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ABSTRACT 

The mineral solubility model of Harvie and Weare (1980) is extended 

OH-HC03-C03-COz-H20 at to the eight component system, Na-K-Ca-Mg-H-C1-SO 

25OC to high concentrations. 

equations of Pitzer (1973) and co-workers for the thermodynamics of aqueous 

electrolyte solutions. The model is parameterized using many of the available 

isopiestic, electromotive force, and solubility data available for many of 

the subsystems. The predictive abilities of the model are demonstrated by 

comparison to experimental data in systems more complex than those used in 

parameterization. The essential features of a chemical model f o r  aqueous 

electrolyte solutions and the relationship between pH and the equilibrium 

properties of a solution are discussed. 
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The model is based on the semi-empirical 



I. INTRODUCTION 

Geochemical models based  on e q u i l i b r i u m  thermodynamics have  been 

wide ly  used t o  i n t e r p r e t  f i e l d  d a t a  and t o  p rov ide  t h e o r e t i c a l  d e s c r i p t i o n s  

f o r  t h e  o r i g i n  and e v o l u t i o n  of n a t u r a l  systems.  Ea r ly  a p p l i c a t i o n s  of 

t h i s  approach  i n c l u d e  t h e  work of Van ' t  Hoff (1912) and co-workers who 

ana lyzed  w i t h  c o n s i d e r a b l e  s u c c e s s  t h e  German Zechs t e in  mar ine  e v a p o r i t e s  

i n  terms of t h e  t h e o r e t i c a l  m i n e r a l  s u c c e s s i o n  r e s u l t i n g  from t h e  e v a p o r a t i o n  

of s e a w a t e r .  

(1928) t o  s t u d y  magma d i f f e r e n t i a t i o n .  S ince  t h i s  work t h e r e  have  been 

many s i m i l a r  a p p l i c a t i o n s  u t i l i z i n g  phase diagrams t o  s t u d y  t h e  e v o l u t i o n  

of chemica l  sys tems.  More r e c e n t l y ,  t h e o r e t i c a l  models have been based on 

numer ica l  s o l u t i o n s  t o  t h e  mass a c t i o n  e q u a t i o n s  d e f i n i n g  chemica l  e q u i l i -  

brium. Garrels and Thompson (1962) in t roduced  g e n e r a l  e q u i l i b r i u m  models 

t o  a n a l y z e  rock-water  envi ronments .  The i r  approach h a s  been  adop ted  by 

many worke r s  and h a s  been s u c c e s s f u l l y  a p p l i e d  t o  a broad  r ange  of geo- 

chemica l  sys tems.  The most comprehensive e f f o r t  t o  model e q u i l i b r i u m  pro- 

p e r t i e s  h a s  been  t h a t  of Helgeson (1978) and co-workers. O the r  aqueous 

s o l u t i o n  models f o r  a l a r g e  number of components have been developed .  These 

models have been d e s c r i b e d  and compared i n  a r e c e n t  review (Nordstrom e t  a l .  

(1979) ,  K e r r i s k  (1981)).  Because of t h e  i n h e r e n t l y  compl ica ted  n a t u r e  of con- 

c e n t r a t e d  aqueous s o l u t i o n s  y t h e s e  models are l i m i t e d  i n  t h e i r  a p p l i c a t i o n  p r i -  

m a r i l y  t o  t h e  d i l u t e  s o l u t i o n  r ange  (I<.I). Such l i m i t a t i o n s  have  been d i s -  

cussed  ea r l i e r  (Harvie  and Weare (1980) ,  K e r r i s k  (1981)).  

Methods s i m i l a r  t o  t h a t  of Van ' t  Eoff were i n t r o d u c e d  by Bowen 



Recen t ly  Harv ie  and Weare (1980) ( c i t e d  h e r e a f t e r  as HW) developed 

a chemical  e q u i l i b r i u m  model f o r  c a l c u l a t i n g  mine ra l  s o l u b i l i t i e s  i n  t h e  

Na-K-Mg-Ca-C1-SO4-H20 system a t  2 5 O C .  

(1973)  e q u a t i o n s  f o r  aqueous e l e c t r o l y t e  s o l u t i o n s .  i s  a c c u r a t e  t o  h i g h  i o n i c  

s t r e n g t h s  (20m). W e  have a p p l i e d  t h i s  model t o  s e v e r a l  problems i n  marine 

e v a p o r i t e  geochemis t ry .  (Harv ie  e t  a l .  (1980); Eugs te r  e t  a l .  (1980)) .  

However, s i n c e  t h i s  model d i d  no t  i n c l u d e  ca rbona te  s p e c i e s ,  i t s  a p p l i c a t i o n  

was l i m i t e d .  

