a m e t e r s  f r o m  t h e  s o l u b i l i t y  

work o f  M i t c h e l l  ( 1 9 2 3 )  and  K l i n e  ( 1 9 2 9 ) ,  t h e  phase  

e q u i l i b r i a  d a t a  o f  T r e d a f e l o v  e t  a l .  ( 1 9 8 1 )  and  f r o m  

e s t i m a t e s  o f  a p p a r e n t  c a r b o n a t e  d i s s o c i a t i o n  c o n s t a n t s  in  

s e a w a t e r  by  Hansson ( 1 9 7 3 ) .  Mi 11e r o  ( 1 9 8 3 )  d e v e lo p e d  

i n t e r a c t i o n  p a r a m e t e r s  f o r  Mg-HCOg and  Mg-COg in  s e a w a t e r  ( I  

= 0 . 7 )  f r o m  t h e  e f f e c t  o f  presumed f o r m a t i o n  o f  MgHCOg* and  

MgC0g° on t h e  a p p a r e n t  d i s s o c i a t i o n  c o n s t a n t s  o f  H^COg and  

HC0g“ . However  M i l l e r o ' s  p a r a m e t e r s  a r e  o n l y  a p p l i c a b l e  a t  

t h e  i o n i c  s t r e n g t h  o f  s e a w a t e r .  Due t o  t h e  a p p a r e n t  

u n c e r t a i n t y  in  t h e  Mg-HCOg and  Mg-COg i n t e r a c t i o n  

p a r a m e t e r s ,  p a r t i c u l a r l y  a b o v e  I = 0 .7m  ( c f .  H a r v i e  e t  a l . ,  

1984)  a magnesium c a r b o n a t e  s o l u b i l i t y  s t u d y  was u n d e r t a k e n .

A c o m p u te r  code c o n t a i n i n g  t h e  P i t z e r  e q u a t i o n s  was
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o b t a i n e d  f r o m  D r .  Pam e la  R o g e r s . T h i s  code was m o d i f i e d  t o  

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

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

HCOg~and COg^- , g i v e n  a number o f  d i f f e r e n t  p a i r s  o f  

c a r b o n a t e  i n p u t  p a r a m e t e r s . The p o s s i b l e  c o m b i n a t i o n s  used  

in  t h i s  s t u d y  w ere  PCCO^) and  pH,  pH and mHCOg~, and  PCCO^) 

and mHCOg” . The s u b r o u t i n e  was w r i t t e n  u s i n g  t h e  c a r b o n a t e  

s p e c i e s  t e m p e r a t u r e  f u n c t i o n s  o f  Kj and  Kg g i v e n  by

Plummer and  B u sen b e rg  ( 1 9 8 2 )  w h ic h  a r e :

Kh = 1 0 8 . 3 8 6 5  + 0 . 0 1 9 8 5 0 7 6  T -  6 9 1 9 . 5 3 / T  -  4 0 . 4 5 1 5 4  lo g T

+ 6 6 9 3 6 5 / T 2 ( 6 )

K j  = —3 5 6 . 3 0 9 4  -  0 . 0 6 0 9 1 9 6 4  T + 2 1 8 3 4 . 3 7 / T

+ 1 2 6 . 8 3 3 9  lo g T  -  1 6 8 4 9 1 5 / T 2 ( 7 )

K2 = - 1 0 7 . 8 8 7 1  -  0 . 0 3 2 5 2 8 4 9  T + 5 1 5 1 . 7 9 / T  + 3 8 . 9 2 5 6 1  lo g  T 

- 5 6 3 7 1 3 . 9 / T 2 ( 8 )

w h e re  K^~ [ HgCOg] / P ( COg) » Kj  and  Kg a r e  f i r s t  and  second  

d i s s o c i a t i o n  c o n s t a n t s  o f  c a r b o n i c  a c i d ,  and T i s  in  d e g r e e s  

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

l i q u i d  j u n c t i o n  p o t e n t i a l s  u s i n g  t h e  H e n d erso n  e q u a t i o n  ( c f .  

B a t e s ,  1973 )  and a s s u m in g  a  s a t u r a t e d  KC1 s a l t  b r i d g e  as  was
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used in  t h i s  s t u d y .

The s o u r c e s  o f  i n t e r a c t i o n  p a r a m e t e r s  f o r  t h e  s u l f a t e  

sys te m  have  been sum m ar ized  by  M e l c h i o r  ( 1 9 8 4 ) .

A d d i t i o n a l l y  t h e  r e a d e r  i s  r e f e r e d  t o  H a r v i e  ( 1 9 8 2 )  f o r  a  

more c o m p l e t e  d i s c u s s i o n  o f  t h e  s o u r c e s  o f  P i t z e r  

i o n - i n t e r a c t  io n  p a r a m e t e r s .

Magnesium c a r b o n a t e  p h a s e  r e l a t i o n s

The Mg-HCOg-CO3 - H 3O s y s te m  has been i n v e s t i g a t e d  by  

L a n g m u ir  ( 1 9 6 5 ) ,  S c h o t t  and  D a ndurand  ( 1 9 7 5 )  and Ming  

( 1 9 8 2 ) .  The m i n e r a l s  c o n s i d e r e d  i m p o r t a n t  by  t h e s e  a u t h o r s  

a t  2 5 ° C  and  I a t m .  t o t a l  p r e s s u r e  a r e  b r u c i t e  (M g (O H )2 ) ,  

h y d r o m a g n e s i t e  ( 4MgC03• Mg( OH) 2 • 4H20 ) , m a g n e s i t e  (MgC03 ) ,  and  

n e s q u e h o n i t e  ( MgC03#3H20 )  . A t  t e m p e r a t u r e s  b e lo w  10° C ,

1 a n s f o r d  i t e  ( MgC03 • 5H20 )  i s  a l s o  a s t a b l e  c a r b o n a t e  p h a s e .  

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

t h e s e  m i n e r a l s  a r e  t h e  a c t i v i t y  o f  w a t e r  ( [ H 20 ] ) and  P ( C 0 2 ) •  

The e q u i l i b r i u m  c o n s t a n t s  n e c e s s a r y  t o  compute a  lo g  [ H 20 ] ,  

lo g  P ( C 0 2 ) s t a b i l i t y  d i a g r a m  f o r  t h e s e  m i n e r a l s  ( F i g u r e  1) 

a r e  g i v e n  in  T a b l e  4 .

The b r u c  i t e - h y d r o m a g n e s  i t e  phase  b o u n d a r y  i s  computed

f r o m :

Mg(OH)2 + 4C02 ( g )  = 4MgC03 «M g (0 H )2 «4H2 0 ( 9 )
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T a b l e  4 .  S o l u b i l i t y
Mg-HC03 - c 0

p r o d u c t s  
g—H20 a t

f o r  m i n e r a l s  in  t h e  
2 5 ° C .

s ys te m

Mi n e r a 1 Ksp R e f e r e n c e

M g ( O H ) ^ ( b r u c î t e ) - 1 1 . 1 5 S m i th  and M a r t e l  1 ( 1 9 7 6 )

MgCOg(magnesi  t e ) - 5 . 1 0 L a n g m u ir  ( 1 9 6 5 )

MgC03 . 3H2o - 5 . 5 9 L a n g m u ir  ( 1 9 6 5 )

( nesquehon i t e ) - 5 . 4 2

- 5 . 4 2

L a n g m u ir  ( 1 9 8 4 )  

H o s t e t 1e r  ( 1 9 7 3 )

- 5 . 0 7 R o b ie  and  Hemingway ( 1 9 7 3 )

- 5 . 6 0 MBS ( 1 9 8 2 )

MgC03 . 5 H 2 0 - 5 . 2 9 L a n g m u ir  ( 1 9 8 4 )

( 1a n s f o r d i t e ) - 5 . 4 6 Langmui r  ( 1 9 6 5 )

4MgC03 • Mg( OH) 2 • 4H 20 - 3 5 . 0 Langmui r  ( 1 9 8 4 )

( hydrom agnes  î t e )
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w h ic h  when s o l v e d  u s i n g  e q u i l i b r i u m  c o n s t a n t s  t a k e n  f ro m  

T a b l e  4 g i v e s  1 / ( P ( C 0 2))4 = 10 20 e 0 . T h i s  r e s u l t s  in  a 

b o u n d a r y  l i n e  in d e p e n d e n t  o f  lo g  [ H20 ] and  lo g  P ( C 0 2 ) = - 5 . 0 .  

The magnes i t e - h y d r o m a g n e s  i t e  b o u n d a r y  l i n e  i s  computed f r o m

5M g(C 03 ) + 5H20  = 4MgC03 *M g(0H2 ) • 4 H 20  + C02 (g )  ( 1 0 )

w h ere  P (CO2 ) / [ H 20 ] ^  -  1 . T h i s  e x p r e s s i o n  r e s u l t s  in  a 

b o u n d a r y  l i n e  w i t h  a s l o p e  = + 0 . 2 .  The m agnes i t e -  

n e s q u e h o n i t e  b o u n d a r y  l i n e  i s  computed f r o m

MgC03 + 3H2 0 = MgC03 *3H20 ( 1 1 )

w h ere  1/ [ H ^ O ] ^  = i o °'^2 o r  10^ * 6 ^ u s i n g  t h e  n e s q u e h o n i t e  Ksp 

v a l u e s  o f  H o s t e t l e r  ( 1 9 7 3 )  and L a n g m u ir  ( 1 9 8 4 )  o r  L a n g m u ir  

( 1 9 6 5 )  r e s p e c t i v e l y .  The p h a se  b o u n d a r y  b e tw e e n  t h e s e  tw o  

f i e l d s  i s  i n d e p e n d e n t  o f  lo g  P ( C 0 2 ) ,  w i t h  lo g  [ H20 ]  = - 0 . 1 7 3  

o r  - 0 . 2 3 0  u s i n g  t h e  v a l u e s  o f  H o s t e t l e r  ( 1 9 7 3 )  and L a n g m u ir

( 1 9 8 4 )  o r  L a n g m u ir  ( 1 9 6 5 ) ,  r e s p e c t i v e l y .  F i n a l l y ,  t h e  

h y d ro m a g n e s î t e - n e s q u e h o n î t e  b o u n d a r y  l i n e  i s  computed u s i n g  

t h e  e q u a t i o n

4MgC03 . Mg( OH) 2 • 4H20  + C02 ( g )  + lOH2 O = 5MgC03 *3H20  ( 1 2 )
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w h e re  1/ P ( C 0 2 ) • [H20 ] 10 = 1 0 1 * 95 o r  102 * 8 0 . The r e s u l t i n g  

s t a b i l i t y  b o u n d a r y  has a s l o p e  = 0 . 1 .  The r e s u l t a n t  p hase  

d i a g r a m  f o r  t h e  M g0-C 02 - H 20  a t  2 5 ° c i 5 shown in  F i g u r e  1.

E x p e r i m e n t s  t o  d e t e r m i n e  t h e  e f f e c t  o f  i o n i c  s t r e n g t h  

on n e s q u e h o n i t e  s o l u b i l i t y  w e re  p e r f o r m e d  u s i n g  p u r e  C0 2 gas  

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

e l e v a t i o n  o f  G o ld e n ,  CO ( 1 8 0 0  m ) , w h ere  t h e  e x p e r i m e n t s  

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

eq u a l  t o  0 . 8  a tm .  The e x p e r i m e n t s  w e re  p e r f o r m e d  a t  i o n i c  

s t r e n g t h s  b e tw e e n  0 . 2  and  5 . 5  mol a 1 N a C l .  Under  t h e s e  

c o n d i t i o n s  t h e  a c t i v i t y  o f  w a t e r  r a n g e s  f r o m  1 . 0 0  t o  0 . 7 7 8 .  

F o r  t h e s e  c o n d i t i o n s  t h e  s t a b l e  m i n e r a l  p h a se  is  

n e s q u e h o n i t e  r e g a r d l e s s  o f  w h ic h  Ksp i s  e m p lo y e d .

N e s q u e h o n i t e  S o l u b i l i t y  E x p e r i m e n t s

E x o e r i m e n t a 1

N e s q u e h o n i t e  was p r e p a r e d  f ro m  r e a g e n t  g r a d e  b a s i c  

magnesium c a r b o n a t e ,  4MgC03 *Mg(OH) 2 *4H20 ( h y d r o m a g n e s i t e ) , 

by f i r s t  d i s s o l v i n g  t h e  s o l i d  in  d o u b l y - d e i o n i z e d  w a t e r  a t  

2 5 ° C  u n d e r  a w a te i— s a t u r a t e d  C02 a t m o s p h e r e  o f  0 . 7 8  a t m .  The  

s o l u t i o n  was s a t u r a t e d  w i t h  n e s q u e h o n i t e  by a d d i n g  

a d d i t i o n a l  hydromagnes i t e  d a i l y  u n t i l  no f u r t h e r  d i s s o l u t i o n  

o f  t h e  s o l i d  was o b s e r v e d .  The s o l u t i o n  was t h e n  a l l o w e d  t o
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0 .8-

magnesite 
M g C O  3

0.6
hydromagnesite 

4 M g C 0 3- MgCOH)2* 4 H 20
brucite

Mg(OH) ,

0.2

nes.qu'ehonite 

MgCO 3 - 3 H 20

F i g u r e  1.  S t a b i l i t y  d i a g r a m  f o r  t h e  s y s te m  Mg-COq-OH-hUO  
a t  2 5 ° C  a n d  1 a t m .  t o t a l  p r e s s u r e  ( a f t e r  
L a n g m u i r , 1 9 6 5 ) .
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d eg as  a t  3 5 ° C  f o r  a  f e w  d ay s  as  t h e  n e s q u e h o n i t e  

p r e c i p i t a t e d  o u t  o f  s o l u t i o n .  The s o l i d  was c o l l e c t e d  on 

Whatman ash  1 ess  f i l t e r  p a p e r  and  s t o r e d  i n  a s e a l e d  f l a s k

u n d e r  a CO^ a t m o s p h e r e . A n a l y s i s  o f  t h e  s o l i d  by  X - r a y  

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

v a l u e s  ( M i n g ,  1982)  v e r i f i e d  i t  t o  be n e s q u e h o n i t e .  The  

s o l i d  was a l s o  e xa m in ed  u n d e r  an e l e c t r o n  m ic r o s c o p e  w h ic h  

showed p r i s m a t i c  c r y s t a l s  w i t h  t h e  e x p e c t e d  

p s e u d o - o r t h o r o m b i c  h a b i t  ( M i n g ,  1 9 8 2 ) .

S o l u t i o n s  o f  v a r y i n g  i o n i c  s t r e n g t h s  used  in  t h e  

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

g r a d e  NaCl and d o u b l y - d e i o n i z e d  w a t e r  (y < ly m h o s ) .  

C om m erc ia l  g r a d e  CO^ (C 02 > 99%) was used  t o  m a i n t a i n  a C02
a t m o s p h e r e  o v e r  t h e  s o l u t i o n s  d u r i n g  e x p e r i m e n t a t i o n .

An O r i o n  901 pH m e t e r  and  r e s e a r c h  g r a d e  pH e l e c t r o d e  

( O r i o n  9 1 - 0 2 )  w e re  used  t o  m easure  t h e  pH. The e l e c t r o d e  

was p e r i o d i c a l l y  c a l i b r a t e d  t o  w i t h i n  ± 0 . 0 2  pH u n i t s  u s i n g

F i s h e r  g r a m - p a c  b u f f e r s  (pH 4 . 0 1  and 6.86 a t  2 5 ° C ) .

Magnesium c o n c e n t r a t i o n s  w e re  m eas ured  by EDTA 

comp1 ex  i o m e t r  i c t i t r a t i o n  (Skoog  and W e s t ,  1 9 7 4 ) .  EDTA 

s o l u t i o n s  w e re  p r e p a r e d  f r o m  o v e n - d r y e d  r e a g e n t  g r a d e  s o l i d ,  

and s t a n d a r d i z e d  a g a i n s t  F i s h e r  Mg s t a n d a r d  s o l u t i o n  (Mg =

1000 ± 10 ppm ) .  E r i o c h r o m e  B l a c k  T was used  as  an e n d p o i n t  

i n d i c a t o r .
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A l l  g l a s s w a r e  and p i  p e t s  w ere  c l a s s  A and c a l i b r a t e d  

p r i o r  t o  u s e .  E p p e n d o r f  d i g i t a l  p i  p e t s  w e re  a c c u r a t e  t o  ± 1 

p e r c e n t .  A S a r t o r i u s  a n a l y t i c a l  b a l a n c e  was used f o r  a l l  

w e i g h i n g s .  C a l i b r a t i o n  o f  t h e  b a l a n c e  a g a i n s t  s t a n d a r d  

w e i g h t s  showed i t  a c c u r a t e  t o  ± 0 . 0 0 0 3  grams b e tw een  

0 . 0 0 0 1 - 1 6 0 . 0 0 0 0  g r a m s . Th e rm o m e te rs  w e re  fo u n d  t o  be  

a c c u r a t e  t o  ± 0 . 1°C  o v e r  a  t e m p e r a t u r e  i n t e r v a l  o f  0 t o  

1 00 °C .

S o l u b i l i t y  e x p e r i m e n t s  w e re  p e r f o r m e d  in  1 l i t e r  p y r e x  

r e a c t i o n  c e l l s ,  p rew a s h e d  w i t h  1:1 HN03 t h e n  r i n s e d  

s e v e r a l  t i m e s  w i t h  d e i o n i z e d  w a t e r .  S i l i c o n e  g r e a s e  was 

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

t h e n  s e a l e d  w i t h  p l e x i g l a s  c o v e r s .  F o u r  h o l e s  in  each  c o v e r  

a l l o w e d  f o r  t h e  i n s e r t i o n  o f  a c o a r s e - f r i t t e d  g l a s s  gas  

d i s p e r s i o n  t u b e  and t h e  p e r i o d i c  i n s e r t i o n  o f  a pH 

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

S o l u t i o n s  r a n g i n g  in  i o n i c  s t r e n g t h  f r o m  0 t o  5 . 5  mol a 1 

w e re  p r e p a r e d  by  d i s s o l v i n g  o v e n - d r y e d  r e a g e n t  g r a d e  NaCl in  

v o 1u m e t r i c a 11 y  m easured  q u a n t i t i e s  o f  d o u b l y - d e i o n i z e d  

w a t e r . D e n s i t y  c o r r e c t i o n s  w e r e  made t o  compute  t h e  

c o n c e n t r a t i o n s  in  m o la l  u n i t s .  The s o l u t i o n s  w ere  add ed  t o  

each  r e a c t i o n  c e l l  a l o n g  w i t h  a p p r o x i m a t e l y  20 grams o f  

n e s q u e h o n i t e .

A CO2 a tm o s p h e r e  was m a i n t a i n e d  in  t h e  c e l l s  t h r o u g h o u t
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t h e  s o l u b i l i t y  r u n s , w h ic h  w e r e  m a i n t a i n e d  a t  a t o t a l  

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

0 . 8  a t m .  Carb on  d i o x i d e  gas p r e s a t u r a t e d  w i t h  w a t e r  v a p o r  

was p a s s e d  t h r o u g h  t h e  gas d i s p e r s i o n  t u b e  and  a l l o w e d  t o  

e x i t  t h r o u g h  a s m a l l  h o l e  i n  one o f  t h e  gum s t o p p e r s .  

B a r o m e t r i c  p r e s s u r e ,  m eas ured  p e r i o d i c a l l y  and  a t  t h e  end o f  

t h e  e x p e r i m e n t s ,  v a r i e d  a maximum o f  ± 3 . 5  mm (6 1 5  t o  622  mm 

Hg t o t a l  p r e s s u r e ) ,  w h ic h  when c o r r e c t e d  f o r  P ( H20 ) = 0 . 0 3 1  

a t m ,  g av e  P ( C 0 2 ) = 0 . 7 8  ± 0.01 a tm .