Th i s  model, which was based  on t h e  P i t z e r  

I n  t h i s  a r t i c l e ,  w e  ex tend  t h e  HW model t o  i n c l u d e  t h e  ca rbona te  sys -  

tem and ac id -base  e q u i l i b r i a .  T h i s  g e n e r a l i z e d  model a c c u r a t e l y  p r e d i c t s  

m i n e r a l  s o l u b i l i t i e s  i n  t h e  Na-K-Mg-Ca-H-C1-SO4-OH-HC03-C03-CO 2 2  -H 0 system 

a t  25 C t o  h i g h  c o n c e n t r a t i o n  and v a r i a b l e  C 0 2  p r e s s u r e .  

u s e d  i n  t h e  s t u d y  of geochemical  p r o c e s s e s  which are i n f l u e n c e d  by m i n e r a l  

p r e c i p i t a t i o n  o r  d i s s o l u t i o n  (e .g .  e v a p o r a t i o n ,  b r i n e  mixing ,  f l u i d  i n f i l t -  

r a t i o n  through r e a c t i n g  media) .  A p p l i c a t i o n s  of t h e  m i n e r a l  s o l u b i l i t y  model 

can now be  ex tended  t o  complex geochemical  systems r ang ing  from t h e  h i g h  c a r b o n a t e  

c o n c e n t r a t i o n s  of many c o n t i n e n t a l  e v a p o r i t e s  to t h e  low c a r b o n a t e  concent ra -  

t i o n s  of s e a w a t e r .  

0 T h i s  model can be  

I n  s e c t i o n  11, w e  d e f i n e  t h e  phenomenological  e q u a t i o n s  used  f o r  

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

used  by HW. I n  s e c t i o n  V,  w e  d e s c r i b e  t h e  p a r a m e t e r i z a t i o n  of t h e  model. 

I n  t h i s  s e c t i o n ,  model c a l c u l a t i o n s  are compared t o  e x p e r i m e n t a l  d a t a  i n  

numerous sys t ems  i n c l u d i n g  seawater. The p r e d i c t i o n  of d a t a  n o t  u t i l i z e d  

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

t o  w i t h i n  10% of t h e  expe r imen ta l  r e s u l t s  i n  concen t r a t ed  mult icomponent  sys t ems .  
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For  some sys tems where a l a r g e  amount of expe r imen ta l  d a t a  i s  a v a i l a b l e  

( e .g .  gypsum) s o l u b i l i t y  p r e d i c t i o n s  are  more a c c u r a t e .  

I n  s e c t i o n  I11 and I V ,  d e t a i l s  r e l a t e d  t o  t h e  c o n s t r u c t i o n  of models 

f o r  c o n c e n t r a t e d  aqueous s o l u t i o n s  are  d i s c u s s e d .  When n e c e s s a r y ,  i o n  complex 

s p e c i e s  are  i n c l u d e d  ( e . g .  HCO;, HSO-) w i t h i n  t h e  v i r i a l  expans ion  model t o  4 
d e s c r i b e  t h e  observed  s o l u t i o n  b e h a v i o r .  G u i d e l i n e s  f o r  i n c o r p o r a t i n g  t h e s e  

s p e c i e s  are d i s c u s s e d  i n  s e c t i o n  111. I n  s e c t i o n  I V ,  t h e  approx ima t ions  i n  

c a l c u l a t i n g  t h e  pH a r e  a s s e s s e d ,  and t h e  method f o r  uti . l . izing PH d a t a  i n  t h e  

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

3 



.. . . . .  

11. PHENOPIENOLOGICAL EQUATIONS 

The t h e o r y  of c a l c u l a t i n g  mul t iphase  e q u i l i b r i a  a t  f i x e d  temper- 

a t u r e  and p r e s s u r e  i s  based  on t h e  Gibbs f r e e  energy  min imiza t ion  p r i n -  

c i p l e  ( C a l l e n  (1960)) .  The s o l u t i o n  t o  t h e  fo l lowing  min imiza t ion  pro- 

blem i s  r e q u i r e d .  

Minimize G = C nipi . 
i=l 

N 

i =1 
= b  j = 1, M + P E  C n i C i j  j 

s u b j e c t  t o  

n. > 0 i = l ,  N 
1 -  

I n  Eq. (l), G i s  t h e  Gibbs f r e e  e n e r g y f o r  t h e  system; n i s  t h e  number 

of moles of s p e c i e s  i ;  pi is t h e  chemical  p o t e n t i a l  f o r  s p e c i e s  i ;  b 

is t h e  number of moles  of component j ;  c a r e  t h e  c o e f f i c i e n t s  i n  t h e  

l i n e a r  m a s s  and cha rge  b a l a n c e  e q u a t i o n s ;  N i s  t h e  t o t a l  number of s p e c i e s ;  

i s  t h e  number of p o s s i b l e  e l e c t r o l y t e  aqueous and s o l i d  s o l u t i o n  phases ;  ‘z~zrl 

M i s  the t o t a l  number of components. A l l  t h e  v a r i a b l e s  i n  Eq.  (1 )  a r e  

a d e q u a t e l y  d e f i n e d  excep t  t h e  chemica l  p o t e n t i a l s ,  which depend upon t h e  

macroscopic  chemica l  p r o p e r t i e s  of t h e  sys tem.  S i n c e  i t  i s  c u r r e n t l y  i m -  

p o s s i b l e  t o  c a l c u l a t e  t h e s e  p r o p e r t i e s  ab  i n i t i o ,  a phenomenological  de- 

s c r i p t i o n  of t h e s e  f u n c t i o n s  must be provided .  

i 

j 

i j  

pE 

i’ It is  c o n v e n t i o n a l  to d e f i n e  t h e  a c t i v i t i e s  of t h e  s p e c i e s ,  a 

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

0 where p is  t h e  s ’ tandard  chemica l  p o t e n t i a l  f o r  s p e c i e s  i . The i 

4 



a c t i v i t y  and osmot ic  c o e f f i c i e n t s  a r e  d e f i n e d  by 

i n  a i  = i n  y m i i  

f o r  each s o l u t e  s p e c i e s  i and,  

f o r  t h e  s o l v e n t .  yi and m a r e  t h e  a c t i v i t y  c o e f f i c i e n t  and m o l a l i t y  of 

t h e  s o l u t e  s p e c i e s .  The osmot ic  c o e f f i c i e n t ,  $, i s  r e l a t e d  t o  t h e  

a c t i v i t y  of t h e  s o l v e n t  by Eq .  (2c )  where W i s  1:he molecu la r  weight  of 

w a t e r  (18 .016) .  (The sum ove r  i i n  Eq .  (2c)  r e p r e s e n t s  t h e  sum over  

a l l  s o l u t e s :  c a t i o n s ,  a n i o n s  and n e u t r a l s . )  

i 

The chemica l  p o t e n t i a l s  f o r  pu re  phases ,  such a s  m i n e r a l s ,  a r e  

c o n s t a n t s  a t  f i x e d  t empera tu re  and p r e s s u r e .  For g a s e s ,  t h e  f u g a c i t y  

of a gas  phase  s p e c i e s ,  f i ,  is  d e f i n e d  by t h e  e q u a t i o n ,  

up 
- - + Rn f i  'i 

RT RT 
- -  

For many g a s e s  below one a t m . ,  t h e  f u g a c i t y  n e a r l y  e q u a l s  t h e  p a r t i a l  

p r e s s u r e ,  . 'i 

The remain ing  v a r i a b l e s  l a c k i n g  e x p l i c i t  d e f i n i t i o n  i n  t h e  theo ry  

a r e  t h e  e x c e s s  f u n c t i o n s ,  yi and (@-l). 

t i o n s  of P i t z e r  (1973) and co-workers t o  model t h e s e  f u n c t i o n s .  These 

f u n c t i o n s  have been  r e w r i t t e n  i n  E q s .  ( 3 ) ,  and resemble  t h o s e  of HW 

excep t  f o r  t h e  a d d i t i o n  of t e rms  f o r  n e u t r a l  s p e c i e s .  

i n c l u d e  new p a r a m e t e r s ,  X , which account  f o r  t h e  i n t e r a c t i o n s  between 

n e u t r a l  s p e c i e s  and i o n i c  s p e c i e s  i n  t h e  s o l u t i o n  ( s e e  P i t z e r  and S i l v e s t e r  ( 1 9 7 6 ) ) .  

I n  t h e  c a r b o n a t e  sys tem,  t h e  i n c l u s i o n  of n e u t r a l  s p e c i e s  ( e . g .  C02(aq)) i s  

W e  u se  t h e  semiempi r i ca l  equa-  

/- 

The n e u t r a l  s p e c i e s  terms 

5 



r e q u i r e d  t o  d e s c r i b e  observed  s o l u t i o n  b e h a v i o r .  