T h r o u g h o u t  t h e  e x p e r i m e n t s  t h e  s o l u t i o n s  w e re  s t i r r e d  

w i t h  a  suspended  t e f l o n - c o a t e d  m a g n e t i c  s t i r b a r  s p e c i f i c a l l y  

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

w e re  p l a c e d  in  a w a t e r  b a t h  and  one s e t  o f  s o l u b i l i t y  ru n s  

m a i n t a i n e d  a t  2 5 . 0  ± 0 . 1° C . The pHs w e re  m easured  

p e r i o d i c a l l y  d u r i n g  t h e  e x p e r i m e n t s .  When pH no l o n g e r  

changed  b e tw e e n  s e v e r a l  m eas urem ents  i t  was ju d g e d  t h a t  

e q u i l i b r i u m  had been  a t t a i n e d .  E q u i l i b r i u m  in  t h e  2 5 ° C  

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

S i n c e  n e s q u e h o n i t e  has t h e  t y p i c a l  c a r b o n a t e  i n v e r s e  

s o l u b i l i t y  w i t h  t e m p e r a t u r e ,  r e v e r s a l  o f  t h e  2 5 °C  

e x p e r i m e n t s  was a t t e m p t e d  by  l o w e r i n g  t h e  t e m p e r a t u r e  t o  

15°C  f o r  1 -3  d a y s ,  t h e n  r e t u r n i n g  t h e  sam ples  t o  2 5 ° C  and  

m o n i t o r i n g  t h e  pH.

N e s q u e h o n i t e  s o l u b i l i t y  ru n s  in  NaCl s o l u t i o n s  w e re
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a l s o  p e r f o r m e d  a t  15 and 3 5 ° C .  In  t h e  15 °C  s o l u b i l i t y  r u n ,  

e q u i l i b r i u m  was r e a c h e d  f r o m  u n d e r s a t u r a t i o n .  E q u i l i b r i u m  in  

t h e  35°C  r u n  was a p p r o a c h e d  i n i t i a l l y  f r o m  2 5 ° C ,  and  

t h e r e f o r e  f r o m  s u p e r s a t u r a t i o n .  No a t t e m p t  was made t o  

r e v e r s e  t h e  15°C  e x p e r i m e n t .

Most s o l u b i l i t y  r u n s  w e re  c o m p l e t e d  in  1 t o  3 w e e k s .  

A f t e r  t e r m i n a t i o n  o f  t h e  e x p e r i m e n t s ,  a l i q u o t s  w ere  

w i t h d r a w n  and f i l t e r e d  t h r o u g h  0 . 2ym p o l y c a r b o n a t e  mi 11 i p o r e  

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

c o m p l e t e  rem ova l  o f  f i n e  p a r t i c u l a t e s .  T h e se  a l i q u o t s  w ere  

a n a l y z e d  f o r  Mg by EDTA t i t r a t i o n .

R e s u l t s

The f i n a l  m o la l  magnesium c o n c e n t r a t i o n ,  i o n i c  s t r e n g t h  

and m eas u red  e q u i l i b r i u m  pH f o r  t h e  n e s q u e h o n i t e  s o l u b i l i t y  

e x p e r i m e n t s  in  NaCl s o l u t i o n s  a r e  g i v e n  i n  T a b l e s  5 - 7 .  The  

r e s u l t s  show t h e  e x p e c t e d  d e c r e a s e  in  magnesium  

c o n c e n t r a t i o n  w i t h  i n c r e a s i n g  t e m p e r a t u r e .  M easured  pHs in  

t h e  s o l u b i l i t y  e x p e r i m e n t s  w e re  c o r r e c t e d  f o r  l i q u i d  

j u n c t i o n  p o t e n t i a l s  w i t h  t h e  H enderson  e q u a t i o n ,  a s s u m in g  a 

s a t u r a t e d  KC1 s a l t  b r i d g e  ( B a t e s ,  1 9 7 3 ) .

The s o l u b i l i t y  o f  n e s q u e h o n i t e  can be w r i t t e n

MgC03 «3H20  = Mg2+ + CO^2 + 3H2° ( 1 3 )
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T a b l e  5 .  F i n a l  Mg c o n c e n t r a t i o n s ,  i o n i c  s t r e n g t h s  and  
e q u i l i b r i u m  pH f o r  n e s q u e h o n i t e  s o l u b i l i t y  
e x p e r i m e n t s  r u n  f r o m  u n d e r s a t u r a t i o n ,  a t  15 C 
and PCCOp) = 0 . 7 8  a t m .  A n a l y t i c a l  p r e c i s i o n  i s  
a p p r o x i m a t  1 y ± 5 p e r c e n t .

m NaCl I (m) m MgZ+ pH

oo

0 . 5 1 5 0 . 1 7 6 7 . 2 2

0 . 1 0 . 5 6 0 0 .  169 7 . 0 8

0 . 3 0 . 7 8 3 0 .  171 7 . 0 8

ino 1.01 0 . 1 7 8 7 . 0 7

0 . 7 5 1 . 2 5 0 .  170 7 . 0 2

1.0 1 . 4 9 0 . 1 6 4 6 . 9 8

1 . 5 2.02 0 . 1 6 9 6 . 9 6

3 . 5 4 . 0 1 0 . 1 3 8 6 . 8 1

4 . 5 5 . 0 3 0 . 120 6 . 7 7
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T a b l e  6 . F i n a l  Mg c o n c e n t r a t i o n s ,  i o n i c  s t r e n g t h  and  
e q u i l i b r i u m  pH f o r  r e v e r s e d  n e s q u e h o n i t e  
s o l u b i l i t y  e x p e r i m e n t s  a t  2 5 °C  and P (C O ^ ) = 0 . 7 8  
a t m .  U n c e r t a i n t i e s  w ere  o b t a i n e d  f r o m  r e p l i c a t e  
e x p e r i m e n t s .  A n a l y t i c a l  p r e c i s i o n  i s  
a p p r o x i m a t e l y  ± 5 p e r c e n t .

m NaCl I (m) m Mg2+ pH

0.0 0 . 4 8 3 0 . 161 0 . 008 7 .  16

0 . 1 0 . 6 1 9 0 .  173 ± 0.002 7 .  15

0 . 3 0 . 8 1 9 0 .  173 ± 0 . 008 7 .  14

0 . 5 1 . 0 6 0 . 186 ± 0 . 0 0 3 7 .  13

0 . 7 5 1 . 2 8 0 .  176 + 0 .  050 7 . 1 0

1.0 I . 5 9 0 .  195 + 0.001 7 . 1 0

1 . 5 2 . 0 4 0 . 181 + 0.010 7 . 0 7

2.0 2 . 5 8 0 .  185 + 0 .  003 7 . 0 6

2 . 5 3 . 0 6 0 . 186 ± 0.002 7 . 0 1

3 . 0 3 . 5 4 0 . 170 + 0.010 6 . 9 6

3 . 5 3 . 9 4 0 .  147 + 0 . 0 0 7 6 . 9 7

4 . 0 4 . 4 6 0 .  139 0.010 6 . 9 7

4 . 5 4 . 9 1 0 .  136 ± 0 . 0 0 5 6 . 8 7

5 . 0 5 . 4 8 0 .  144 ± 0.010 6.88
5 . 5 5 . 8 8 0 .  127 0.001 6 . 8 5
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T a b l e  7 .  F i n a l  Mg c o n c e n t r a t i o n s ,  i o n i c  s t r e n g t h ,  and  
e q u i l i b r i u m  pH o f  t h e  n e s q u e h o n i t e  s o l u b i l i t y  
e x p e r i m e n t s  r u n  f r o m  s u p e r s a t u r a t i o n  a t  35  C 
and PCCOp)  = 0 . 7 8  a t m .  A n a l y t i c a l  p r e c  i son 
i s  a p p r o x i m a t e l y  ± 5 p e r c e n t .

m NaCl I (m) m Mg2+ pH

oo

0 . 4 5 7 0 .  159 7 . 2 7

0 . 1 0 . 5 2 8 0 .  151 7 . 2 0

0 . 3 0 . 7 3 9 0 .  152 7 .  17

ino

0 . 9 8 4 0 .  164 7 .  18

0 . 7 5 1 . 2 3 0 . 161 7 .  14

1 .0 1 . 4 7 0 .  152 7 .  10

1 . 5 2.02 0 . 160 7 . 1 0

3 . 5 3 . 9 9 0 . 120 6 . 9 2

4 . 5 4 . 9 9 0 .  107 6 . 8 4
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U s in g  an  io n  a s s o c i a t i o n  a p p r o a c h  t o  t h e  c o m p u t a t i o n ,  t h e  

s o l u b i l i t y  p r o d u c t  o f  n e s q u e h o n i t e  a t  2 5 ° C  was com puted  f ro m  

t h e  magnesium c o n c e n t r a t i o n  in  t h e  N a C l - f r e e  s o l u b i l i t y  run  

r e p o r t e d  i n  T a b l e  6 , by  an i t e r a t i v e  t e c h n i q u e .  The  

f o r m a t i o n  o f  io n  p a i r s  r e d u c e s  t h e  c o n c e n t r a t i o n s  o f  f r e e  

magnesium and c a r b o n a t e  s p e c i e s  as  w e l l  as  t h e  i o n i c  

s t r e n g t h .  V a l u e s  o f  y (M g 2+) ,  and yCHCOg- ) used in  t h e  

c o m p u t a t i o n  w e re  o b t a i n e d  f r o m  mean s a l t  c a l c u l â t io n s  u s i n g  

d a t a  f r o m  G o ld b e r g  and  N u t t a l 1 ( 1 9 7 8 )  and  Roy e t  a l .  ( 1 9 8 3 ) .

C o m p u t a t i o n a l  m ethods  a r e  d e s c r i b e d  by G a r r e l s  and C h r i s t  

( 1 9 6 5 ) .  The v a l u e s  f o r  y ( M g C C ^ ° ) , lo g  K(MgHC03 + ) = - 0 . 9 7  

and lo g  K(MgC03 ° )  = - 2 . 3 3  w e re  o b t a i n e d  f r o m  Reardon  ( 1 9 7 4 )  

and R eardon  and L a n g m u ir  ( 1 9 7 4 ) .  B i c a r b o n a t e  and c a r b o n a t e  

ion  a c t i v i t i e s  w ere  com puted  f ro m  t h e  pH and P ( C O ^ ) .

The r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  l e a d  t o  an e f f e c t i v e

I = 0 . 3 6  and lo g  Ksp = - 5 . 4 4  a t  2 5 ° C .  T h i s  v a l u e  i s  in  good

a g r e e m e n t  w i t h  t h e  s o l u b i l i t y  work  o f  H o s t e t l e r  as  r e p o r t e d

by Rob i e and Hemingway ( 1 9 8 3 )  who f o u n d  lo g  Ksp = - 5 . 4 2 .

A s i m i l a r  c a l c u l a t i o n  o f  K was made b as ed  on t h e  2 5 °Csp
s o l u b i l i t y  r e p o r t e d  by  L a n g m u ir  ( 1 9 6 5 )  f o r  P ( C 0 2 ) = 0 . 9 7  

a t m ,  f o r  w h ic h  he r e p o r t e d  a s o l u t i o n  pH o f  7 . 1 1  and m Mg^+

= 0 . 2 1 3 .  T h i s  l e a d s  t o  lo g  Ksp = - 5 . 5 3 .  The NBS v a l u e  o f

lo g  K ^  = - 5 . 6 0 ,  r e p o r t e d  by  Wagman e t  a l . ( 1 9 8 2 )  i s  most  

l i k e l y  a r e c o m p u t a t i o n  o f  t h e  L a n g m u ir  ( 1 9 6 5 )  w o r k .
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T h e s e  r e s u l t s  a r e  in  p o o r  a g r e e m e n t  w i t h  Ming ( 1 9 8 0 ) ,

who o b t a i n e d  lo g  Ksp _ - 5 .g o  ± 0 . 1 0 .  H o w e v e r , Ming w orked  a t

low CO2 p r e s s u r e s  ( l o g  P(CC>2 ) = - 3 . 6  a tm )  ; c o n d i t i o n s  w h ic h  

p l o t  in  t h e  hydromagnes i t e  f i e l d  ( F i g u r e  1 ) .  Ming m easured  

Mg2+ and  pH i n  a s ys te m  in  w h ic h  he had p r e c i p i t a t e d  

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

one a tm o s p h e r e  CO^ and  a l l o w e d  t h e  s ys te m  t o  degas  f o r  one  

y e a r  a t  2 5 ° C .  He i d e n t i f i e d  n e s q u e h o n i t e  as  t h e  s o l i d  phase  

p r e s e n t  b o t h  a f t e r  i n i t i a l  p r e c i p i t a t i o n  and a f t e r  t h e  one  

y e a r  p e r i o d .  H o w e v e r , i t s  p r e s e n c e  does n o t  p r o v e  t h e  

s o l u t i o n  was in  e q u i l i b r i u m  w i t h  t h i s  p h a s e . The  

t r a n s f o r m a t i o n  o f  so l  i d  n e s q u e h o n i t e  t o  h y d ro m a g n e s i t e  may 

be k i n e t i c a l l y  u n f a v o r a b l e .

H o s t e t l e r  ( a s  r e p o r t e d  by Rob i e and  Hemingway,  1973)

o b t a i n e d  lo g  Ksp = - 5 . 4 2  ± 0 . 1  f ro m  pH m eas urem ents  o f  a

n e s q u e h o n i t e  s a t u r a t e d  s o l u t i o n  u n d e r  a s a t u r a t e d  CO^ 

a t m o s p h e r e .  Rob i e and  Hemingway ( 1 9 7 3 )  t h e m s e l v e s  r e p o r t e d  

lo g  = - 5 . 0 6  ± 0 . 1 8  computed f r o m  c a 1o r i m e t r i c

m e a s u r e m e n ts .  The lo g  v a l u e s  a t  15 and 35°C  w e re

computed by  c o r r e c t i n g  t h e  l i t e r a t u r e  v a l u e s  u s i n g  t h e  v a n ' t  

H o f f  e q u a t i o n  a ss u m in g  ACp°  = 0 f o r  t h e  d i s s o l u t i o n  o f  

n e s q u e h o n i t e  and  AH .̂0 = - 4 7 2 . 5 7 6  k c a l / m o l  f o r  t h e  

n e s q u e h o n i t e  s o l i d  p h a se  ( R o b i e  and H e m i n g w a y , 1 9 7 3 ) .

The v a l u e s  o f  lo g  Ksp a t  15 ,  25 and 35° C  a r e  g i v e n  in



T - 3 2 3 2 33

T a b l e  8 . I n s p e c t i o n  o f  t h e  2 5 ° C  K ^ ' s  r e v e a l s  t h r e e

c l o s e l y  spa ced  v a l u e s ,  a l l  o f  w h ic h  w ere  d e t e r m i n e d  by

d i r e c t  s o l u b i l i t y  m e t h o d s . The tw o  o t h e r  v a l u e s  w e r e

o b t a i n e d  by  i n d i r e c t  m e t h o d s . I t  i s  n o t  c l e a r  how K wassp
c a l c u l a t e d  f r o m  t h e  s o l u b i l i t y  m easurem ents  o f  H o s t e t l e r  so

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

t h e  K o f  n e s q u e h o n i t e  a t  2 5 ° C  has been  c a l c u l a t e d  as  t h e  sp
a v e r a g e  o f  - 5 . 5 3  and - 5 . 4 4  w h ic h  i s  - 5 . 4 8  ± 0 . 0 6 .

C u r r e n t l y  t h e  P i t z e r  i o n - i n t e r a c t i o n  model c o n t a i n s  

p a r a m e t e r s  f o r  t h e  magnesium c a r b o n a t e  s y s te m  f r o m  H a r v i e  e t  

a l .  ( 1 9 8 4 ) .  The a c t i v i t i e s  o f  w a t e r  and  magnesium computed  

u s i n g  t h e s e  p a r a m e t e r s  and  a ss u m in g  mHCOg = 2mMg^+ f r o m  t h e  

c h a r g e  b a l a n c e  a r e  g i v e n  i n  T a b l e s  9 - 1 1 .

Mean a c t i v i t y  c o e f f i c i e n t s  o f  MgC12 com puted  f o r  t h e  

2 5 ° C  s o l u b i l i t y  e x p e r i m e n t s  w e r e  compared w i t h  t h e i r  v a l u e s

f o r  p u r e  MgC1^  s o l u t i o n s  as  r e p o r t e d  by G o ld b e r g  and  N u t t a l 1 

( 1 9 7 8 ) .  V a l u e s  f r o m  t h e  tw o  a p p r o a c h e s  w e re  w i t h i n  0 . 0 2  

u n i t s  o f  each  o t h e r  up t o  I = 4 . 0 m .  D i f f e r e n c e s  b e tw e e n  t h e  

mean a c t i v i t y  c o e f f i c i e n t s  i n c r e a s e d  a t  h i g h e r  i o n i c  

s t e n g t h .  T h i s  w ou ld  i n d i c a t e  t h a t  t h e  m a j o r  e f f e c t  o f  i o n i c  

s t r e n g t h  on t h e  a c t i v i t y  o f  Mg^+ , even  in  t h e  p r e s e n c e  o f  

e q u a l  c o n c e n t r a t i o n s  o f  HCO^” * i s a c c o u n t e d  f o r  i n  t h e  Mg-Cl  

p a r a m e t e r s .

By c o m b in in g  t h e  c a r b o n a t e  e q u i l i b r i u m  e x p r e s s i o n s  w i t h
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V a l u e s  o f  Log Ksp f o r  n e s q u e h o n i t e  a t  15 ,  25  and  
3 5 ° C  com puted  u s i n g  AH0 ,  = - 4 7 2 . 5 7 6  k c a l / m o l  
f r o m  R o b ie  and Hemingway ( 1 9 7 3 )  and  assum ing  
AC °  = 0 f o r  t h e  d i s s o l u t i o n  o f  n e s q u e h o n i t e .

R e f e r e n c e

T a b l e  8 .

P
15°C 2 5 ° C 3 5 °C

l in W 00 - 5 . 5 3 - 5 . 6 7

- 4 . 9 1 - 5  . 06 - 5 . 2 0

- 5 . 2 7 - 5 . 4 2 - 5 . 5 6

- 5 . 6 5 —5 . 8 0 - 5 . 9 4

- 5 . 2 9 —5 . 4 4 - 5 . 5 8

L a n g m u ir  ( 1 9 6 5 )

R o b ie  and  Hemingway ( 1 9 7 3 )  

H o s t e t 1e r ( 1 9 7 3 )

M i n g d  9 8 2 )

T h i s  s t u d y  (c o m p u te d )
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T a b l e  9 .  P i t z e r  model com puted  a c t i v i t i e s  o f  CCK2 and
HpO and  lo g  IAP o f  n e s q u e h o n i t e  f o r  t h e  15 C 
s o l u b i l i t y  r u n  a p p r o a c h e d  f r o m  u n d e r s a t u r a t i o n .

m NaCl [M g2 + ] [CO32" ] ( x 1 0 4 ) Ch2o ] lo g  IAP

oo

0 . 0 2 7 1 1 . 3 9 0 . 9 9 3 - 5 . 4 3

0 . 1 0 . 0 2 6 2 0 . 7 3 2 0 . 9 9 1 - 5 . 7 3

o w 0 . 0 2 7 3 0 . 7 7 6 0 . 9 8 4 - 5 . 6 9

0 . 5 0 . 0 2 9 4 0 . 7 7 0 0 . 9 7 7 - 5 .68
0 . 7 5 0 . 0 3 0 8 0 . 6 3 6 0 . 9 6 9 - 5 . 7 5

1.0 0 . 0 3 2 7 0 . 5 4 3 0 . 9 6 0 - 5 . 8 0

1 . 5 0 . 0 4 1 4 0 . 5 1 9 0 . 9 4 2 - 5 . 7 5

3 . 5 0 . 0 9 7 3 0 . 2 8 9 0 . 8 6 7 - 5 . 7 4

4 . 5 0 . 1 5 6 0 0 . 2 4 6 0 . 8 2 7 - 5 . 6 6
mean lo g  IAP v a l u e  - 5 . 6 9  ± 0 .1 1
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2+ 2T a b l e  10 .  P i t z e r  model com puted  a c t i v i t i e s  o f  Mg , CO^ 
and  hUO and lo g  IAP o f  n e s q u e h o n i t e  f o r  t h e  
2 5 ° C  r e v e r s e d  s o l u b i l i t y  r u n .

m NaCl [MgZ + ] [CO32~ ] ( x 1 0 4 ) [ H20 ] lo g  IAP

0.0 0 . 0 2 4 9 1 . 13 0 . 9 9 3 - 5 . 5 4

0 . 1 0 . 0 2 5 6 1 . 0 6 0 . 9 8 9 - 5 . 5 7

0 . 3 0 . 0 2 6 2 1 .02 0 . 9 8 3 - 5 . 5 7

0 . 5 0 . 0 2 8 6 0 . 9 5 9 0 . 9 7 6 - 5 . 5 7

0 . 7 5 0 . 0 2 9 8 0 . 8 3 2 0 . 9 6 8 - 5 . 6 2

1.0 0 . 0 3 4 7 0 . 8 1 2 0 . 9 5 9 - 5 . 5 8

1 . 5 0 . 0 4 0 7 0 . 7 1 5 0 . 9 4 2 - 5 . 6 0

2.0 0 . 0 5 4 0 0 . 6 7 5 0 . 9 2 3 - 5 . 5 5

2 . 5 0 . 0 6 6 3 0 . 5 2 2 0 . 9 0 5 - 5 . 5 8

3 . 0 0 . 0 8 3 0 0 . 4 2 2 0 . 8 8 5 - 5 . 6 4

3 . 5 0 . 0 9 4 0 0 . 4 3 6 0.866 - 5 . 5 9

4 . 0 0 .  130 0 . 4 2 0 0 . 8 4 5 - 5 . 5 3

4 . 5 0 . 1 4 8 0 . 2 5 3 0 . 8 4 2 - 5 . 6 4

5 . 0 0 . 2 3 4 0 . 2 6 4 0 . 8 0 0 - 5 . 5 6

5 . 5 0 . 2 5 5 0 . 2 2 3  0 . 7 7 8  
mean 1og IAP va 1ue - 5 . 58

- 5 . 5 6
± 0 . 0 3
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T a b l e  11.  P i t z e r  model com puted  a c t i v i t i e s  o f  Mg^+ , CO ^ 
and  HpO and t h e  lo g  IAP o f  n e s q u e h o n i t e  f o r  t h e  
35 C s o l u b i l i t y  r u n  a p p r o a c h e d  f ro m  
s u p e r s a t u r a t i o n .

m NaC 1 [Mg2 + ] i—
i n o

w
M 1

X O
tx i—i

o
CM

X

lo g  IAP

oo

0 . 0 2 3 9 1 . 9 5 0 . 9 9 4 - 5 . 3 4

0 .  1 0 . 0 2 3 1 1 . 4 5 0 .9 9 1 - 5 . 4 9

o QJ 0 . 0 2 3 4 1 .3 3 0 . 9 8 4 - 5 . 5 3

0 . 5 0 . 0 2 5 5 1 . 4 4 0 . 9 7 7 - 5 . 4 7

0 . 7 5 0 . 0 2 6 9 1 . 2 5 0 . 9 6 9 - 5 . 5 1

1.0 0 . 0 2 8 0 1 . 0 7 0 . 9 6 0 - 5 . 5 8

1 . 5 0 . 0 3 5 5 1 . 13 0 . 9 4 2 - 5 . 4 7

3 . 5 0 . 0 7 0 9 0 . 5 4 5 0 . 8 6 7 - 5 . 6 0

4 . 5 0 . 108 0 . 3 7 8  0 . 8 2 6  
mean lo g  IAP v a l u e  - 5 . 5 1

- 5 . 6 4  
± 0 . 0 9
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The s o l u b i l i t y  e x p r e s s i o n  f o r  n e s q u e h o n i t e ,  t h e  p r o t o n  fo r m  

o f  t h e  n e s q u h o n i t e  s o l u b i l i t y  e q u a t i o n  becomes

MgC03 *3H2 0 + 2H+ = Mg2+ + CO^Cg) + 4H20 ( 1 4 )

and  t h e  e q u i l i b r i u m  c o n s t a n t  e x p r e s s i o n  can be w r i t t e n

Ksp = [Mg2+] P (C0 2 ) [ H20 ] 4/CH+ ] 2KhK1K2 ( 1 5 )

U s in g  t h e  P i t z e r  model d e r i v e d  a c t i v i t i e s  f o r  t h e  s o l u b i l i t y  

e x p e r i m e n t s ,  t h e  io n  a c t i v i t y  p r o d u c t s  ( l A P ' s )  w ere  

c o m p u te d .  Under  e q u i l i b r i u m  c o n d i t i o n s ,  w h ic h  i s  assumed  

f o r  t h e s e  e x p e r i m e n t s ,  t h e  I AP i s  eq u a l  t o  t h e  K ^ .  The  

r e s u l t s  a r e  g i v e n  in  T a b l e s  9 - 1 1 .

The P i t z e r  io n  a p p r o a c h  uses t h e  t o t a l  i o n i c  s t r e n g t h ,  

and does n o t  a d j u s t  t h e  f r e e  magnesium and c a r b o n a t e  o r  

i o n i c  s t r e n g t h  by a s s u m in g  ion  p a i r s .  The r e s u l t  i s  t h a t  

a l t h o u g h  t h e  K ^ ' s  o b t a i n e d  f r o m  t h e  d i f f e r e n t  a p p r o a c h e s  

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

d i f f e r e n t .  The P i t z e r  a p p r o a c h  t o  n e s q u e h o n i t e  s o l u b i l i t y  

in  C O g - s a t u r a t e d  w a t e r  a t  2 5 ° C  g i v e s  a  s t o i c h i o m e t r i c  I = 

0 . 4 8 3  and  lo g  Ksp = - 5 . 5 4 ,  w h ic h  i s  in  good a g r e e m e n t  w i t h  

t h e  r e c o m p u te d  L a n g m u ir  ( 1 9 6 5 )  Ksp v a l u e .  A l t h o u g h  

magnesium c o n c e n t r a t i o n s  show t h e i r  e x p e c t e d  d e c r e a s e  w i t h
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i n c r e a s i n g  t e m p e r a t u r e ,  t h e  v a l u e s  o b t a i n e d  f r o m  t h e

P i t z e r  e q u a t i o n s  i n c r e a s e  w i t h  i n c r e a s i n g  t e m p e r a t u r e .  T h i s  

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

r e a c t i o n  f o r  e q u a t i o n  13 .  When u s i n g  o n l y  t h e  2 5 °C  d a t a  t h e  

r e s u l t  i s  lo g  Ksp = - 5 . 5 8 + 0 . 0 3 .  T h i s  a v e r a g e  i s  in  

r e a s o n a b l e  a g r e e m e n t  w i t h  t h e  new L a n g m u ir  ( 1 9 6 5 )  v a l u e  b u t  

i s  q u i t e  lo w e r  t h a n  t h e  v a l u e  o b t a i n e d  f r o m  t h e  d e i o n i z e d  

w a t e r  e x p e r i m e n t .

Cone 1 u s i o n s

As e x p e c t e d ,  t h e  io n  a s s o c i a t i o n  and  io n  i n t e r a c t i o n  

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

s t r e n g t h  w a t e r s .  The r e s u l t s  o f  t h e  n e s q u e h o n i t e  s o l u b i l i t y  

e x p e r i m e n t s ,  a l t h o u g h  n o t  a c c u r a t e  enough t o  compute r e f i n e d  

Mg-HCOg p a r a m e t e r s ,  i n d i c a t e  t h a t  t h e  P i t z e r  io n  i n t e r a c t i o n  

model i s  c a p a b l e  o f  c o m p u t in g  a p p r o x i m a t e  y ' s  f o r  t h e  

Mg-HC03- C 0 g - H 20  s y s te m  up t o  I = 5 . 5 .  G iv e n  t h e  

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

o f  w a t e r s , t h e  model s h o u ld  be s u f f i c i e n t l y  a c c u r a t e  f o r  

a p p l i c a t i o n  t o  t h e  b r i n e s  o f  t h e  P a l o  Duro  b a s i n .
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PALO DURO BASIN BRINES STUDY

G e o lo g y  and  H y d r o l o g y

The s t u d y  a r e a  f o r  t h i s  r e s e a r c h  i s  t h e  P a l o  D u ro  b a s i n  

o f  n o r t h  T ex as  ( F i g u r e  2 ) .  The b a s i n  i s  a p p r o x i m a t e l y  200  

km f r o m  n o r t h  t o  s o u th  and  250  km f r o m  e a s t  t o  w e s t .  T o t a l  

s e d im e n t  t h i c k n e s s  r a n g e s  f r o m  a b o u t  3000  m n e a r  t h e  c e n t e r  

o f  t h e  b a s i n ,  t o  a b o u t  5 0 0 - 7 0 0  m a b o v e  t h e  n o r t h e r n  b a s i n  

m a r g i n ,  and  2 00 0  m o v e r  t h e  s o u t h e r n  b a s i n  m a r g i n .  D e t a i l e d  

g e o l o g i c  c r o s s - s e c t i o n s  h av e  been p u b l i s h e d  by B a s s e t t  and  

B e n t l e y  ( 1 9 8 2 ,  1 9 8 3 ) .  The g e o l o g y  and  h y d r o l o g y  has been  

more f u l l y  d e s c r i b e d  by L a n g m u ir  and  M e l c h i o r  ( 1 9 8 5 ) .

The m a j o r i t y  o f  b r i n e  sam ples  w e re  c o l l e c t e d  f r o m  tw o  

h o r i z o n s ,  t h e  g r a n i t e  wash and  c a r b o n a t e s  o f  t h e  Wo I fc a m p  

F o r m a t i o n .  Samples  w e r e  a l s o  c o l l e c t e d  f r o m  t h e  

P e n n s y l v a n i a n  c a r b o n a t e , t h e  E 11e n b e r g e r  c a r b o n a t e  and  t h e  

El 1e n b e r g e r  s a n d .  The se  f o r m a t i o n s  l i e  a p p r o x i m a t 1 y 8 0 0  m 

b e lo w  t h e  San A n d res  s a l t  beds w h ic h  w e re  c o n s i d e r e d  a  

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

r e p o s i t o r y .  They  a r e  t h e  m ost  p e r m e a b le  and  p o ro u s  agu  i f e r s  

b e lo w  t h e  San A n dres  f o r m a t i o n  and t h e r e f o r e  c o u l d  

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

b r e a c h  o c c u r e d .

The g r a n i t e  wash f a c i e s  i s  a  d e t r i t a l  s e d im e n t  o f  l a t e
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s a m p le  w e l l s ,  ( t a k e n  f r o m  Z a i k o w s k i  e t  a  1 . ,  1 9 8 7 )
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P e n n s y l v a n i a n  and  e a r l y  P e rm ia n  a g e .  The g r a n i t e  wash  

r a n g e s  f r o m  a r k o s i c  s a n d s t o n e  t o  c o n g l o m e r a t e .  The  

s e d im e n t s  w e re  cem ented  e a r l y  in  t h e i r  h i s t o r y  by c a l c i t e ,  

a n k e r  i t e ,  f e r r o a n  c a l c i t e ,  q u a r t z ,  K - f e 1d s p a r  and k a o 1 i n i  t e  

( D u t t o n ,  1 9 8 2 ) .  The g r a n i t e  wash r a n g e s  in  t h i c k n e s s  f ro m  

70 t o  130 m o v e r  t h e  a r e a s  s a m p le d .

The W oI fcam p F o r m a t i o n  was f o r m e d  as  r e e f  and  s h e l f  

c a r b o n a t e s  d u r i n g  t h e  e a r l y  P e r m i a n .  I t  i s  composed o f  

c a l c i t e s  and  d o l o m i t e s  i n t e r b e d d e d  w i t h  b l a c k  s h a l e s  n e a r  

t h e  b a s i n  c e n t e r .  The W oIfcamp i s  c o n s i d e r a b l y  t h i c k e r  t h a n  

t h e  g r a n i t e  wash and  in  t h e  s t u d y  a r e a  r a n g e s  f ro m  300  t o  

o v e r  600  m t h i c k .  P é t r o g r a p h i e  and  m i n e r a l o g i c a l  a n a l y s i s  

o f  W oIfcam p c o r e s  has been  p u b l i s h e d  by  Fu k u i  and D a y v a u l t

( 1 9 8 5 ) .  An a b r i e v i a t e d  d e s c r i p t i o n  o f  t h e  p e t r o l o g y  o f  t h e  

c o r e s  f r o m  S m i th  e t  a l .  ( 1 9 8 5 )  i s  g i v e n  i n  T a b l e  12.

P o t e n t i o m e t r i c  maps f o r  t h e  W oIfcamp F o r m a t i o n  a r e  

g i v e n  by B a s s e t t  and  B e n t l e y  ( 1 9 8 2 ) .  The maps i n d i c a t e  a 

g e n e r a l l y  e a s t  t o  n o r t h - e a s t  g ro u n d  w a t e r  f l o w  e n t e r i n g  f ro m  

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

g r a n i t e  w ash ,  th o u g h  s p a r s e ,  i n d i c a t e s  lo w e r  heads w i t h  

g r a d i e n t s  and  d i r e c t i o n  o f  f l o w  s i m i l a r  t o  t h e  Wo1fc a m p .  No 

d a t a  i s  a v a i l a b l e  f o r  t h e  P e n n s y l v a n i a n  c a r b o n a t e s .

T o t a l  p o t e n t i o m e t r i c  heads  i n  t h e  Wo I fc a m p  and  g r a n i t e  

wash a r e  g r e a t e r  t h a n  t h e  e l e v a t i o n  h e a d s ,  i n d i c a t i n g
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T a b l e  12.

M a n s f i e l d  

Zone 2 :

Zone 1 :

Z e e c k  Wei 1 

Zone 3 :

Zone 2 :

J . F r i e r n e 1 

Zone 7 :

Zone 6 : 

Zone 5 : 

Zone 4 : 

Zone 3 :

Zone 2 

Zone 1 :

A b r i e f  d e s c r i p t i o n  o f  t h e  m a j o r  l i t h o l o g i e  
components  o f  t h e  P a l o  Duro c o r e s ,  based  on 
S m i th  e t  a l .  ( 1 9 8 5 ) .

Wei 1

P r i n c i p a l l y  o r g a n i c - r i c h  f o s s i l i f e r o u s  
1 im e s to n e s  w i t h  some d o l o m i t e .

F o s s i l i f e r o u s  l i m e s t o n e  w i t h  some o r g a n i c s  and  
ye  11ow s t a i n i n g .

O r g a n i c  r i c h  f o s s i l i f e r o u s  l i m e s t o n e  and  
d o l o m i t e .  Some f r a c t u r e  f i l l i n g  by  a n h y d r i t e .  
Some p y r i t e  p r e s e n t .

F o s s i l i f e r o u s  d o l o m i t e  w i t h  some l i m e s t o n e .  
F o s s i l s  f i l l e d  w i t h  a n h y d r i t e  and  p y r i t e .  
I n t e r v a l  i s  bounded by  t h i c k  c 1a y s t o n e  b e d s .

Wei 1

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

No d a t a  a v a i l a b l e .

A r k o s i c  sand and g r a v e l  w i t h  c a r b o n a t e  c e m e n ts .  

No d a t a  a v a i l a b l e .

A r k o s i c  c o a r s e  s a n d s t o n e  and  g r a v e  1 w i t h  
c a l c i t e  c e m e n t .

C o a r s e  t o  f i n e  s a n d s t o n e  w i t h  some a n h y d r i t e  
c e m e n ts .  Some p y r i t e ,  o r g a n i c  s t a i n s  and  mud.

Sands and  g r a v e l s  w i t h  d o l o m i t e  c e m e n t .  P y r i t e  
and  some m udstone  p r e s e n t .

( c o n t i n u e d )
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T a b l e  12 .  ( c o n t i n u e d )

Saw yer  Wei 1

Zone 1 - 4 :  No p e t r o l o g i c  d a t a  a v a i l a b l e .

Zone 5 : P r i n c i p a l l y  do 1omi t e  w i t h  some 1 im e s to n e
sho w ing  f i n e  sand s i z e d  a l l o c h e m s .
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a r t e s i a n  c o n d i t i o n s .  The w a t e r  l e v e l s  in  t h e  w e l l s  s c r e e n e d  

in  t h e s e  f o r m a t i o n s  r i s e  abo ve  t h e  l e v e l  o f  t h e  P e rm ia n  s a l t  

b e d s .  T h i s  i n d i c a t e s  a g e n e r a l  upward movement o f  b a s i n  

g r o u n d w a t e r s  t o w a r d s  t h e  P e rm ia n  e v a p o r  i t e s . F i n i t e  e l e m e n t  

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

170 m i l l i o n  y e a r s  f o r  t h e  Wo 1fcamp and 188 m i l l i o n  y e a r s  f o r  

t h e  g r a n i t e  wash ( Atwood and P i c k e r i n g ,  1 9 8 6 ) .  Rad i o m e t e r  i c 

ag e  d a t i n g  u s i n g  ^He f r o m  t h e  d e c a y  o f  U and Th ,  and 4 ^Ar  

f r o m  d e c a y  g i v e  a p r e f e r e d  age o f  100 m i l l i o n  y e a r s  f o r

t h e  Wo I fc a m p  b r i n e s  ( Z a i k o w s k i  e t  a l . ,  1 9 8 4 ) .

C h e m i s t r y  o f  t h e  P a l o  Duro  B r i n e s

S e v e n t e e n  sam ples  w e re  c o l l e c t e d  by  B e n d ix  F i e l d  

E n g i n e e r i n g  i n  1981 and 1982 f r o m  f o u r  DOE w e l l s  in  t h e  Pa 1o 

Duro  b a s i n  ( F i g u r e  2 ) .  The g e o l o g i c  u n i t s  s a m p le d ,  t h e i r  

l i t h o l o g y ,  t h e  d e p t h  i n t e r v a l  s a m p le d ,  t e m p e r a t u r e ,  and  

s h u t - i n  p r e s s u r e s  a r e  g i v e n  in  T a b l e s  13 and 14 ( c f .  S m i th  

e t  a 1 . , 1 9 8 5 ) .  A t h i o c y a n a t e  t r a c e r  was add ed  t o  t h e  

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

pumping o f  t h e  w e l l .  W a t e r  sam ples  w e re  c o l l e c t e d  o n l y  

a f t e r  t h e  t r a c e r  c o n c e n t r a t i o n  had d e c r e a s e d  t o  l e s s  t h a n  

0 . 5  % o f  i t s  i n i t i a l  v a l u e  ( H u b b a r d ,  1 9 8 4 ) .  Samples  w ere  

f i e l d - f i l t e r e d  t h r o u g h  a 0 . 4 5  urn f i l t e r  and  a c i d i f i e d  w i t h  

n i t r i c  a c i d .  F i v e  o f  t h e  sam ples  f r o m  t h e  M a n s f i e l d ,  Sawyer
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T a b l e  13 .  DOE w e l l s  in  t h e  P a l o  Duro b a s i n ,  T e x a s , and t h e i r  
u n i t s ,  m a j o r  1 i t h o l o g i e s ,  and d e p t h s  s a m p le d .

Wei 1_______Zone______ Un i t _______L i t h o l o o v _____ D e p th  ( f t  )__________

Sawyer 1 E 11e n b e r g e r Sand 4 7 1 6 - 4 7 4 6

2 E 11e n b e r g e r C a r b o n a t e 4 6 0 4 - 4 6 4 0

3 M is s i  s s i p p i a n C a r b o n a t e 4 5 0 0 - 4 5 3 5

4 P e n n s y1 van i a n G r a n i t e  wash 4 2 5 8 - 4 3 4 2

5 Wo1fcamp C a r b o n a t e 3 1 7 2 - 3 1 8 9

M a n s f i e 1d 1 Wolfcamp C a r b o n a t e 4 8 1 8 - 4 8 9 0

2 Wo 1fcamp C a r b o n a t e 4 5 1 4 - 4 6 3 8

Z ee ck 1 P e n n s y 1 v a n i a n C a r b o n a t e 7 1 4 0 - 7 1 5 2

7 1 7 2 - 7 2 3 0

2 Wo1fcamp C a r b o n a t e 5 6 0 3 - 5 6 2 5

5 6 3 0 - 5 6 4 0

3 Wo1fcam p C a r b o n a t e 5 5 4 2 - 5 5 5 0

5 5 0 0 - 5 5 3 8

5 4 7 0 - 5 4 9 6

1 P e n n s y 1 v a n i a n G r a n i t e Wash 8 1 6 8 - 8 2 0 4

2 P e n n s y 1 v a n i a n Gram" t e Wash 8 1 2 2 - 8 1 3 2

3 P e n n s y l v a n i a n G r a n i t e Wash 8 0 4 0 - 8 0 5 0

4 P e n n s y 1 v a n i a n G r a n i t e Wash 7 8 9 6 - 7 9 0 4

5 P e n n s y 1 v a n i a n Gran i t e Wash 7 7 2 9 - 7 7 3 4

6 P e n n s y 1 van i a n C a r b o n a t e 7 3 6 0 - 7 3 6 2

7 Wo1fc a m p C a r b o n a t e 5 8 2 5 - 5 9 2 6
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T a b l e  14.  T e m p e r a t u r e s  and p r e s s u r e s  in  t h e  P a l o  Duro  
s a m p l i n g  i n t e r v a l s .