Nc Na 

E 
c = l  a = l  

z m i  ($-I) = 2 -*+1'2/(1+1.21') + 

N -1 N c  N 

n c m a (B' ca +zCca) 
i 

c=1 c'=c+l a=l 

C 
N -1 N N 

a=l  a '=a+l c = l  

(3:) 
Nn Na Nn N c  

n=l a = l  n=l c=l 
+ 1 mnmaAna + 1 in n 111 c nc 

En yx = z2 F + m (2B + ZCcx) 
c= l  c cx X 

N N N -1 Nc 

+ f ma(2QXa + f mc$Xac) + f: I m C m C I ~ C C ~ X  a= 1 c=l  c = l  c'=c+l 

6 



C 
I n  E q s .  ( 3 )  mc and z 

i s  t h e  t o t a l  number of c a t i o n s .  S i m i l a r  d e f i n i t i o n s  a p p l y  

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

t o  c a t i o n s ,  a n i o n s ,  and n e u t r a l s , r e s p e c t i v e l y .  For  use  i n  E q s .  ( 3 ) ,  

t h e  f o l l o w i n g  terms are d e f i n e d .  

are t h e  m o l a l i t y  and charge  of c a t i o n  C .  N 
C 

The s u b s c r i p t s  11, X and N refer 

N -1 N N -1 N 

c c C C I  c = l  c ' = c + l  a = l  a ' = a + l  

and 

A @ i s  one t h i r d  t h e  Debye-Huckel l i m i t i n g  s l o p e  and e q u a l  t o  .392 a t  2 5 O C .  

E q s .  (3b)  and (3c )  are i o n  a c t i v i t y  c o e f f i c i e n t s  which have been  

d e f i n e d  by convent ion .  I n  g e n e r a l ,  t h e  thermodynamic p r o p e r t i e s  of a s y s -  

t e m  do n o t  depend upon t h e  v a l u e  of any s i n g l e  i o n  a c t i v i t y  (Guggenheim 

(1929, 1930a ) ) .  Consequent ly ,  s i n g l e  i o n  a c t i v i t y  canno t  b e  measured, 

and E q s .  (3 )should  n o t  b e  i n t e r p r e t e d  as having  s p e c i a l  p h y s i c a l  

s i g n i f i c a n c e .  A s  

7 



written, Eqs. (3b)  and (3c) are symmetric for anions and cations, and sat- 

isfy Maxwell relationships among all the species in solution. When these 

equations are used to calculate mean activity coefficients, or any linear 

combination, cvi Rn a for which lvi zi = 0 , solubilities, they are equi- 

valent to the equations given by Pitzer and co-workers. 

The second virial coefficients, B, in Eqs. ( 3 )  are given the follow- 

i' 

ing ionic strength dependence. (See Pitzer (1973)). 

The functions, g and g', are defined by the equations, 

2 g(x> = 2(1-(1+x)e-~)/x 

-x 2 
2 

2 
X g ' ( x )  = -2(1-(1+x+- > e  >/x 

with x = 

am = 2.0. For 2-2 or higher valence pairs = 1 . 4 .  In most cases 

B ( 2 )  equals zero for univalent type pairs. 

fi or 12 f i .  When either cation M or  anion X is univalent 

For 2-2 electrolytes a non- 

zero 8") is more common. The addition of a (2)  term for univalent 

electrolytes represents a minor modification of the original Pitzer 

approach. 

ative deviations from the limiting law which are observed for certain 

This term has primarily been utilized to describe small neg- 

8 



. . . . . . . 

p a i r s  of i o n s .  A more d e t a i l e d  d i s c u s s i o n  i s  g i v e n  i n  S e c t i o n  111. 

The second v i r i a l  c o e f f i c i e n t s ,  @ ,  which depend on i o n i c  s t r e n g t h ,  

a r e  g iven  t h e  fo l lowing  form (see P i t z e r  ( 1 9 7 5 ) ) .  

E 
( I )  + I E @!.(I) o? .  1J = O i j  + o i j  1J 

@ = oij + E O i j ( I )  i j  

E The f u n c t i o n s ,  0.. ( I )  and Eo!. ( I )  a r e  f u n c t i o n s  on ly  of i o n i c  s t r e n g t h  
1J 1 J  

and t h e  e l e c t r o l y t e  p a i r  type .  

by P i t z e r  (1975)  and are summarized i n  t h e  Appendix of HW. The i n t e r e s t e d  

I n t e g r a l s  d e f i n i n g  t h e s e  terms a r e  g iven  

r e a & e r  is  r e f e r r e d  t o  Appendix B of  t h i s  pape r  f o r  a u s e f u l  numer ica l  

method f o r  c a l c u l a t i n g  t h e s e  f u n c t i o n s .  The c o n s t a n t ,  8 i s  a pa rame te r  

of t h e  model. 

i j ’  