We 1 1_______Zone T e m p e r a t u r e  ( ° C) P r e s s u r e  ( b a r s ) ________

Sawyer  1 39  -

2 39

3 39 79

4 39 74

5 35  62

M a n s f i e l d  1 38  84

2 41 77

Z e e c k  1 56  173

2 38  117

3 41 130

J F r i e m e l  1 55 193

2 55  191

3 55 189

4 55  185

5 53 179

6 52 165

7 38  1 16
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and Z e e c k  w e l l s  w e re  a n a l y s e d  by B e n d ix  F i e l d  E n g i n e e r i n g .  

A l l  s e v e n t e e n  sam ples  w e re  a n a l y s e d  by  t h e  Texas  B u re au  o f  

Economic G eo lo g y (T B E G )  and  t h e  r e s u l t s  r e p o r t e d  by  F i s h e r  

and K r i e t l e r  ( 1 9 8 5 ) .  M easure d  c o n c e n t r a t i o n s  a r e  c o n s i d e r e d  

a c c u r a t e  t o  10% o r  b e t t e r .  2 2 6 Ra was a n a l y s e d  by  Lau l  and  

o t h e r s ( 1 9 8 4 ) .  Mo 1 a 1 c o n c e n t r a t i o n s  d e t e r m i n e d  u s i n g  

m eas u red  d e n s i t i e s  a r e  g i v e n  in  T a b l e  15.  Some a n a l y t i c a l  

d i f f e r e n c e s  b e tw e e n  t h e  TBEG and Bend i x r e s u l t s  w e re  fo u n d  

in  t h e  f i v e  d u p l i c a t e d  a n a l y s e s .

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

s y s te m .  U n f o r t u n a t 1 y  t h e r e  a r e  s e v e r a l  p r o b le m s  w i t h  t h e  

f i e l d  c o l l e c t e d  d a t a . The a 1k a 1 i n i t i e s  a r e  v e r y  l i k e l y  

t o o  h i g h  due t o  t h e  p r e s e n c e  o f  t i t r a t a b l e  s h o r t  c h a i n  

o r g a n i c  a c i d s  w h ic h  w e re  l a t e r  s e m i - q u a n t i f i e d  ( J .  M eans , 

p e r s o n a l  c o m m u n i c a t i o n ) .  I n  a d d i t i o n ,  s i g n i f i c a n t  d e g a s s i n g  

o f  COg f r o m  t h e  sam ples  p r o b a b l y  o c c u r e d  p r i o r  t o  t h e  

a l k a l i n i t y  d e t e r m i n a t i o n s .  The pH d a t a  is  a l s o  s u s p e c t  due  

t o  t h i s  C02 d e g a s s i n g .  O x i d a t i o n  o f  F e 2+ and  p r e c i p i t a t i o n  

o f  f e r r i c  h y d r o x i d e  may h a v e  o c c u r e d  in  some sam ples  w h ic h  

r e s u l t e d  i n  a  d r o p  i n  t h e  s o l u t i o n  pH.

C o n c e n t r a t i o n s  o f  Na+ and C l “ l a c k  a n y  s i g n i f i c a n t  

t r e n d s  w i t h  d e p t h . Ca^+ and  S r ^ + c o n c e n t r a t i o n s  i n c r e a s e  

w i t h  d e p t h .  Ca^+ i s  a p p r o x i m a t  1 y  tw o  o r d e r s  o f  m a g n i t u d e  

g r e a t e r  t h a n  S r 2 + , b u t  t h e  r e l a t i v e  m a g n i t u d e  o f  t h e i r
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T a b l e  15 .  Mol a l  c o n c e n t r a t i o n s  o f  m a j o r  c h e m ic a l  s p e c i e s  in  
t h e  P a l o  Duro  b r i n e s  computed f r o m  d a t a  o f  
F i s h e r  and  K r i e t l e r  ( 1 9 8 5 ) .  A n a l y t i c a l  p r e c i s i o n  
i s a p p r o x i  m a te  1 y  ± 10 p e r c e n t .

W e l l / Z o n e  Na K Ca Mg S r  Cl SO. HCOq pH
( x  100 ) ( x  1 00 )_______ ( x  100 ) ( x  1 00 )

Sawyer

1 2 . 8 8  1 . 2 8  0 . 6 2 7  0 .

2 3 . 0 4  1 . 1 7  0 . 5 9 0  0 .

3 2 . 9 0  0 . 9 4 2  0 . 5 2 9  0 .

4 3 . 0 2  0 . 9 2 9  0 . 5 0 0  0 .

5 2 . 0 0  0 . 3 2 0  0 . 1 7 9  0 .

M a n s f i e l d

1 3 . 7 3  1 . 0 3  0 . 1 6 3  0 .

2 3 . 6 1  1 . 0 6  0 . 1 6 4  0 .

Z e e c k

1 3 . 7 1  0 . 5 6 3  0 . 3 3 3  0 .

2 2 . 8 8  0 . 8 6 1  0 . 1 8 1  0 .

3 3 . 2 6  0 . 9 3 8  0 . 1 6 9  0 .

117 0 . 8 2 7 4 . 3 0 0 . 1 9 3 1 .01 5 . 3

127 0 . 8 8 6 4 .  10 0 . 2 5 2 0 . 0 7 2 7 . 5

104 0 . 7 1 6 4 . 0 7 0 . 2 7 0 0 . 1 9 0 5 . 4

098 0 . 7 0 4 4 . 2 0 0 . 3 8 3 0 . 0 4 7 4 . 4

108 0 .  137 2 . 5 8 2 . 2 1 0 . 2 5 0 6 .  1

059 0 .  125 4 . 2 6 1 . 3 9 0 . 2 3 6 5 . 6

072 0 .  1 12 4 . 0 3 1 . 4 9 0 . 2 8 8 4 . 8

712 1 . 7 6 4 . 7 7 0 . 0 9 4 0 . 0 5 7 5 . 8

057 0 . 3 0 6 3 .  18 1 . 0 9 0 . 1 9 8 6 . 9

081 0 .  136 3 . 6 6 1 . 8 6 0 . 1 6 8 6 . 2

( c o n t i  nued)
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T a b l e  15 .  ( c o n t i n u e d ) .

W e l l / Z o n e  Na K Ca Mg S r  Cl SO. HCOq pH
(x lO O )  ( x  1 00 )_______ (x lO O )_______ ( x l _Ou_)_______

J . F r  ierne1

1 3 . 7 7 1 . 7 7 0 . 4 3 6 0 . 0 9 7 0 . 5 6 4 4 . 6 6 0 . 5 1 0 0 . 0 6 4 5 . 9

2 3 . 7 8 1 .7 3 0 . 4 2 7 0 . 0 9 7 0 . 5 3 2 4 . 6 4 0 . 5 6 3 0 . 1 2 6 5 . 9

3 3 . 7 4 1 .81 0 . 4 1 7 0 . 1 0 0 0 . 5 2 0 4 . 6 2 0 . 5 6 9 0 .  129 6 . 0

4 3 . 7 8 1 . 6 6 0 . 4 7 8 0 .  117 0 . 5 7 6 4 . 9 5 0 . 6 0 4 0 . 0 3 8 6 . 2

5 4 . 3 3 2 . 7 3 0 . 5 4 9 0 . 1 4 1 0 . 7 4 2 5 . 7 3 0 . 4 4 8 0 . 0 8 0 5 . 2

6 3 . 8 0 2 . 5 7 0 . 3 5 5 0 . 1 1 7 0 .4 6 1 4 . 7 4 0 . 7 3 2 0 .  134 6 . 4

7 3 . 4 3 1 . 6 4 0 . 2 2 8 0 . 0 9 7 0 .  186 3 . 9 9 1 . 5 6 0 . 3 6 6 4 . 2
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c o n c e n t r a t i o n  i n c r e a s e s  w i t h  d e p t h  a r e  s i m i l a r .  The Z e e c k  

w e l l ,  z o n e  1 has an a n o m a l o u s l y  h i g h  S r 2 +  c o n c e n t r a t i o n  in  

c o m p a r is o n  t o  t h e  o t h e r  s a m p le s .  Mg^+ l a c k s  a t r e n d  w i t h  

d e p t h  e x c e p t  f o r  one a n o m a l o u s l y  h i g h  v a l u e  in  Z e e c k  w e l l ,  

z one  1. S u l f a t e  d e c r e a s e s  w i t h  d e p t h  w i t h  a v e r y  low 

c o n c e n t r a t i o n  in  t h e  Z e e c k  w e l l ,  z o n e  1.  A l k a l i n i t y  

( e x p r e s s e d  as HCO^” ) and  pH show c o n s i d e r a b l e  v a r i a t i o n  and  

no t r e n d s  w i t h  d e p t h .  T h i s  b e h a v i o r  i s  p r o b a b l y  an a r t i f a c t  

o f  t h e  s a m p l i n g  and  a n a l y t i c a l  p r o b le m s  d e s c r i b e d  a b o v e .

T e m p e r a t u r e  an d  p r e s s u r e  e f f e c t s

The b r i n e s  o f  t h e  P a l o  D u ro  b a s i n  a r e  a t  e l e v a t e d  

t e m p e r a t u r e s  and p r e s u r e s  ( T a b l e  1 4 ) .  The e f f e c t  o f  

p r e s s u r e  and  t e m p e r a t u r e  on t h e  a c t i v i t y  c o e f f i c i e n t s  must  

be known in  o r d e r  t o  use  t h e  P i t z e r  model f o r  t h i s  s y s te m .

To com pute  t h e  s u l f a t e  and  c a r b o n a t e  m i n e r a l  s a t u r a t i o n  

s t a t e s ,  t h e  s o l u b i l i t i e s  o f  t h e s e  m i n e r a l s  must  a l s o  be  

c o r r e c t e d  t o  î n - s i t u  t e m p e r a t u r e s  and  p r e s s u r e s  o f  t h e  P a l o  

D uro  b a s i n .

I t  has been  f o u n d  t h a t  when c o n s i d e r i n g  t h e  e f f e c t s  o f  

t e m p e r a t u r e  and  p r e s s u r e  on t h e  i o n - i n t e r a c t i o n  p a r a m e t e r s ,  

o n l y  t e m p e r a t u r e  e f f e c t s  a r e  s i g n i f i c a n t  ( c f .  P i t z e r ,  1 9 7 9 ) .  

R ogers  ( 1 9 8 1 )  has shown t h a t  t h e  D e b y e -H u c k e l  Aq p a r a m e t e r ,  

i n c r e a s e s  by o n l y  t h r e e  p e r c e n t  b e tw e e n  1 and  600  b a r s . The
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h i g h e s t  p r e s s u r e  m e a s u re d  in  t h e  P a l o  Duro  sam ples  was 193 

b a r s . F o r  t h i s  r e a s o n  t h e  e f f e c t  o f  p r e s s u r e  on t h e  

a c t i v i t y  c o e f f i c i e n t s  p r e d i c t e d  by t h e  P i t z e r  model was 

j u d g e d  i n s i g n i f i c a n t .

The e f f e c t  o f  t e m p e r a t u r e  on Aq ( P i t z e r ,  19 7 9 )  i s :

Aq = 0 . 3 7 6 9  + 4 . 7 2 4 x 10~4 T + 3 . 8 x l 0 6 T 2 ( 1 6 )

T e m p e r a t u r e  d e r i v a t i v e s  o f  t h e  ion  i n t e r a c t i o n  p a r a m e t e r s  

a r e  known f o r  o n l y  a  f e w  components  in  t h e  P i t z e r  d a t a  b a s e . 

M e l c h i o r  ( 1 9 8 4 )  com pared  t h e  e f f e c t  o f  t e m p e r a t u r e  on t h e  Aq 

p a r a m e t e r  t o  t h e  t e m p e r a t u r e  d e r i v a t i v e s  o f  t h e  

i o n - i n t e r a c t  io n  p a r a m e t e r s .  He f o u n d  t h a t  t h e  i n c r e a s e  in  

t h e  Aq p a r a m e t e r  w i t h  i n c r e a s i n g  t e m p e r a t u r e  was r e s p o n s i b l e  

f o r  98  p e r c e n t  o f  t h e  change  in  t h e  a c t i v i t y  c o e f f i c i e n t  o f  

Ca^+ a t  10 0 ° C .  From t h i s  r e s u l t  i t  was i n f e r r e d  by t h e  

a u t h o r  t h a t  t h e  P i t z e r  model w o u ld  a c c u r a t e l y  p r e d i c t  

a c t i v i t y  c o e f f i c i e n t s  a t  t e m p e r a t u r e s  up t o  10 0 ° C  f o r  a l l  

t h e  com ponents  in  t h e  d a t a  b a s e ,  i n c l u d i n g  t h o s e  f o r  w h ic h  

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

p a r a m e t e r s  a r e  n o t  known.

The e f f e c t  o f  t e m p e r a t u r e  on t h e  s o l u b i l i t i e s  o f  

c a l c i t e ,  a r a g o n i t e ,  and  v a t e r i t e  ( CaCOg) . s t r o n t i a n i t e  

(SrCOg ) .  anc| wi t h e n *  t e  (BaCOg) w e re  p u b l i s h e d  by  Plummer and
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B u senburg  ( 1 9 8 2 ) ,  B u s e n b e rg  e t  a l . ( 1 9 8 4 )  and B u sen b e rg  and

Plummer ( 1 9 8 6 ) .  F o r  c a l c i t e  be tw een  0 and 9 0 ° C  t h e  

e x p r e s s i o n  i s :

l o g  Ksp = - 1 7 1 . 9 0 6 5  -  0 . 0 7 7 9 9 3 T  + 2 8 3 9 . 3 1 9 / T  +

7 1 . 5 9 5  lo g  T ( 1 7 )

f o r  s t r o n t i a n i t e  b e tw e e n  2 and  9 1 ° C :

lo g  Ksp = 1 5 5 . 0 3 0 5  -  7 2 3 9 9 . 5 9 4 / T  -  5 6 . 5 8 6 3 8  lo g  T ( 1 8 )

and  f o r  w i t h e r ! t e  b e tw e e n  0 and 9 0 ° C :

lo g  Ksp = 6 0 7 . 6 4 2  + 0 . 1 21 098T  -  2 0 0 1 1 . 2 5 / T  -

2 3 6 . 4 9 4 8  lo g  T ( 1 9 )

L a n g m u ir  and  M e l c h i o r  ( 1 9 8 5 )  re c o m p u te d  t e m p e r a t u r e  and  

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

a n h y d r i t e ,  c e l  e s t  i t e ,  and  b a r i t e .  F o r  gypsum b e tw e e n  25  

and 9 0 ° C  t h e  e x p r e s s i o n  i s :

lo g  Kgp = 6 8 . 2 4 0 1  -  3 2 2 1 . 5 1 / T  -  2 5 . 0 6 2 7  lo g  T ( 2 0 )

f o r  a n h y d r i t e  t h e  e x p r e s s i o n  f i t  f r o m  70 t o  15 0 °C  and
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e x t r a p o l a t e d  t o  2 5 ° C  i s :

lo g  Kgp = 8 7 . 8 0 5  -  3 2 1 0 . 8 / T  -  3 2 . 8 4 6 1  lo g  T ( 2 1 )

f o r  ce  1 e s t  i t e  b e tw e e n  20 and  10 0 ° C :

l o g  Ksp = 1 3 7 . 5 5 5  -  6 5 3 0 . 7 5 / T  -  4 9 . 4 1 9  lo g  T ( 2 2 )

and  f o r  b a r i t e  f r o m  B l o u n t  ( 1 9 7 7 )  f r o m  22 t o  2 8 0 ° C  and  

p r e s s u r e s  f r o m  1 t o  1400 b a r s  :

lo g  Kgp = ( 1 . 4 9 3 2 5 x 1 0 - 2 P -  4 8 . 6 1 ) lo g  T + ( 2 . 3 5 3 6 5  P -

7 6 8 2 . 7 6 ) / T  -  4 . 3 9 8 x l O ~ 2 P + 1 3 6 . 0 7 9  ( 2 3 )

The t e m p e r a t u r e  f u n c t i o n  f o r  d o l o m i t e  s o l u b i l i t y  was 

p u b l i s h e d  by L a n g m u ir  ( 1 9 8 4 )  and  i s :

lo g  Kgp = 2 3 . 6 9 4  -  0 . 0 7 9 6 5 T  -  5 O 5 2 . 9 / T  ( 2 4 )

The e f f e c t  o f  p r e s s u r e  on m i n e r a l  s o l u b i l i t y  has been  

ex a m in e d  by  s e v e r a l  a u t h o r s  (Lown e t  a l , 1 9 6 8 ;  M acd o n a ld  and  

N o r t h ,  1974 ;  M i l l e r o ,  1 9 8 2 ) .  I n  g e n e r a l  t h e  e f f e c t  o f  

p r e s s u r e  i s  g i v e n  by
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1n ( K p / K ° )  = -  dV P /R T  + 0 . 5  dK P2 /R T ( 2 5 )

w h ere  P = p r e s s u r e ,  T = a b s o l u t e  t e m p e r a t u r e ,  dV = t h e  

change  in  t o t a l  m o l a r  v o lu m e ,  and dK = t h e  change  i n  t o t a l  

m o l a r  c o m p r e s s i b i l i t y  ( M i l l e r o , 19 8 2 ) .  The se  t o t a l  m o l a r  

v a l u e s  a r e  t h e  sum o f  t h e  p a r t i a l  m o l a r  v a l u e s  ( M i l l e r o ,  

1 9 8 2 ) .  E q u a t i o n  25 was used  t o  c a l c u l a t e  t h e  e f f e c t  o f  

p r e s s u r e  on t h e  s o l u b i l i t y  p r o d u c t s  o f  c a l c i t e ,  d o l o m i t e ,  

s t r o n t i a n i t e ,  and a n h y d r i t e .

The e q u a t i o n s  o f  B l o u n t  and  D ic k s o n  ( 1 9 7 3 )  w e re  used  

f o r  gypsum and a n h y d r i t e .  F o r  a n h y d r i t e  t h e  e x p r e s s i o n  i s

Ln m = - 2 . 8 7  + 1 . 2 2 0 x 1 0 ~ 3 P -  0 . 0 2 3 7 T  -  0 . 0 0 2 8 x 10 “ 3 PT

and  f o r  gypsum

Ln m = - 4 . 3 5 5  + 0 . 8 4 0 x l 0 “ 3 P + 0 . 0 1 0 5 T  -  1 . 7 0 0 x l 0 “ 4 T 2

w h e re  m = t h e  m o l a r  s o l u b i l i t y .  A f t e r  t h e  m o l a r  s o l u b i l i t y  

o f  a n h y d r i t e  and  gypsum a r e  com puted  f o r  e l e v a t e d  p r e s s u r e s ,  

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

m o d e l .

+ 0 . 0 1 0 x 1 0  4 T 2 + 0 . 1 4 0 x 1 0 ” 7 PT2 ( 2 6 )

+ 0 . 5 8 4 x 1 0  6 T 3 ( 2 7 )
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F o r  ce  1 e s t  i t e  t h e  e q u a t i o n  o f  MacDonald  and N o r t h  ( 1 9 7 4 )  

was u s e d :

d lo g  K /  dP = 8 . 5 7 6 x 1 0 - 4  P ( 2 8 )

M i n e r a l  s a t u r a t i o n  i n  t h e  P a l o  Duro  b r i n e s

A f t e r  d e t e r m i n i n g  t h e  e f f e c t s  o f  t e m p e r a t u r e  and  

p r e s s u r e  on m i n e r a l  s o l u b i l i t i e s  as  d e s c r i b e d  a b o v e ,  t h e  

m o la l  c o n c e n t r a t i o n s  g i v e n  i n  T a b l e  15 w e re  c o n v e r t e d  t o  

a c t i v i t i e s  u s i n g  t h e  P i t z e r  m o d e l ,  t h e s e  a r e  g i v e n  in  T a b l e  

16.  The r e s u l t s  w e re  used  w i t h  t h e  m eas ured  pH and  

a l k a l i n i t y  o r  P (CD^)  d a t a  and  c o r r e c t e d  m i n e r a l  s o l u b l i t i e s  

t o  com pute  lAPs f o r  t h e  m i n e r a l s .  The s a t u r a t i o n  i n d e x  ( S I )  

t h e n  com puted  e q u a l s  - l o g  ( I A P / K s p ) .  R e s u l t s  o f  t h e s e  

c a l c u l a t i o n s  a r e  g i v e n  in  T a b l e  17.

U s in g  t h e  m easured  pH and  P (C O ^ ) d a t a  t h e  c a r b o n a t e  

m i n e r a l s  r a n g e  f ro m  u n d e r s a t u r a t i o n  t o  s u p e r s a t u r a t i o n  in  

t h e  b r i n e s .  Due t o  t h e  p r o b le m s  n o t e d  in  t h e  c a r b o n a t e  

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

t h e n  made. T h i s  i s  b e l i e v e d  a v i a b l e  a s s u m p t i o n  f o r  tw o  

r e a s o n s .  One i s  t h a t  a l l  t h e  c o r e  m a t e r i a l s  i n  c o n t a c t  w i t h  

t h e  w a t e r  sam ples  c o n t a i n e d  some c a l c i t e  a n d / o r  d o l o m i t e .  

S e c o n d l y ,  b e c a u s e  o f  t h e  s lo w  f l o w  r a t e s  ( 0 . 9  t o  9 c m / y r ;  

L a n g m u ir  and  M e l c h i o r , 1985 )  t h e r e  has been  am ple  t i m e  f o r
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T a b l e  16. M o la l
Duro

a c t i v i t i e s  o f  
b r i n e s  computed

t h e  m a j o r  s p e c i e s  in  t h e  P a l o  
u s i n g  t h e  P i t z e r  e q u a t i o n s .

Wei 1 Na K Ca Mg Sr Cl 5 0  4
( x l O 3 ) (x  1 0 ) ( x l O 2 ) ( x l O 3 ) ( x l O 5 )

J . F r  ierne 1

1 3 . 0 3 8 .  13 1 .61 5 .  12 1 . 8 8 5 . 0 4 1 2 . 6

2 3 . 0 1 4 4 . 5 1 . 5 2 4 . 9 5 1 .81 5 . 0 4 1 4 . 2

3 3 . 0 0 8 . 3 6 1 . 5 4 5 .  13 1 .7 3 4 . 9 2 1 4 . 2

4 3 . 1 5 7 . 6 3 2 . 0 2 7 . 2 7 2 .  18 5 . 4 8 1 3 . 9

5 3 . 9 3 1 2 . 3 3 . 2 4 13 .1 3 . 7 8 7 . 0 6 9 .  17

6 3 .  12 12 .  1 1 . 5 0 7 .  17 1 .71 4 . 9 2 1 7 . 8

7 2 . 5 8 7 . 7 5 0 . 8 6 7 5 .  19 0 . 5 7 9 3 . 6 5 4 2 . 4

Z e e c k

1 2 . 7 3 2 .  13 0 . 9 0 8 2 . 7 9 4 . 3 2 7 . 4 4 3 . 0 5

2 2 . 0 0 4 .  15 0 . 5 0 6 2 . 1 0 0 . 7 2 8 2 . 6 5 3 5 . 8

3 2 . 4 1 4 . 5 5 0 . 5 6 8 3 . 7 4 0 . 3 8 6 3 .  17 5 4 . 8

Sawyer

1 2 .  12 5 . 5 0 2 . 2 3 6 . 0 5 2 . 4 2 4 . 7 0 4 . 8 3

2 2 .  16 4 . 9 5 1 . 8 0 5 . 5 8 2 . 2 4 4 . 6 0 6 . 8 7

3 2 . 1 0 4 .  15 1 . 7 6 4 . 9 5 1 . 9 8 4 . 2 1 7 . 0 9

4 2 . 2 4 4 .  15 1 . 8 2 5 .  17 2 .  1 1 4 . 2 9 9 . 7 2

5 1 .31 1 . 5 5 0 . 4 2 6 3 . 2 7 0 . 2 8 3 2 . 0 3 8 1 . 5

( c o n t  i nued)
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T a b l  e 

Wei 1

M a n s f i e l d

1 2 . 7 9

2 2 . 9 7

K Ca

( x l O 3 ) ( x l O )

5 . 1 7  0 . 6 5 3

5 . 0 8  0 . 7 6 8

Mg Sr

( x 10^) ( x 10 3 )

4 . 0 2  0 . 3 7 1

4 . 0 4  0 . 4 7 5

Cl S 0 4

( x l O 5 )

3 . 5 7  4 0 . 7

3 . 7 4  3 5 . 2

16 .  ( c o n t i n u e d ) .  

Na
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T a b l e  17.  S a t u r a t i o n  i n d i c i e s  f o r  s e l e c t e d  m i n e r a l s  in  t h e  
P a l o  Duro  b r i n e s  computed u s i n g  P i t z e r  e q u a t i o n s .

W el l  CaC03 CaMg(C03 ) 2 CaS04 CaS04 *2H20 S r S 0 4 BaSQ4 RaSQ4 

Sawyer

1 + 0 . 5 1 + 0 . 6 8 - 0 . 5 3 - 0 . 5 6 - 0 . 3 6 —  —

2 + 1 . 4 7 + 2 . 6 5 - 0 . 5 7 - 0 . 5 0 - 0 . 2 4 — —

3 - 0 . 2 4 - 0 . 7 9 - 0 . 5 5 — 0 . 4 9 - 0 . 2 8 — —

4 - 1 . 8 5  

>sf i e l d

- 4 . 0 3 - 0 . 4 0 - 0 . 3 4 - 0 . 1 1 + 0 . 3 4  —6 . 3 3

1 - 0 . 5 3 - 1 .  13 - 0 . 2 4 - 0 .  17 - 0 . 2 1 —0 . 6 5  —6 . 2 2

2

‘ck

- 1  . 2 4 - 2 . 4 5 - 0 . 2 0 - 0 .  16 - 0 . 2 5 - 0 . 2 0  - 6 . 1 6

1 —0 . 6 3 - 0 . 3 2 - 0 . 0 2 - 0 . 2 0 - 0 . 3 3 -

2 + 0 . 6 1 + 1 . 0 6 —0 • 43 - 0 . 3 1 - 0 . 0 4 — —

3 —0 . 0 9 - 0 .  1 1 - 0 .  17 - 0 . 1 0 - 0 .  14 —1 . 4 4  —5 . 7 7

( c o n t  i nued)
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T a b le  17. ( c o n t i n u e d ) .

Well  CaC03 CaMgtCOg^ CaS04 CaS04 *2H20 S rS 0 4 BaS04 RaS04 

J .  F r ie m e l

1 - 0 . 2 6 —0 • 64

■St

O1 00CM01 - 0 .  1 1 — —

2 - 0 . 0 4 - 0 .  13 - 0 .  12 - 0 . 2 5 —0 . 0 6 - -

3 + 0 .  10 + 0 .  14 - 0 . 1 1 - 0 . 2 4 - 0 . 0 8 - -

4 - 0 .  1 1 - 0 . 2 4 0 . 0 0 - 0 .  15 + 0 . 0 1 - -

5 - 0 . 6 7 - 1  . 3 3 - 0 . 0 4 - 0 . 2 0 + 0 . 0 7 - -

6 + 0 . 4 5 + 0 . 9 7 - 0 . 0 9 - 0 . 2 0 + 0 . 0 2 - -

7 - 1 . 6 5 - 3 . 3 2 - 0 .  13 - 0 . 0 4 - 0 . 0 7 — —
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e q u i l i b r i u m  w i t h  c a l c i t e  t o  be r e a c h e d . W i t h  t h e  a s s u m p t io n

o f  c a l c i t e  s a t u r a t i o n  and  t h e  a c t i v i t y  o f  Ca known, i t  i s

p o s s i b l e  t o  f i x  t h e  a c t i v i t y  o f  COg^-  and t h e r e b y  compute

t h e  s a t u r a t i o n  s t a t e  o f  t h e  o t h e r  c a r b o n a t e  m i n e r a l s .  The se

r e s u l t s  a r e  g i v e n  in  T a b l e  18.

D o l o m i t e  i s  now n e a r  s a t u r a t i o n  in  a l l  sam ples  w i t h  t h e

e x c e p t i o n  o f  t h e  Sawyer  w e l l  w h ic h  shows a s l i g h t  i n c r e a s e

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

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

c a l c i t e  s a t u r a t i o n .  S t r o n t i a n i t e  i s  now u n d e r s a t u r a t e d  in

a l l  o f  t h e  w e l l s  by  a p p r o x i m a t  1 y 1 .1  t o  1 . 5  o r d e r s  o f

m a g n i t u d e .  I t  i s  somewhat c l o s e r  t o  s a t u r a t i o n  i n  t h e  Z e e c k

w e l l ,  z o n e  1,  w h ic h  i s  l i k e l y  t h e  r e s u l t  o f  t h e  a n o m a l o u s l y  

2+h i g h  S r  c o n c e n t r a t i o n  in  t h i s  z o n e .  T h i s  r e l a t i v e l y  

c o n s t a n t  d e g r e e  o f  u n d e r s a t u r a t i o n  c o u l d  i n d i c a t e  a s o l i d
p_L,

s o l u t i o n  o f  S r  in  c a l c i t e .  H o w e v e r , t h e r e  i s  no d i r e c t

e v i d e n c e  f o r  t h i s  in  t h e s e  s a m p le s .  V e r y  l i t t l e  a n a l y t i c a l

d a t a  e x i s t s  f o r  Ba2+ o r  Ra2+ in  t h i s  s y s te m .

Gypsum and a n h y d r i t e  show i n c r e a s i n g  u n d e r s a t u r a t i o n
2 —

w i t h  d e p t h .  T h i s  c o r r e l a t e s  w i t h  t h e  d e c r e a s e  in  SO^ 

c o n c e n t r a t i o n s .  A n h y d r i t e  i s  n e a r  s a t u r a t i o n  in  t h e  Z e e c k  

w e l l ,  z o n e  1.  F o r  a n h y d r i t e  t h e  e f f e c t  o f  p r e s s u r e  on t h e  

m i n e r a l  s o l u b i l i t y  was com puted  b o t h  by  t h e  e m p i r i c a l  

f u n c t i o n  g i v e n  by L a n g m u ir  and M e l c h i o r  ( 1 9 8 5 ) ,  and u s i n g
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T a b l e  18 .  C a r b o n a t e  m i n e r a l  s a t u r a t i o n  i n d i c i e s  a ss u m in g  
c a l c i t e  s a t u r a t i o n .

Sawyer  w e l 1 z o n e  

1________ 2________3________ 4_______

d o l o m i t e  - 0 . 3 5  - 0 . 2 9  - 0 . 3 2  - 0 . 3 3  + 0 . 0 6

s t r o n t i a n i t e  - 1 . 2 2  - 1 . 1 7  - 1 . 1 9  - 1 . 2 0  - 1 . 4 3

w i t h e r i t e  -  -  -  - 4 . 9 0  - 5 . 4 7

RaCO^ — — — —1 2 . 0 3  —1 0 . 9 5

M a n s f i e l d  w e l l  z o n e  Z e e c k  w e l l  z o n e

J________ 2  1_2________ 3__

d o l o m i t e  - 0 . 0 7  - 0 . 1 2  - 0 . 0 9  - 0 . 1 7  + 0 . 0 7

s t r o n t i a n i t e  - 1 . 4 7  - 1 . 5 3  - 0 . 6 3  - 1 . 1 0  - 1 . 4 5

w i t h e r i t e  —5 . 6 2  —5 . 2 6  — — —6 . 5 0

RaCOg —1 1 . 5 3  —1 1 . 6 8  — — —1 1 . 3 0

J . F r  i erne 1 we 11 z o n e

J_________ 2______ 3________4_______ 5________6________7___

d o 1om i t e  —0 . 0 5  —0 . 0 5  —0 . 0 6  —0 . 0 1  + 0 . 0 2  + 0 . 0 7  —0 . 0 1

s t r o n t i a n i t e  - 1 . 2 3  - 1 . 2 2  - 1 . 2 6  - 1 . 2 7  - 1 . 2 3  - 1 . 2 4  - 1 . 4 4
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t h e  p a r t i a l  m o l a r  v o l u m e / c o m p r e s s i b i l i t y  m ethod ( c f .

M i l l e r o , 1 9 8 2 ) .  The e m p i r i c a l  f u n c t i o n  g a v e  r e s u l t s  

s l i g h t l y  c l o s e r  t o  s a t u r a t i o n  in  t h e  lo w e r  d e p t h s  o f  t h e  J .  

Fr  ierne 1 w e l l .

F i n a l l y ,  c e l  e s t  i t e  was n e a r  s a t u r a t i o n  in  t h e  m a j o r i t y  

o f  t h e  s a m p le s .  The e x c e p t i o n s  w e re  t h e  Sawyer  w e l l ,  zone s  

1 - 3 ,  t h e  M a n s f i e l d  w e l l ,  and t h e  Z e e c k  w e l l ,  zone  1,  w here  

i t  i s  u n d e r s a t u r a t e d .

Cone 1 u s i o n s

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

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

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

r e l e a s e  f r o m  a s t r o n t i u m  s u l f a t e  p h a se  o r  f r o m  a s o l i d  

s o l u t i o n  in  gypsum o r  a n h y d r i t e .  The s a t u r a t i o n  s t a t e  o f  

t h e  s u l f a t e  and  c a r b o n a t e  m i n e r a l s  was ex a m in e d  u s i n g  

J e n n e ' s  “ r u l e  o f  th u m b ” t h a t  a n a t u r a l  w a t e r  i s  s a t u r a t e d  

w i t h  r e s p e c t  t o  a c e r t a i n  m i n e r a l  i f  i t s  lo g  IAP i s  w i t h i n  

1 / 2 0  o f  i t s  lo g  ( J e n n e  e t  a l . ,  1 9 8 0 ) .  The s u l f a t e

m i n e r a l s  a r e  a l l  s a t u r a t e d  i n  t h e  P a l o  Duro  b r i n e s  w i t h  t h e  

e x c e p t i o n  o f  RaSO^ w h ic h  i s  s i g n i f i c a n t l y  u n d e r s a t u r a t e d  in  

a l l  t h e  b r i n e s  and  BaSO^ in  Z e e c k  z o n e  3 .  L a n g m u ir  and  

M e l c h i o r  ( 1 9 8 4 )  r e l a t e d  t h e  RaSO^ u n d e r s a t u r a t i o n  t o  t h e  

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

b a r i t e  in  t h e  Z e e c k  w e l l  was a c o n seq u e n ce  o f  s u l f a t e  

r e d u c t i o n .  The r e s u l t s  p r e s e n t e d  h e r e  and  by L a n g m u ir  and  

M e l c h i o r  ( 1 9 8 5 )  s u g g e s t  t h a t  s u l f a t e  m i n e r a l s  may a t t e n u a t e  

c o n c e n t r a t i o n s  o f  r a d i o a c t i v e  s t r o n t i u m  and r a d iu m  in  t h e  

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

The l a c k  o f  qua 1 i t y  in  t h e  c a r b o n a t e  d a t a  does n o t  

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

c a r b o n a t e  m i n e r a l s  as  g i v e n  in  T a b l e  17. H o w ev er ,  u s i n g  t h e  

a s s u m p t i o n  o f  c a l c i t e  e q u i l i b r i u m ,  t h e  w a t e r s  a r e  shown t o  

be a l s o  a t  e q u i l i b r i u m  w i t h  d o l o m i t e ,  b u t  no o t h e r  

c a r b o n a t e  m i n e r a l s .  S t r o n t  i an i t e  shows a  c o n s t a n t  l e v e l  o f  

u n d e r s a t u r a t i o n  w h ic h  may i n d i c a t e  s o l i d  s o l u t i o n  c o n t r o l  

o v e r  s t r o n t i u m  c o n c e n t r a t i o n s .  Bo th  w i t h e r i t e  and  RaSO^ a r e  

g r e a t l y  u n d e r s a t u r a t e d  i n  t h e  P a l o  Duro  b r i n e s .  T hese  

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

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

t o o  s o l u b l e  t o  a t t e n u a t e  i n t r o d u c e d  r a d i o n u c l i d e s .  The
on

p o s s i b l e  e x c e p t i o n  i s  S r ,  w h ic h  may be l i m i t e d  by i t s  

p r e c i p ï t a t i o n  i n  c a r b o n a t e  s o l i d  so 1u t i o n s .
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T h 0 2 AND U02 SOLUBIL ITY  STUDY

I n t r o d u c t  i on

A g o a l  o f  t h i s  r e s e a r c h  was t o  s t u d y  t h e  s o l u b i l i t y  o f  

t h o r  i an  i t e  an d  u r a n  i n i t e  i n b r  i n e s , s i nee  t h o r  i urn and  

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

F u r t h e r ,  i t  has been  h y p o t h e s i s e d  t h a t  s o l u b i l i t y  o f  t h e i r  

o x i d e s  may c o n t r o l  c o n c e n t r a t i o n s  o f  t h e s e  e le m e n t s  in  t h e  

P a l o  Duro  b r i n e s .

T h o r iu m  i s  s t a b l e  o n l y  as  T h ( I V )  s p e c i e s  u n d e r  aqueous  

e n v i r o n m e n t a 1 cond i t i o n s .  In  c o n t r a s t , u r a n  iurn may ex i s t  i n 

t h e  I V ,  V ,  o r  V I  s t a t e  d e p e n d i n g  upon t h e  pH and sys te m  

r e d o x  p o t e n t i a l .  The aqueous  c h e m ic a l  b e h a v i o r  o f  T h ( IV )  

m eas ured  u n d e r  a m b i e n t  o x i d i z i n g  c o n d i t i o n s  in  t h e  

l a b o r a t o r y  i s  s i m i l a r  t o  t h a t  o f  U ( I V )  and  can t h e r e f o r e  be  

used a s  an  a n a l o g  f o r  m o d e l l i n g  U ( I V )  b e h a v i o r  in  t h e  

r e d u c e d  b r i n e s .

The most  s t a b l e  s o l i d  t h o r i u m  p h a se  i s  t h e  v e r y  

i n s o l u b l e  o x i d e ,  T h 0 2 ( t h o r i a n î t e ) , t h e  d i s s o l u t i o n  o f  T h 0 2 

may be w r i t t e n

ThOz + 2H2 0 = T h 4+ + 4 OH-  ( 2 9 )

A t  2 5 ° C ,  K = 10~4 6 "6 f o r  amorphous ThOg ( L a n g m u i r  and
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Herman,  1 9 8 0 ) .  Based on s o l u b i l i t y  m easurem ents  f o r  a more  

c r y s t a l l i n e  p h a s e ,  Baes and  Mesmer ( 1 9 7 6 )  c a l c u l a t e d  Ksp =

1 ^ . A Ksp o f  10’ 5 4 - 2 was c a l c u l a t e d  f r o m  t h e  G ibbs  

f r e e  e n e r g y  o f  f o r m a t i o n  f r o m  CODATA ( 1 9 7 7 )  w h ic h  has  

p r o b a b l y  been  com puted  f r o m  c a l o r i m e t r i c  e n t r o p y  and  

e n t h a l p y  d a t a  f o r  a w e l l - c r y s t a l l i z e d  ThO^ s o l i d .  T h i s  

d i f f e r e n c e  o f  - 7 . 6  u n i t s  i n  lo g  f<sp ( + 1 0 . 4  k c a l / m o l )  b e tw e e n  

t h e  w e l l - c r y s t a l l i z e d  and  amorphous o x i d e s  i s  n o t  

u n r e a s o n a b l e ,  and i s  c o n s i s t e n t  w i t h  t h e  low s o l u b i l i t y  and  

h i g h  n u c l é a t i o n  e n e r g y  o f  t h e  c r y s t a l l i n e  o x i d e .

In  t h e  a b s e n c e  o f  s t r o n g  comp1 e x i n g  a g e n t s  ( i e .  o r g a n i c  

l i g a n d s )  t h e  b e h a v i o r  o f  T h 4+ in  d i l u t e  aqueous  s o l u t i o n s  i s  

c o n t r o l l e d  by  h y d r o l y s i s  r e a c t i o n s  w h ic h  can be r e p r e s e n t e d  

by t h e  g e n e r a l  e q u a t i o n

T h 44- + nh2o = T h ( 0 H ) n ( 4 - n ) +  + nH+ ( 3 0 )

w h e re  n = 1 t o  4 .  T h o r iu m  comp 1 e x i n g  w i t h  o t h e r  i n o r g a n i c  

a n i o n s  i s  i m p o r t a n t  a t  low pH and h i g h  i o n i c  s t r e n g t h .  F o r  

t h i s  s t u d y  t h o r i u m  co m p le x e s  fo r m e d  w i t h  C l -  and  S 0 ^ + w e re  

c o n s i d e r e d .  The c u m u l a t i v e  f o r m a t i o n  c o n s t a n t s  a s  r e p o r t e d  

by L a n g m u ir  and  Herman ( 1 9 8 0 )  a r e  l i s t e d  i n  T a b l e  19.
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T a b l e  19.  C u m u l a t i v e  f o r m a t i o n  c o n s t a n t s  a t  25 °C  f o r
mononuc1 e a r  t h o r  iurn a q u o -c o m p 1 e x e s . T h o r  i um-  
h y d r o x i d e  co m p le x e s  a r e  w r i t t e n  in  t h e  p r o t o n  
f o r m  (L a n g m u i r  and  Herman,  1 9 8 0 ) .

Comp1 ex - l o g  1

ThOH3+ 3 . 2

T h ( O H ) 2 2+ 6 . 9

T h ( 0 H ) 3 + 1 1 . 7

T h ( 0 H ) 4 ° 1 5 . 9

Th C 13+ 1 . 0 9

T h ( C l ) 2 Z+ 0 . 8 0

T h ( C l ) 3 + 1 . 6 5

T h ( C l ) 4 ° 1 . 2 6

T h S 0 . z+4 5 . 4 5

T h ( S 0 4 , 2 2+ 9 . 7 3
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P r e v i o u s  ThO_ s o l u b i l i t y  w ork

T h e r e  h av e  been fe w  m eas urem ents  o f  ThO^ s o l u b i l i t y  in  

aqu eous  s o l u t i o n s .  A summation o f  t h e  th e r m o d y n a m ic  d a t a  on 

t h e  f o r m a t i o n  o f  t h o r i u m  co m p lexe s  and t h e  d i s s o l u t i o n  o f  

ThOg is  g i v e n  b y  L a n g m u ir  and  Herman ( 1 9 8 0 ) .  The d a t a  

p e r t i n e n t  t o  t h i s  d i s c u s s i o n  a r e  g i v e n  in  T a b l e  2 0 .  P i t z e r  

( 1 9 7 9 )  r e p o r t s  i n t e r a c t i o n  c o e f f i c i e n t s  f o r  T h 4+ w h ic h  he  

d e r i v e d  f r o m  t h e  i s o p i e s t  i c w ork  on T h C l 4 in  a c i d i c  

s o l u t i o n s  by R o b in so n  ( 1 9 5 5 ) .  The s o l u b i l i t y  o f  ThO^ was 

m easured  a t  95 °C  and pH < 3 by  Baes e t  a l .  ( 1 9 6 5 )  who fo u n d  

t h a t  e q u i l i b r i u m  was a t t a i n e d  in  10 d ay s  a t  pH> 2 .  ThO^ was 

p r e c i p i t a t e d  u n d e r  h y d r o t h e r m a l  c o n d i t i o n s  (< 1 0 0 °  C) f r o m  

T h ( NOg)2 s o l u t i o n s  by R o b i n s ( Î 9 6 T ) . None o f  t h e s e  s t u d i e s  

have  c o n s i d e r e d  t h e  e f f e c t  o f  i o n i c  s t r e n g t h  on t h e  

s o l u b i l i t y  o f  ThO^ f o r  i n t e r m e d i a t e  pHs.  A t  i n t e r m e d i a t e  

p H 's  ( > 5 . 5 )  , t h r o u g h o u t  t h e  i o n i c  s t r e n g t h  r a n g e  o f  

i n t e r e s t  ( 0 - 4  m N a C l ) ,  t h e  p r e d o m i n a n t  t h o r i u m  aquo s p e c i e s  

i s  T h ( 0 H ) ^ ° .  A t  h i g h  i o n i c  s t r e n g t h s  and low pH,  T h ( C l ) ^ °  

i s  i m p o r t a n t .  The a c t i v i t y  c o e f f i c i e n t s  o f  T h ( O H ) a n d  

T h ( C l ) ^ °  i n c r e a s e  and  t h e i r  m o la l  c o n c e n t r a t i o n s  d e c r e a s e  as  

I i n c r e a s e s .  T h i s  b e h a v i o r  i s  known as s a l t i n g  o u t ,  and  can  

be m ode led  by e i t h e r  a S e tch n o w  e q u a t i o n  o r  by  a  n e u t r a l  

s p e c i e s  P i t z e r  c o e f f i c i e n t .
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T a b l e  2 0 .  Therm odynam ic  d a t a  f o r  ThO^ and t h o r i u m  aqueous
s p e c i e s  a t  2 5 °C  and 1 a t m .  p r e s s u r e  f r o m  L a n g m u ir  
and Herman ( 1 9 8 0 ) .

M i n e r a l  o r  
aqueous  s p e c i e s AHf  ° AGf ° S°

ThO^ ( c ) t h o r  i an i t e - 2 9 3 . 1 2 - 2 7 9 . 3 5 15

Th4+ - 1 8 3 . 8 - 1 6 8 . 4 - 1 0 1

ThOH3+ - 2 4 6 . 2 - 2 2 0 . 7 - 7 9

T h ( O H ) 2 2+ - 3 0 6 . 5 - 2 7 2 . 3 - 5 3

T h ( O H ) 3 + - 3 6 8 . 4 - 3 2 2 . 5 - 3 6

T h ( OH) 4° - 4 3 8 . 4 - 3 7 3 . 5 - 2 4

T h C 13+ - 2 2 3 . 7 - 2 0 1 . 3 - 8 3

T h ( C l ) 2 Z+ - - 2 3 2 . 3 -

T h ( C l ) 3+ - - 2 6 4 . 8 -

T h ( C l ) 4 ° - - 2 9 4 . 6 -

ThSO , 2+  4 - 3 9 7 . 2 - 3 5 3 . 8 - 5 9

T h ( S 0 4 ) 2° - 6 1 1 . 0 - 5 3 7 . 6 - 2 2
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Mode 1 1 i no o f  t h o r i  urn comp1 e x e s  i n b r I n e s

To p r e d i c t  t h e  s o l u b i l i t y  o f  ThO^ i n  b r i n e s  i t  i s  

n e c e s s a r y  t o  d e t e r m i n e  how i n c r e a s i n g  i o n i c  s t r e n g t h  a f f e c t s  

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

c o m p le x e s .  T h i s  r e q u i r e s  d a t a  on t h e  v a r i a t i o n  o f  a c t i v i t y  

c o e f f i c i e n t s  f o r  T h 4+ and  Th c o m p lexe s  w i t h  i o n i c  s t r e n g t h  

t h a t  can be i n p u t  i n t o  an i o n - i n t e r a c t i o n  c o m p u te r  c o d e .

Such d a t a  e x i s t  f o r  T h 4+ in  a c i d i c  c h l o r i d e  s o l u t i o n s .  

L a c k i n g  i o n - i n t e r a c t i o n  p a r a m e t e r s  f o r  t h e  t h o r i u m  h y d r o x y ,  

c h l o r i d e  and s u l f a t e  c o m p l e x e s ,  t h e  b e s t  o p t i o n  i s  t o  assume  

t h a t  t h e y  e q u a l  t h e  m eas ured  p a r a m e t e r s  f o r  s p e c i e s  o f  

c o m p a r a b le  s i z e  and  i d e n t i c a l  c h a r g e .  A c c o r d i n g l y ,  f o r  

T h ( O H ) 3 + and  T h ( C l ) 3 + t h e  a n a l o g  chosen was Cs+ . F o r  

T h ( O H ) £ 2 + , T h ( C 1 ) 22+ and  ThSO^2"1" t h e  a n a l o g  s p e c i e s  was 

Ba2 + . F o r  ThOH2+ and T h C l 2+ t h e  a n a l o g  chosen was L a 3'*". 

V a lu e s  o f  t h e  p a r a m e t e r s  f o r  t h e s e  s p e c i e s  and  f o r  T h 4+ w ere  

o b t a i n e d  f r o m  P i t z e r  ( 1 9 8 7 ) .  F o r  t h e  n e u t r a l  co m p lexe s  

T h ( OH) 4° » T h ( C l ) 4°  and  T h ( S 0 4 ) 2° ,  t h e  a n a l o g  chosen was 

S i ( 0 H ) 4 °  (H 4 s î o 4 ) .  The a c t i v i t y  c o e f f i c i e n t  o f  a n e u t r a l  

s p e c i e s  can be g i v e n  by

lo g  y = Dm ( 3 1 )

w h e re  t h e  v a l u e  o f  D, t h e  e m p i r i c a l  S e tch en o w  c o n s t a n t ,  i s  a
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f u n c t i o n  o f  t h e  n a t u r e  o f  t h e  e 1e c t o 1y t e  and m i s  t h e  

m o l a l i t y  o f  t h e  e l e c t r o l y t e .  V a lu e s  o f  D f o r  s i 1 i ca  in  

v a r i o u s  s a l t  s o l u t i o n s  a r e  g i v e n  by M a r s h a l l  and Chen 

( 1 9 8 2 ) .  F o r  t h e  NaCl sy s te m  D= 0 . 0 8 0 3  a t  2 5 ° C .  U s in g  t h e  

a s s u m p t i o n  D (K + ) = D ( C l “ ) t h e  n e u t r a l  i n t e r a c t i o n  t e r m s  (L )  

used t o  model n e u t r a l  s p e c i e s  a c t i v i t i e s  in  t h e  

i o n - i n t e r a c t  io n  e q u a t i o n s  a r e  l_Na = - 0 . 0 3 3  and  l_c l  = 0 . 0 0 7 .

P r e v i o u s  w o r k e r s  h av e  a l s o  used  a n a l o g  s p e c i e s  t o  p r o x y

f o r  o t h e r  s p e c i e s  when a p p r o p r i a t e  e l e c t r o l y t e  d a t a  w ere

?+l a c k i n g .  T h u s ,  P i t z e r  ( 1 9 7 9 )  s u g g e s t e d  t h e  use  o f  Mg as

2+an a n a l o g  f o r  Ca . The use  o f  o t h e r  a  1k a i i n e - e a r t h  

e l e m e n t s  ( C a ,  Ba ,  S r )  as  a n a l o g  f o r  each  o t h e r  ( R o g e r s ,

1981 )  and  f o r  r a d iu m  ( L a n g m u i r  and M e l c h i o r ,  1985 )  has  

p r o v e n  s u c c e s s f u l  f o r  m o d e l i n g  t h e  b e h a v i o r  o f  S r S O ^ , BaSO^, 

and RaSO^ i n b r i n e s .

T a b l e  21 s u m m ar izes  t h e  i o n - i n t e r a c t i o n  p a r a m e t e r s  

n ee d ed  t o  model t h e  a c t i v i t i e s  o f  aqueous  t h o r i u m  s p e c i e s  in

NaCl s o l u t i o n s  as a f u n t i o n  o f  pH and i o n i c  s t r e n g t h . Model

com puted  a c t i v i t i e s  o f  t h o r i u m  s p e c i e s  in  a s e r i e s  o f  NaCl

b r i n e s  a r e  g i v e n  in  T a b l e  2 2 .

Once a c t i v i t i e s  o f  t h e  t h o r i u m  aqueous  s p e c i e s  have  

been  c a l c u l a t e d  u s i n g  t h e  P i t z e r  e q u a t i o n s ,  and w i t h  t h e  

v a r i o u s  com p lex  f o r m a t i o n  c o n s t a n t s ,  i t  i s  p o s s i b l e  t o  

g e n e r a t e  a s e r i e s  o f  s t a b i l i t y  d i a g r a m s  sho w ing  t h e  m ole
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T a b l e  2 1 .  P i t z e r  i o n - i n t e r a c t i o n  p a r a m e t e r s  f o r  t h e  
t h o r i u m  s p e c i e s  i n  NaCl s o l u t i o n s  a t  2 5 °C .

S p e c i e s  A n a lo g  B° _________ i ° _____ _____C °________$---------------

T h 4+  

ThOH34* 

T h ( O H ) 2 2+  

T h ( O H ) 3 +

— 1 . 0 1 3 8 1 3 . 3 3 1 3 - 0 . 1 0 3 4 0 . 0 0

l_a3+ 0 . 5 8 8 6 7 5 . 6 0 - 0 . 0 2 3 4 8

oo
0

Ba2+ 0 . 2 6 2 8 1 . 4 9 6 3 - 0 . 0 1 9 3 8 0 . 7 - 0

Cs + 0 . 0 3 0 0 . 0 5 5 8 0 . 0 0 0 3 8 0 . 0 3 3 - 0

Y__

.0

.0

,007

,003
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T a b l e  2 2 .  Model com puted  a c t i v i t y  c o e f f i c e n t s  o f  t h o r i u m  
s p e c i e s  in  NaCl m e d ia  a t  2 5 ° C  u s i n g  a n a lo g o u s  
spec i e s .

I (m) T h 4+ ThOH3+ T h ( O H ) 2 2+ T h (O H ) 3 + T h ( O H ) 4°

T h C l 3+ T h ( C l ) 2 2+ T h C C l ) 3 + T h ( C 1 ) 4°

ThS04 2+ T h ( S04 )2
0 . 0 0 5 0 . 2 3 3 0 . 4 6 9 0 . 7 2 9 0 . 9 2 4 1 . 0 0

0 . 0 1 0 0 .  138 0 . 3 5 7 0 . 6 5 0 0 . 8 9 6 1 . 0 0

0 . 0 5 0 0 . 0 2 4 6 0 . 1 4 2 0 . 4 3 8 0 . 8 0 0 1 .01

0 .  100 0 . 0 1 0 1 0 . 0 8 6 9 0 . 3 5 1 0 . 7 4 2 1 . 0 2

0 . 2 5 0 3 .  1 1x10 ” 3 0 . 0 4 4 4 0 . 2 5 7 0 . 6 5 3 1 . 0 5

0 . 5 0 0 1 . 3 7 x 1 0 - 3 0 . 0 2 7 5 0 . 2 0 8 0 . 5 7 7 I . 0 9

0 . 7 5 0 8 . 4 5 x 1 0 - 4 0 . 0 2 1 3 0 .  188 0 . 5 3 1 1 . 1 4

1 . 0 0 5 . 8 7 x 1 0 - 4 0 . 0 1 7 8 0 . 1 7 9 0 . 4 9 7 1 . 2 0

1 . 5 0 3 . 2 9 x 1 0 - 4 0 . 0 1 4 2 0 . 1 7 4 0 . 4 4 9 1 .31

2 . 0 2 . 0 6 x 1 0 - 5 0 . 0 1 2 4 0 . 1 7 8 0 . 4 1 5 1 . 4 3

om

9 . 8 6 x 1 0 - 6 0 . 0 1 1 2 0 . 2 0 1 0 . 3 6 7 1 .71

4 . 0 5 . 6 9 x l 0 " 6 0 . 0 1 1 5 0 . 2 3 7 0 . 3 3 2 2 . 0 5

5 . 0 6 . 9 5 x 1 0 - 6 0 . 0 2 0 9 0 . 3 0 2 0 . 2 9 4 2 . 4 5
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f r a c t i o n  abu n d an c e  o f  each  s p e c i e s .  T h o r  i u m -h y d r o x y  and  

t h o r  i um-ch i o r  i de  com plex  d i s t r i b u t i o n  d ia g r a m s  w e re  p r e p a r e d  

a s s u m in g  t o t a l  t h o r i u m  c o n c e n t r a t i o n s  < 1 0 “ ^ m f o r  w h ic h  

c o n d i t i o n s  Th i s  p r e s e n t  o n l y  as  m o n o n u c le a r  s p e c i e s  ( c f .  

Baes and  Mesmer,  1 9 7 6 ) ,  and  t h e  pH d i s t r i b u t i o n  o f  co m p le x e s  

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

c u m u l a t i v e  f o r m a t i o n  c o n s t a n t s  t a k e n  f ro m  T a b l e  19 w e r e  used  

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

f r o m  T a b l e  22 in  a c a l c u l a t i o n  scheme o u t l i n e d  in  B u t l e r  

( 1 9 6 4 ,  p p .  2 6 7 - 2 6 8 ) .  A p r o g r a m  t o  p e r f o r m  t h e  c a l c u l a t i o n s  

was w r i t t e n  i n  BASIC and e x e c u t e d  on an  IBM-PC.  F i g u r e s  

3 - 7  p r e s e n t  t h e  d i s t r i b u t i o n  d ia g r a m s  f o r  t h e  Th 

a q u o - s p e c i e s  a t  i o n i c  s t r e n g t h s  o f  0 . 1 ,  0 . 5 ,  1 . 0  and  4 . 0  

m o la l  in  NaCl m ed ia  a t  2 5 ° C .

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

i o n i c  s t r e n g t h  t h e  i m p o r t a n c e  o f  t h o r i u m - c h l o r i d e  co m p le x e s  

i n c r e a s e s  a t  t h e  e x p e n s e  o f  Th^+ and  t h e  i n t e r m e d i a t e  

t h o r i u m - h y d r o x y  c o m p le x e s .  Thus f o r  1= 4 . 0  m, T h ( C l ) 4°  and  

T h ( O H ) 4 °  a r e  t h e  p r e d o m i n a n t  s p e c i e s  i n  NaCl m e d i a .  These  

r e s u l t s  i n d i c a t e  t h a t  in  h i g h  i o n i c  s t r e n g t h  NaCl s o l u t i o n s ,  

t h e  d i s t r i b u t i o n  o f  t h o r i u m  com p le x e s  i s  in d e p e n d a n t  o f  pH 

e x c e p t  in  t h e  5 t o  6 r a n g e .  H a v in g  p r e d i c t e d  t h e  r e l a t i v e  

b e h a v i o r  o f  t h o r i u m  h y d r o x y  c o m p lexe s  as  a f u n c t i o n  o f  i o n i c  

s t r e n g t h  we can r e l a t e  t h e s e  r e s u l t s  t o  t h e  m easured
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1 . 0

Th(OH) 4

0.8
T h 4>

0.6

0 . 4 I —  Th(OH) 2 2*
ThOH 34

0 . 2

T h ( O H )  3*

4 PH 5

F i g u r e  3 .  D i s t r i b u t i o n  o f  T h 44- and  T h - a q u o  c o m p le x e s  a s  a  
f u n c t i o n  o f  pH i n  0 . 1  m NaCl a t  2 5 ° C .
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----  Th 4 +
T h ( O H ) 4 °

' — • •

----
.

*

—— •

—
T h O H 3^'

T h ( 0 H ) 2 3 + 
• . •

— • ,

T h C l 3*
i ' • ' '

. ............. ,
......

....... . ' L. II fi

• ' : ; . .Th(OH)3*

2 3 4 l, 5 6 7

F i g u r e  4 .  D i s t r i b u t i o n  o f  T h ^ + a n d  T h - a q u o  c o m p le x e s  a s  a  
f u n c t i o n  o f  pH i n  0 . 5  m o l a l  NaCl a t  2 5 0 C.
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1 . 0

0 . 8

—  T h 4>

0 . 6

Th (OH)  4

0 . 4

0 . 2

ThCl 3+

T h O H 3*.'  Y

................................................. I  « I » I  : ,  i
• •1 11 111 I ! 1 M  • • • • • • • •  • • •  i . i ! I ....................1 ! m  i . i

T h ( O H ) 2 2+

•i,
T h(O H)  a*

JJJJxÜllXlliLL I I I ill I I I

pH 6

4+F i g u r e  5 .  D i s t r i b u t i o n  o f  Th a n d  T h - a q u o  c o m p le x e s  a s  a  
f u n c t i o n  o f  pH in  1 . 0  m o l a l  NaCl a t  25  C.
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1 . 0

0 . 8

T h ( C l ) A°

Th (O H )  4

0 . 6

0 . 4

Th ( C l ) 3+

0 . 2

Th(OH) 3 +

4 PH 5

F i g u r e  6 .  D i s t r i b u t i o n  o f  T h 4+ a n d  T h - a q u o  c o m p le x e s  a s  a  
f u n c t i o n  o f  pH i n  4 . 0  m o l a l  NaCl a t  2 5 ° C .
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s o l u b i l i t y  o f  ThO^ in  NaCl s o l u t i o n s .

E x p e r i m e n t a l

A s e r i e s  o f  e x p e r i m e n t s  w e re  p e r f o r m e d  t o  m eas ure  t h e  

s o l u b i l i t y  o f  ThO^  i n  NaCl s o l u t i o n s  r a n g i n g  in  i o n i c  

s t r e n g t h  f r o m  0 . 0  t o  4 . 0  m o l a l .  P r i o r  t o  t h e  s o l u b i l i t y  

r u n s ,  r e a g e n t  g r a d e  o r  b e t t e r  ThO^ s o l i d  was u 1t r a s o n i c a 11 y  

d i s p e r s e d  in  w a t e r  and  a l l o w e d  t o  s e t t l e  b r i e f l y .  The  

s u s p e n s io n  was d e c a n t e d  t o  remove t h e  suspended  f i n e  

p a r t i c l e s  w h ic h  hav e  a h i g h e r  s o l u b i l i t y  due t o  s u r f a c e  

e n e r g y  e f f e c t s .  The r e m a i n i n g  s o l i d  m a t e r i a l  was d r i e d  a t  

110°C  f o r  tw o  d ay s  t h e n  s t o r e d  i n  a  g l a s s  v i a l  w i t h  a t i g h t  

f i t t i n g  s c re w  c a p .

F o r  t h e  s o l u b i l i t y  r u n s ,  s m a l l  q u a n t i t i e s  o f  ThO^ 

( 2 0 0 - 9 0 0  ug)  w e re  w e ig h e d  o u t  on an CAHN m i c r o b a l a n c e  and  

p l a c e d  in  1-1 i t e r  l i n e a r  p o l y e t h y l e n e  b o t t l e s  (L P E ) .  P r i o r  

t o  t h e i r  u s e ,  t h e  b o t t l e s  w e re  washed w i t h  A lc o n o x  d e t e r g e n t  

and r i n s e d  s e v e r a l  t i m e s  w i t h  d o u b l y - d e i o n i z e d  w a t e r .

W eighed q u a n t i t i e s  o f  r e a g e n t  g r a d e  NaCl w e r e  add ed  t o  each  

b o t t l e .  One l i t e r  o f  d o u b l y  d e i o n i z e d  w a t e r  was added  t o  

t h e  s a l t  and  t h e  b o t t l e s  s e a l e d  w i t h  t i g h t l y - f i t t i n g  sc re w  

caps and  p l a c e d  i n  a  s h a k i n g  c o n s t a n t  t e m p e r a t u r e  b a t h .  The  

sam p les  w e re  a g i t a t e d  t h r o u g h o u t  t h e  e x p e r i m e n t  and  t h e  

t e m p e r a t u r e  m a i n t a i n e d  t o  ± 0 . 1 °C .  The e x p e r i m e n t s  w ere
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p e r f o r m e d  a t  35°C in  an a t t e m p t  t o  i n c r e a s e  t h e  k i n e t i c s  o f  

d i s s o l u t i o n .  S o l u b i l i t y  e x p e r i m e n t s  must  be p e r f o r m e d  f r o m  

b o t h  u n d e r -  and s u p e r - s a t u r a t i o n  in  o r d e r  t o  a s s u r e  

a t t a i n m e n t  o f  e q u i l i b r i u m .  To f a c i l i t a t e  t h i s ,  one  s e t  o f  

e x p e r i m e n t s  was m a i n t a i n e d  a t  4 5 ° C  f o r  t h e  f i r s t  h a l f  o f  t h e  

e x p e r i m e n t  and  t h e n  l o w e r e d  t o  35 °C  f o r  t h e  r e m a i n d e r  o f  t h e  

e x p e r i m e n t .  A second s e t  o f  e x p e r i m e n t s  w e re  m a i n t a i n e d  a t  

35° C  t h r o u g h o u t .  T o t a l  l e n g t h  o f  t h e  s o l u b i l i t y  ru n s  w e re  

a p p r o x i m a t  1 y  e i g h t  m o n th s .

A t  t h e  c o n c l u s i o n  o f  e x p e r i m e n t s  sam ple  p H 's  w ere  

m eas u red  w i t h  a  Beckman m i c r o p o r e  c o m b i n a t i o n  pH e l e c t r o d e  

and an  O r i o n  901 m e t e r .  The e l e c t r o d e  was s t a n d a r d i z e d  

u s i n g  pH 4 . 0 1  and 6.86 F i s h e r  g r a m -p a c  b u f f e r s .  The sam ples  

w e re  c e n t r i f u g e d  a t  2 5 0 0  rpm f o r  45 m in u t e s  i n  t h e  LPE 

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

one h a l f  o f  t h e  sam ple  ( 5 0 0  m l )  was t h e n  s ip h o n e d  i n t o  a new 

LPE b o t t l e  and  a c i d i f i e d  t o  pH < 2 u s i n g  u l t r e x  n i t r i c  a c i d .  

The sam p les  w ere  t h e n  s e n t  t o  P a c i f i c  N o r t h w e s t  Labs f o r  

^ ^ T h  and  ^ ® T h  a n a l y s i s  by a l p h a  c o u n t i n g .  The a n a l y s e s  

w e re  p e r f o r m e d  by D r .  J . C .  L a u l .

E x p e r i m e n t a l  r e s u l t s

T o t a l  m o la l  c o n c e n t r a t i o n s  o f  t h o r i u m  computed f r o m  t h e  

r a d i o a c t i v e  d e c a y  r a t e  o f  ^3 ^Th a r e  g i v e n  i n  T a b l e  2 3 .
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T a b l e  2 3 .  M o la l  c o n c e n t r a t i o n s  o f  Th and  f i n a l  pHs in
NaCl s o l u t i o n s  a t  35° C .  U n c e r t a i n t i e s  a r e  b ased  
on a l p h a  c o u n t i n g  e r r o r s .

Samp1e L Samp1e H

I (m) m ThC xlO 1 1 ) PH mTh( x 1 0 1 1 ) pH

oo

9 . 5 4 4- 3 . 5 3 5 . 2 9 2 4 . 7 3 ± 7 . 0 7 5 . 5 6

0 . 0 0 5 6 . 7 1 ± 3 . 5 3 5 . 4 9 21.20 ± 1 2 . 3 7 5 . 3 9

0.010 1 9 . 4 3 ± 5 . 3 0 5 . 2 9 1 9 . 4 3 ± 5 . 3 0 5 . 3 9

0 . 0 5 0 9 . 0 1 3 . 5 3 5 . 3 0 2 8 . 2 7 ± 7 . 0 7 5 . 4 3

0 . 10 1 4 . 6 6 ± 7 . 0 7 5 . 0 8 8 3 . 0 3 ± 3 5 . 3 3 5 . 4 6

0 . 2 5 1 1 . 8 4 5 . 3 0 5 . 5 5 2 4 . 7 3 ± 7 . 0 7 5 . 4 1

0 . 5 0 2 2 . 9 7 ± 7 . 0 7 6 . 3 1 1 2 . 3 7 ± 5 . 3 0 5 . 7 1

0 . 7 5 14 .  13 4- 3 . 5 3 5 . 8 7 1 0 . 6 0 ± 3 . 5 3 6 . 3 7

1.0 8 . 8 3 ± 3 . 5 3 5 . 9 6 1 4 . 8 4 ± 5 . 3 0 6 . 2 6

1 . 5 5 4 . 7 6 ± 1 0 . 6 0 6 . 1 8 2 8 . 2 7 ± 8 . 8 3 5 . 6 3

o(XI 2 , 1 4 0 + 7 . 0 7 6 . 4 5 1 2 . 3 7 ± 3 . 5 3 6.20

w o 4 0 . 6 3 ± 1 2 . 3 7 6 . 4 8 1 0 4 .2 3 ± 1 7 . 6 6 6 . 6 0

4 . 0 3 8 8 . 6 ± 3 7 .  10 6 . 7 3 3 3 . 5 6 ± 1 2 . 3 7 6.21
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E x a m i n a t i o n  o f  t h e  d a t a  show tw o  sam ples  l a b e l e d  L w i t h  

a n o m a l o u s l y  h i g h  Th v a l u e s  a t  i o n i c  s t r e n g t h s  o f  2 . 0  and  4 . 0  

m o l a l . T h e se  v a l u e s  a r e  most  l i k e l y  t h e  r e s u l t  o f  suspended

p a r t i c u l a t e  ThO^ n o t  rem oved by  c e n t r i f u g a t i o n  o r  

r e s u s p e n d e d  d u r i n g  t h e  s i p h o n i n g  p r o c e s s .  T hese  tw o  d a t a  

p o i n t s  w e re  r e j e c t e d .  U n f o r t u n a t l y ,  t h e  r e m a i n i n g  d a t a  show 

a g r e a t  d e a l  o f  s c a t t e r  and  no s y s t e m a t i c  t r e n d s .  The  

u n c e r t a i n t y  i n t r o d u c e d  by  c o u n t i n g  ( a n a l y t i c a l )  e r r o r  seems 

t o  be n e a r l y  as  g r e a t  as  t h e  e x p e r i m e n t a l  v a r i a t i o n .  The  

c o n s i d e r a b l e  v a r i a b i l i t y  in  Th c o n c e n t r a t i o n s  is  

u n d e r s t a n d a b l e  a t  t h e s e  v e r y  low l e v e l s .  The s c a t t e r  in  t h e  

pH d a t a  i s  more d i f f i c u l t  t o  e x p l a i n  as  t h e r e  s h o u ld  be a  

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

C a l c u l a t e d  m o le  f r a c t i o n s  o f  t h e  t h o r i u m  com p le x e s  show 

t h a t  T h ( O H ) 4°  i s  t h e  d o m in a n t  t h o r i u m  s p e c i e s  i n  a l l  o f  t h e  

e x p e r i m e n t s .  G iv e n  t h e  low p r e c i s i o n  o f  t h e  d a t a ,  one  can  

assume t h a t  T h ( OH) 4°  i s  t h e  o n l y  s p e c i e s  p r e s e n t  w i t h o u t  

i n t r o d u c i n g  s i g n i f i c a n t  e r r o r .  ThO^ s o l u b i l i t y  i s  t h e n  

g o v e r n e d  by  t h e  r e a c t i o n

ThO_ + 2H20  = T h ( 0 H ) 4°  ( 3 2 )

I f  t h i s  i s  c o r r e c t ,  t h e n  t h e  s o l u b i l i t y  i s  p H - i n d e p e n d e n t  

and p r o p o r t i o n a l  t o  10 - ^ *  ̂ i n  NaCl s o l u t i o n s  a t  3 5 °C
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(M a r s h a l  1 and  Chen,  1 9 8 2 ) ,  a ss u m in g  t h e  s i l i c a  a n a l o g  

a d e q u a t e l y  e x p l a i n s  T h ( O H ) b e h a v i o r .  T h i s  b e h a v i o r  w o u ld  

r e s u l t  in  a  c o n c e n t r a t i o n  d e c r e a s e  o f  9 . 3  x 10 1 in  

d i s s o l v e d  t h o r i u m  b e tw e e n  0 . 0  and  4 . 0  m i o n i c  s t r e n g t h .

Such a t r i v i a l  change  in  t h e  t h o r i u m  c o n c e n t r a t i o n  i s  w e l l  

w i t h i n  t h e  e x p e r i m e n t a l  u n c e r t a i n t y ,  and c a n n o t  be d i s c e r n e d  

f r o m  t h e  e m p i r i c a l  d a t a .  A v a l u e  f o r  t h e  e q u i l i b r i u m  

c o n s t a n t  f o r  t h e  a b o v e  r e a c t i o n  was o b t a i n e d  f ro m  t h e  

e x p e r i m e n t a l  d a t a  u s i n g  t h e  e x p r e s s i o n

Ksp = (m T h(0H )4° ) < Y T h ( O H )4° ) / ( H 2o )2 ( 3 3 )

The v a l u e s  o f  Ksp a t  35° C ,  com puted  a ss u m in g  t h a t  t h e  

Se tch enow  c o e f f i c i e n t  f o r  s i l i c a  a p p l i e s  t o  T h ( OH) ,  a r e  

p r e s e n t e d  in  T a b l e  2 4 .  The a v e r a g e  lo g  Ksp com puted  f ro m  

t h e  d a t a  i s  —9 . 5 8  w i t h  a s t a n d a r d  d e v i a t i o n  o f  0 . 4 0 .  T h i s  

i s  in  r e a s o n a b l e  a g r e e m e n t  w i t h  t h e  v a l u e  - 9 . 7 9  computed  

f r o m  t h e  s o l u b i l i t y  w ork  sum m ar ized  by Baes and Mesmer  

( 1 9 7 6 ) .  V a l u e s  computed u s i n g  t h e  tw o  r e j e c t e d  d a t a  p o i n t s  

f a l 1 w e l l  o u t s i d e  o f  t h r e e  s t a n d a r d  d e v i a t i o n s  o f  t h e  mean,  

and j u s t i f e d  t h e i r  r e j e c t i o n .  A l t h o u g h  t h e  e x p e r i m e n t a l  

d a t a  do n o t  p r o v e  t h a t  t h e  p r e d o m i n a n t  t h o r i u m  s p e c i e s  i s  

T h ( O H ) 4°  o r  t h a t  t h e  b e h a v i o r  o f  t h i s  s p e c i e s  i s  a d e q u a t e l y  

m o d e l l e d  by  s i l i c a ,  t h e  r e s u l t s  a r e  in  k e e p i n g  w i t h  t h e s e
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T a b l e  2 4 .  E x p e r i m e n t a l l y  d e t e r m i n e d  e q u i l i b r i u m  c o n s t a n t s  
( - l o g  K) f o r  r e a c t i o n  ( 3 2 )  in  NaCl s o l u t i o n s
a t  35° C .  

I (m) CL) (H)

0.0 10.02 9 . 6 1

0 . 0 0 5 10 .  17 9 . 6 7

0.010 9 . 7 0 9 . 7 0

0 . 0 5 0 1 0 . 0 3 9 . 5 4

0 . 10 9 . 8 1 9 . 0 6

0 . 2 5 9 . 8 8 9 . 5 6

0 . 5 0 9 . 5 7 9 . 8 4

0 . 7 5 9 . 7 5 9 . 8 7

1 .0 9 . 9 1 9 . 6 8

1 .5 9 . 0 6 9 . 3 5

2.0 - 9 . 6 1

3 . 0 8 . 9 8 8 . 5 7

4 . 0 8 . 9 4
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a s s u m p t io n s  ( i e .  no d i s c e r n a b l e  e f f e c t  o f  i n c r e a s i n g  i o n i c  

s t r e n g t h  on t h e  c o n c e n t r a t i o n  o t  t h o r i u m ) .

The e f f e c t  o f  p H. i o n i c  s t r e n g t h ,  and  

t e m p e r a t u r e  on ThO« s o l u b i l i t y

The t h o r i u m  o x i d e  s o l u b i l i t y  e x p e r i m e n t s  gave  an  

a v e r a g e  lo g  K= - 4 9 . 5  f o r  t h e  e q u i l i b r i u m  c o n s t a n t  o f  

r e a c t i o n  29  a t  3 5 ° C .  W i t h  t h i s  c o n s t a n t  and  t h e  a c t i v i t y  

c o e f f i c i e n t s  o f  t h e  t h o r i u m  com p le x e s  f r o m  T a b l e  2 2 ,  we may 

compute t h e  s o l u b i l i t y  i f  ThO^ as  a f u n c t i o n  o f  i o n i c  

s t r e n g t h  and  pH. The r e s u l t s  a r e  g i v e n  in  T a b l e  2 5 .  T a b l e  

25 shows t h a t  h i g h  NaCl s a l i n i t i e s  g r e a t l y  i n c r e a s e  t h e  

s o l u b i l i t y  o f  ThO^ b e lo w  pH 5 ,  b u t  t h a t  a t  h i g h e r  p H s , ThO^ 

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

pH.

W i t h  t h e  e n t h a l p y  d a t a  f r o m  T a b l e  2 0 ,  t h e  e f f e c t  o f  

t e m p e r a t u r e  on ThO^ s o l u b i l i t y  was c o m p u te d . S i n c e  

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

t h o r i u m - c h l o r i d e  c o m p le x e s ,  t h e  e f f e c t  o f  t e m p e r a t u r e  on 

ThOg s o l u b i l i t y  c o u l d  be com puted  o n l y  f o r  t h e  h i g h  pH d a t a  

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

g i v e n  in  T a b l e  2 5 .  The t a b l e  shows t h a t  an i n c r e a s e  in  

t e m p e r a t u r e  i n c r e a s e s  ThO^ s o l u b i l i t y  b e lo w  a p p r o x  i mat  I y pH 

5 and d e c r e a s e s  i t s  s o l u b i l i t y  ab o ve  a p p r o x i m a t  1 y pH 5 .  The
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T a b l e  2 5 .  S o l u b i l i t y  o f  ThOu e x p r e s s e d  as  - l o g  m Th as a
f u n c t i o n  o f  pH,  i o n i c  s t r e n g t h  and  t e m p e r a t u r e  in  
NaCl s o l u t i o n s .

T = 2 5 ° C  pH

I ___________ 2_________ 3_________ 4_________ 5_________ 6_________ 7

0.01 XTCOO1 - 4 . 7 5 - 8 . 0 3 - 9 . 4 8 - 9 . 6 0 —9 . 6 0

0 . 1 + 0 . 2 9 - 3 . 7 0 - 7 . 4 0 - 9 . 4 4 - 9 . 6 0 - 9 . 6 0

0 . 5 + 1 . 2 4 - 2 . 7 6 - 6 . 7 6 - 9 . 5 3 - 9 . 6 4 - 9 . 6 6

1.0 + 1 . 6 4 - 2 . 3 6 - 6 . 3 0 - 9 . 3 1 - 9 . 6 8 - 9 . 6 9

4 . 0 + 2 . 2 4 - 1 . 7 6 - 5 . 7 6 - 9 . 7 6 - 10.00 - 1 0 . 0 5

H ll w in 0 in

0.01 - 0 . 2 4 - 4 . 2 0 - 7 . 6 4 - 9 . 5 4 —9 . 8 0 - 9 . 8 0

4 . 0 - - - - - 10.20 - 1 0 . 3 0

T = 4 5 °C

0 . 0 1  + 0 . 3 6  - 3 . 5 9  - 7 . 3 8  - 9 . 4 7  - 1 0 . 0  - 1 0 . 0

4 . 0  — — — — —1 0 . 3  —1 0 . 5



T-3232 87

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

be 1ow pH 5 .

The e f f e c t  o f  pH. i o n i c  s t r e n g t h ,  and  

t e m p e r a t u r e  on UO^ s o l u b i l i t y  and  L K IV )  com p le x e s

Under  r e d u c i n g  c o n d i t i o n s  such as  in  t h e  P a l o  Duro

b r i n e s ,  UO^ b e h a v e s  in  a  manner  s i m i l a r  t o  ThOg, and t h e  

r e s u l t s  o f  t h e  ThO^ s o l u b i l i t y  S tu d y  can be used  as  an  

a n a l o g  t o  p r e d i c t  UO^ s o l u b i l i t y  in  t h e  b r i n e s .  The  

d i s s o l u t i o n  o f  c r y s t a l l i n e  UC>2 ( u r a n i n i t e )  b e lo w  a b o u t  pH 2 

may be w r i t t e n

U02 + 2H20 = U4+ + 40H“ ( 3 3 )

w h e re  K = i o - ^ e ^ bas ed  on G ib b s  f r e e  e n e r g y  d a t a  f ro m  sp

L a n g m u ir  ( 1 9 7 8 ) .  L a n g m u ir  ( 1 9 7 8 )  e s t i m a t e d  = 10~55 f o r

amorphous U02 . Above pH 4 t h e  c h i e f  r e a c t i o n  i s

U02 ( c )  + 2H20  = U ( 0 H ) 4 °  ( 3 4 )

w h ere  K= 10” ^ * ^  and  10” ^ * ^ , f o r  c r y s t a l l i n e  and amorphous  

U02 r e s p e c t i v e l y ,  a l s o  f r o m  L a n g m u ir  ( 1 9 7 8 ) .  A l t h o u g h  

p r e v i o u s  w o r k e r s  ( c f .  L a n g m u i r ,  1978;  L e m i r e  and T r e m a i n e ,  

1980)  h av e  p r o p o s e d  a U ( O H ) c o m p l e x  a t  h i g h e r  p H ' s ,
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u n p u b l i s h e d  w ork  by  G . P a r k s  o f  S t a n f o r d  ( 1 9 8 4 )  c a s t s  some 

d o u b t  on i t s  e x i s t e n c e .

As in  t h e  t h o r i u m  s y s te m ,  t h e  b e h a v i o r  o f  u r a n iu m  ( I V )  

i n  NaCl s o l u t i o n s  i s  d o m i n a t e d  by h y d r o l y s i s  r e a c t i o n s  o f  

t h e  t y p e

U4+ + nH20 = U ( 0 H ) n 4*~n + nH+ ( 3 5 )

w i t h  n = 0 t o  4 .  C u m u l a t i v e  f o r m a t i o n  c o n s t a n t s  o f  t h e  

h y d r o x y  c o m p lexe s  as  g i v e n  by  L a n g m u ir  ( 1 9 7 8 )  a r e  l i s t e d  in  

T a b l e  2 6 .  U r a n i u m - c h l o r i d e  c o m p lexe s  a r e  a l s o  i m p o r t a n t  a t  

low pH in  h i g h  i o n i c  s t e n g t h  s o l u t i o n s .  U n f o r t u n a t e l y ,  d a t a  

i s  o n l y  a v a i l a b l e  f o r  UC1^+ and U ( C 1 ) 2 ^+ ( T a b l e  2 6 ) .  T h i s  

l i m i t s  t h e  r i g o r o u s  m o d e l i n g  o f  u r a n iu m  s p e c i a t i o n  a t  low pH 

i n  h i g h  i o n i c  s t r e n g t h  w a t e r s .

The e f f e c t  o f  i o n i c  s t r e n g t h  on t h e  d i s t r i b u t i o n  o f  

U ( I V )  a q u o —s p e c i e s  and  U02 s o l u b i l i t y  i n  NaCl s o l u t i o n s  may 

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

t h o r i u m  s y s te m  v i a  t h e  a n a l o g  a p p r o a c h  and  i o n - i n t e r a c t i o n  

c a l c u l a t i o n s ,  com bined  w i t h  e q u i l i b r i u m  c o n s t a n t s  f o r  

r e a c t i o n s  g i v e n  a b o v e .  The r e s u l t s  f o r  2 5 °C  a r e  p l o t t e d  in  

F i g u r e s  7 - 1 0  f o r  i o n i c  s t r e n g t h s  o f  0 . 1  t h r o u g h  4 . 0  m o l a l . 

The c h i e f  d i f f e r e n c e  b e tw e e n  t h e  u r a n iu m  and  t h o r i u m  

s ys te m s  i s  t h e  g r e a t e r  i m p o r t a n c e  o f  h y d r o x y  c o m p lexe s  and
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T a b l e  2 6 .  C u m u l a t i v e  f o r m a t i o n  c o n s t a n t s  a t  2 5 °C  f o r
m o n o n u c le a r  u r a n iu m  a q u o -c o m p 1 e x e s . U r a n i u m -  
h y d r o x ï d e  co m p le x e s  w r i t t e n  in  t h e  p r o t o n  
f o r m  ( L a n g m u i r ,  1 9 7 8 ) .

Comp1 ex - l o g  K

u o h 3+ 0.66
U ( O H ) 2 2+ 2 . 3

U (O H )3 + 4 . 9

U ( 0 H ) 4 o 8.6
UC13+ 1.0
U ( C 1 ) 2 2+ 0 . 2 5

u s o 4 2+ 5 . 4 6

c o
IN

) 0 9 . 7 5



Mo
le 

Fr
ac

tio
n 

U(
IV

) 
Sp

ec
ie

s

T-3 2 3 2 90

1 . 0

0 . 8

0.6 —  U(OH)3*
U(OH)22* . '

° - 4 — -.UOH3* • '

0 . 2
* U4t

U(OH) o
4

4 5
pH

F ig u re  7 . D i s t r i b u t i o n  o f  U4+ and U-aquo complexes as a
f u n c t io n  o f  pH in  0 .1  m NaCl a t  25 C.
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0 . 8

0 . 6

0 . 4

0 . 2

F i g u r e

U(OH)40

U(OH)3+ •' 

Ü O H 3- ... ..

 : -u4* -
. -.UCOH),1*

 x ; -   .................................

3 4  5 6 7
pH

8 .  D i s t r i b u t i o n  o f  U4+ and U-aquo complexes as a
f u n c t io n  o f  pH in  0 .5  mo1 a 1 NaCl a t  25°C .
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1 . 0

0 . 8

0 . 6

0 . 4

0 . 2

U (O H)3> •

UOH 3* .•••.
- •:U(OH)22+‘

Ui,.uci3r 
. • •.

U(OH)40

2 3 4  5
pH

F ig u re  9 .  D i s t r i b u t i o n  o f  U^+ and U-aquo complexes as a
fu n c t io n  o f  pH in  1 .0  m olal NaCl a t  25°C .
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1. 0

0 . 8  e 

U C O H ) 3 *

0 . 6

. UCI3*
0 . 4 1

o . 2

U4* • 

UOH3+ , ■ .' 
.• ':::

U (O H )4

4
pH

F ig u r e  10. D i s t r i b u t i o n  o f  U4+ and U-aquo complexes as a
f u n c t io n  o f  pH in  4 .0  m ola l NaCl a t  2 5 °C .
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l e s s e r  i m p o r t a n c e  o f  c h l o r i d e  com plexe s  in  t h e  u r a n iu m

s y s te m .  The s o l u b i l i t y  o f  UOg as  a f u n c t i o n  o f  t e m p e r a t u r e  

b e tw e e n  25 and  4 5 °C  may be computed w i t h  e n t h a l p y  d a t a  f r o m  

L a n g m u ir  ( 1 9 7 8 )  and  t h e  v a n ' t  H o f f  e q u a t i o n .  The e n t h a l p i e s  

o f  r e a c t i o n s  33 and  34  a r e  + 3 4 . 7  k c a l / m o l  and  + 6 . 1 3  

k c a l / m o l ,  r e s p e c t i v e l y .  The e n t h a l p y  f o r  t h e  f o r m a t i o p n  o f  

UC13+ i s  + 9 . 9 3  k c a l / m o l .  F i g u r e  11 shows t h e  r e s u l t s  o f  t h e  

s o l u b i l i t y  c a l c u l a t i o n s  as  a f u n c t i o n  o f  pH,  i o n i c  s t r e n g t h  

and t e m p e r a t u r e .  S o l u b i l i t y  i s  r e l a t i v e l y  i n d e p e n d e n t  o f  

a l l  t h r e e  v a r i a b l e s  a b o v e  pH = 5 .

ThO^ and  UOo s o l u b i l i t y  i n  t h e  P a l o  Duro  b r i n e s

U s in g  t h e  r e s u l t s  o f  t h e  ThO^ s o l u b i l i t y  m easurem ents  

i n  NaCl s o l u t i o n s ,  and  t h e  model c a l c u l a t i o n s  f o r  ThO^ and

U02 s o l u b i l i t i e s  as  a f u n c t i o n  o f  pH, i o n i c  s t r e n g t h  and  

t e m p e r a t u r e ,  we can make a p r e l i m i n a r y  a s s e s s m e n t  o f  t h e  

s o l u b i l i t y  o f  t h o r i u m  and  u r a n iu m  in  t h e  P a l o  Duro  b r i n e s .

No d a t a  i s  c u r r e n t l y  a v a i l a b l e  on t h e  e f f e c t  o f  p r e s s u r e  on

Th02 and  UOg s o l u b i l i t y ,  so i t  was n e c e s s a r y  t o  i g n o r e  t h i s  

e f f e c t .  The c o n c e n t r a t i o n s  o f  t h o r i u m  and u r a n iu m  h a v e  been  

m easured  by Lau l  e t  a l .  ( 1 9 8 4 )  in  f o u r  P a l o  Duro b r i n e s ,  and  

a r e  p r e s e n t e d  i n  T a b l e  2 7 .  U s in g  p r o c e d u r e s  d e s c r i b e d  a b o v e , 

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

co m p le x e s  f r o m  T a b l e s  19 and 2 6 ,  t h e  d i s t r i b u t i o n  o f  aquo
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F i g u r e  11 .  E f f e c t  o f  pH ,  i o n i c  s t r e n g t h  an d  t e m p e r a t u r e
on t h e  s o l u b i l i t y  o f  c r y s t a l l i n e  U0 2 p r e d i c t e d  
b y  t h e  P i t z e r  i o n - i n t e r a c t  io n  m o d e l .
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T a b l e  2 7 .  M o la l  c o n c e n t r a t i o n s  o f  t h o r i u m  and u r a n iu m  in
some P a l o  D u ro  b r i n e s  as r e p o r t e d  by  Lau l  e t  a l .  
( 1 9 8 4 )

B r i n e  sam ple  Th U

S a w y e r , z o n e  4 2.6 X o
1 o I . 5 X 10"9

S a w y e r , z o n e  5 5 . 2 6 X 1er9 1 .4 X io~9
M a n s f i e l d ,  z o n e  1 2.2 X 10-10 9 . 2 X 10- 1°

M a n s f i e l d ,  z o n e  2 3 . 5 X 10-10 6 . 7 X 10- 1°
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c o m p lexe s  can be c o m p u te d .  A d d i t i o n a l l y ,  t h e  i m p o r t a n c e  o f

o r g a n i c  co m p le x e s  must  be e v a l u a t e d .  The m a j o r  component  o f

t h e  TOC ( t o t a l  o r g a n i c  c a r b o n )  in  t h e  P a l o  Duro  b r i n e s  i s

a c e t a t e ,  w h ic h  r a n g e s  f r o m  7 t o  101 mg/1 ( M e a n s , 1 9 8 6 ) .  The

3 9f o r m a t i o n  c o n s t a n t  f o r  t h e  t h o r i u m  a c e t a t e  com plex  i s  10 
( M a r t e l  1 and  S m i t h ,  1 9 7 7 ) .  Assuming an e q u a l  v a l u e  f o r  t h e  

f o r m a t i o n  c o n s t a n t  o f  t h e  U^+ - a c e t a t e  c o m p le x ,  we may 

compute  t h a t  n e i t h e r  c o m p lex  i s  i m p o r t a n t  in  t h e  P a l o  Duro  

b r i n e s .  The d i s t r i b u t i o n  o f  t h o r i u m  c o m p le x e s  in  t h e  P a l o  

Duro  b r i n e s  a r e :

Sawyer  w e l l ,  z o n e  4 :  64% T h ( C l ) 4 °  and  36% T h ( C l ) g+

Saw yer  w e l l ,  z o n e  5 :  100% T h ( O H ) 4 °

M a n s f i e l d  w e l l ,  z o n e  1: 100% Th(OH)

M a n s f i e l d  w e l l ,  z o n e  2 :  41% T h ( C l ) ^ ° ,  27% T h ( C 1)

24% T h ( O H ) 4 °  and  8% T h ( S 0 4 ) 2 ° .

F o r  u r a n iu m  t h e  d i s t r i b u t i o n s  a r e :

Saw yer  w e l l ,  z o n e  4 :  100% U ( 0 H ) 4 °

Sawyer  w e l l ,  z o n e  5 :  100% U ( 0 H ) 4 °

M a n s f i e l d  w e l l ,  z o n e  1: 100% U ( 0 H ) 4°

M a n s f i e l d  w e l l ,  z o n e  2 :  93% U ( 0 H ) 4 °  and  7% U ( 0 H ) 3 + 

Assuming t h e  ab o v e  comp1 e x i n g , t h e o r e t i c a l

c o n c e n t r â t  io n s  o f  t h o r  iurn and u r a n  i urn a t  e q u i 1 i br iurn  w i t h  

t h e  c r y s t a l l i n e  and  amorphous o x i d e s  was c a l c u l a t e d .  The  

r e s u l t s  a r e  g i v e n  i n  T a b l e  2 8 .  The r e s u l t s  o f  t h e
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T a b l e  2 8 .  P r e d i c t e d  and m easured  - l o g  m o la l  s o l u b i l i t é s  o f  
c r y s t a l l i n e  ( c )  and amorphous (am) ThO_ and  
i n some Pa 1o D u ro  b r  i n e s .

B r i n e  sam ple  - l o g  (m Th)  - l o g  (m U)
m easured p r e d i c t e d  

( c )  (am)
m easured p r e d i  c t e d  

( c )  (am)

S a w y e r , z o n e  4 00 w 7 . 7 4 . 6 00 1 3 . 7 8 . 1
S a w y e r ,  z o n e  5 9 . 6 9 . 9 6.8 COCO 1 3 . 5 7 . 9

M a n s f i e l d ,  z o n e  1 9 . 6 10.1 7 . 0

CO00 1 3 . 7 8 . 1
M a n s f i e l d ,  z o n e  2 9 . 5 00 5 .  1 9 . 0 1 3 . 7 8 . 1
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c a l c u l a t i o n s  f o r  t h o r i u m  s o l u b i l i t y  i n d i c a t e  ThOg i s  n e a r  

s a t u r a t i o n  in  t h e  P a l o  D u ro  b r i n e s .  However  t h e  M a n s f i e l d  

w e l l ,  z o n e  2 i s  somewhat u n d e r s a t u r a t e d  ( S I  = - 1 . 3 ) ,  

p o s s i b i l y  i n d i c a t i n g  a  s o r p t i o n  c o n t r o l . The r e s u l t s  

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

b r e e c h ,  w i l l  be l i m i t e d  by  ThO^ s o l u b i l i t y .  Amorphous UOg 

a p p e a r s  t o  be a t  s a t u r a t i o n  in  t h e  P a l o  D u ro  b r i n e s .

H o w e v e r , due t o  t h e  e x t r e m e  a g e  o f  t h e  s e d im e n t s  and  t h e  

gro u n d  w a t e r s ,  a more c r y s t a l l i n e  UO^ pha se  w o u ld  be  

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

e x p l a n a t i o n  i s  t h a t  some o r  a l l  o f  t h e  d i s s o l v e d  u r a n iu m  is  

p r e s e n t  as  U ( V I ) .  Under  t h e  pH c o n d i t i o n s  o f  t h e  P a l o  Duro  

b a s i n  (pH < 6 . 5 )  t h e  fo r m s  o f  U( IV )  a r e  UO^2"1- and  UC^COg0 - 

Eh has a p r o f o u n d  e f f e c t  on t h e  s o l u b i l i t y  o f  UO^. However  

no Eh d a t a  i s  a v a i l a b l e  f o r  t h i s  sys te m  so i t  i s  n o t  

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

N o t i c a b  l e  H^S o d o r s  f r o m  some o f  t h e  b r i n e s  w o u ld  i n d i c a t e  

t h e  Eh i s  w i t h i n  0 . 1  v o l t s  o f  t h e  HgS-SO^ b o u n d a r y .  The  

m easured  t o t a l  u r a n iu m  c o n c e n t r a t i o n  i s  assumed t o  be t h e  

sum o f  U ( 0 H ) 4° ,  UOg2 ^ and  UC^COg0 * The a c t i v i t y  c o e f f i c i e n t  

f o r  t h e  u r a n y 1- c a r b o n a t e  com plex  was d e t e r m i n e d  a s s u m in g  

YU02c 0 g O = YH4S i 0 4o - U s in g  t h e  r e a c t i o n s

uo2 ( s )  = U02 2+ + 2e ( 3 6 )
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w i t h  E °  = + 0 . 2 6 0 ± 0 . 0 0 3  v o l t s  (B ru n o  e t  a l . ,  1985)  and

U02 2+ + c o 3 2 -  = U0 2C03°  ( 4 0 )

w i t h  K = 1 0 1 0 - 1 , an  Eh can  be com puted  f o r  UO^ s a t u r a t i o n .

C a l c u l a t e d  E h ' s  ( v o l t s )  a s s u m in g  c r y s t a l l i n e  UO^ s a t u r a t i o n

a r e :  Sawyer  w e l l ,  z o n e  4 ,  + 0 . 0 9 ;  Sawyer  w e l l ,  zone  5 ,  + 0 . 0 6 ;  

and M a n s f i e l d  w e l l ,  zone s  1 and  2 ,  + 0 . 0 7 .  In  t h e  a b s e n c e  o f  

m eas ured  Eh o r  u r a n iu m  s p é c i a t i o n ,  i t  i s  n o t  p o s s i b l e  t o

s t a t e  w h e t h e r  UO^ s o l u b i l i t y  w o u ld  l i m i t  u r a n iu m  

c o n c e n t r a t i o n s  in  t h e  P a l o  Duro  b r i n e s  s h o u ld  a r e p o s i t o r y  

b r e e c h  o c c u r .
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APPENDIX I

P i t z e r  i o n - f n t e r a c t i o n  e q u a t i o n s

The P i t z e r  i o n - i n t e r a c t i o n  a p p ro a c h  t o  c o m p u t in g  ion  

a c t i v i t y  c o e f f i c i e n t s  i s  based  on a s e t  o f  t h e o r e t i c a l l y  and  

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

l o n g - r a n g e  and s h o r t - r a n g e  e 1e c t o s t a t i c i n t e r a c t i o n s  b e tw een  

i o n s .  The b a s i c  e q u a t i o n  i s  a v i r a l  c o e f f i c i e n t  e x p a n s i o n  

o f  a m o d i f i e d  D e b y e -H u c k e l  e x p r e s s i o n .  B i n a r y  i n t e r a c t i o n  

p a r a m e t e r s  ( 0 ° ,  6 1 » $2 and  C ° )  a c c o u n t  f o r  i n t e r a c t i o n s  o f  

tw o  io n s  o f  o p p o s i t e  s i g n .  The m a g n i t u d e  o f  $2 f o r  a  

p a r t i c u l a r  c a t  i o n - a n  i on p a i r  i s  d i r e c t l y  r e l a t e d  t o  t h e  

s t r e n g t h  o f  a s s o c i a t i o n  b e tw e e n  t h e  tw o  i o n s .  H i g h e r - o r d e r  

b i n a r y  ( * | j )  and  t e r n a r y  ( f ^ ) p a r a m e t e r s  a c c o u n t  f o r  

t h e  e f f e c t s  o f  m i x i n g  u n s y m m e t r i c a 1 e l e c t o l y t e s  ( P i t z e r ,  

1 9 8 7 ) .  The g e n e r a l  f o r m  o f  t h e  P i t z e r  e q u a t i o n  f o r  

c o m p u t in g  t h e  mean a c t i v i t y  c o e f f i c e n t  o f  a  s a l t  ( MX) i s :

I hïmx = lzmzxl fY + (2vm/ v ) Z ma [BMa + (£mz)CMa

+ ( Vx / VM )9Xal + ( 2vx/ v ) Z  mc [Bcx + (Emz)Ccx
c

+ (vm/vx )0Mc 3 + Z Z mcma {|zMzxl B'cac a
-J- v -1  [2 v MZMCca + vM^Mca + vX ^cax] I

+ % Z , m c m c ' [ ( v x / v ) * c c ' Xc c
+ | z Mz x l 9'cc'] + 1 / 2  Z Z mama i [ (  vM/ v )  ^ a a «a a
+ I ZMZX I 6 ' a a , ]
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w here  f?  = -A* (-------~  + A -  1n( 1 + 1. 21% ) ) ,
1 + 1.21/5

= 1 /3  AY, t h e  D e b y e - H i lc k e l  s l o p e ,  I  = 1 / 2 ^ m ^ z ^ , 

_  28^mx 1 ^

bMX = S°MX + _a2l [1“(1 + ail 1/5)exp(-a1I 1/5) ]

2 5 2
+ ^ 2jX C1“(1 + a2 I ^ )exp(-a2lV5)]

and CMX = C*MX /  2 | z m z x  | ^

The t e r m s  and vx a r e  t h e  number o f  c a t i o n s  (M) and  a n i o n s  

(X )  i n  t h e  n e u t r a l  s a l t  w h i l e  v i s  t h e  sum o f  and  vx .

The c h a r g e  on t h e  c a t i o n  and  an ion  a r e  ancj

r e s p e c t i v e l y .  The c o n s t a n t s  a^ and cig w ere  d e r i v e d  

e m p i r i c a l l y  by P i t z e r  ( 1 9 7 9 ) .  F o r  2 - 2  e l e c t o l y t e s ,  a^ = 1.4

and = 1 2 . 0 .  F o r  a l l  o t h e r  e l e c t o l y t e s  = 2 . 0  and  

a2 = 0 .  The t e r m s  B # and  *  a r e  t h e  d e r i v a t i v e s  o f  B^x  and

j  w i t h  r e s p e c t  t o  i o n i c  s t r e n g t h .

The t e r m s  ♦ .  . and f îu a r e  r e q u i r e d  t o  model ion  
i j  * J  K

a c t i v i t i e s  a t  h i g h  i o n i c  s t r e n g t h s .  * .  j  a c c o u n t s  f o r  

i n t e r a c t i o n s  b e tw e e n  t o  u n l i k e  ions  o f  t h e  same s i g n .  Y . . .
1 J  K

a c c o u n t s  f o r  t e r n a r y  i n t e r a c t i o n s  b e tw e e n  tw o  u n l i k e  ions  o f  

t h e  same s i g n  and  one o p p o s i t e l y  c h a r g e d  i o n .