The second v i r i a l  c o e f f i c i e n t s ,  X r e p r e s e n t i n g  t h e  i n t e r a c t i o n s  

between i o n s  and n e u t r a l  s p e c i e s  are assumed t o  be  c o n s t a n t .  The form of 

E q s .  ( 3 )  f o r  n e u t r a l  s p e c i e s  f o l l o w s  very  c l o s e l y  t h e  t r e a t m e n t  of P i t z e r  and 

S i l v e s t e r  (1976) .  W e  r e f e r  t h e  r e a d e r  t o  t h i s  a r t i c l e  f o r  d e t a i l s  con- 

c e r n i n g  t h e  d e r i v a t i o n  of  t h e s e  e q u a t i o n s .  

n i  ’ 

I 

are a l s o  assumed t o  b e  The t h i r d  v i r i a l  c o e f f i c i e n t s ,  Cm @ and Jlijk, 

is  a s i n g l e  e l e c t r o l y t e  pa rame te r  cMx independent  of i o n i c  s t r e n g t h .  

which is r e l a t e d  t o  & i n  Eqs. ( 3 )  by Eq. ( 4 b ) .  

l y t e  pa rame te r s  which are d e f i n e d  when t h e  i n d i c e s  i, j, and k do n o t  a l l  

Jlijk are mixed e l e c t r o -  

cor respond t o  i o n s  of  t h e  same s i g n .  By conven t ion ,  t h e  f i r s t  two sub- 

s c r i p t s  are chosen as t h e  l i k e  charged i o n s  and t h e  last  s u b s c r i p t  i s  

9 
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chosen a s  t h e  o p p o s i t e l y  charged i o n .  

The complete  s e t  of pa rame te r s  d e f i n i n g  t h e  model f o r  t h e  n o n i d e a l  

@ and Cm f o r  each  ( 0 )  (1) ( 2 )  
m' 6, ' BMX 

behav io r  of e l e c t r o l y t e  s o l u t i o n s  are 13 

ca t ion -an ion  p a i r ,  MX; 

' i j k  

f o r  i o n - n e u t r a l  p a i r s .  Given a s e t  of mole numbers which s a t i s f y  cha rge  

aij f o r  each c a t i o n - c a t i o n  and anion-anion p a i r ;  

f o r  each  ca t ion -ca t ion -an ion  and an ion-anion-ca t ion  t r i p l e t ;  and Ani 

b a l a n c e  (Eq. (lb)), t h e  m o l a l i t i e s  and,  consequen t ly ,  t h e  f u n c t i o n s  

I ,  Z ,  g ,  g ' ,  

B '  ( I ) ,  @!.(I), @ . . ( I ) ,  @ij(I) and then  F may be c a l c u l a t e d  u s i n g  t h e i r  

d e f i n i n g  e q u a t i o n s .  

E E 0, and 0' can  be c a l c u l a t e d .  The f u n c t i o n s  B' ( I ) ,  B m ( I ) ,  Mx 

Mx 1 J  1J  
A l l  of  t h e s e  numbers may b e  s u b s t i t u t e d  i n t o  Eqs. ( 3 )  

t o  o b t a i n  t h e  a c t i v i t y  and osmotic  c o e f f i c i e n t s .  F i n a l l y ,  t h e  chemica l  

p o t e n t i a l s  f o r  each  of t h e  s p e c i e s  a r e  c a l c u l a t e d  u s i n g  Eqs. ( 2 ) ,  and t h e  

p a r a m e t e r s ,  v i / R T .  

s e t  of n minimizes  t h e  f r e e  ene rgy ,  E q s .  (1). Mathemat ica l  p rocedures  i '  

f o r  a d j u s t i n g  t h e  v a l u e s  f o r  t h e  ni so  t h a t  t h e  f r e e  energy  i s  minimized 

are d i s c u s s e d  e l sewhere  (HW).  The pa rame te r s  which comple te ly  d e f i n e  t h e  

0 
E q u i l i b r i u m  c o n d i t i o n s  are d e f i n e d  when t h e  assumed 

model f o r  t h e  Na-K-Mg-Ca-H-C1-SO4-HCO -CO -OH-CO -H 0 sys tem are g iven  i n  

Tab le  1, 2,  3 and 4. The p r o c e s s  of  de t e rmin ing  t h e s e  pa rame te r s  i s  

d i s c u s s e d  i n  some d e t a i l  i n  s e c t i o n  V .  A s  w r i t t e n  i n  Eqs. ( 5 ) ,  t h e  pheno- 

mena a s s o c i a t e d  w i t h  i o n  p a i r i n g  i s  o f t e n  d e s c r i b e d  v i a  t h e  8") c o n t r i -  

3 3  2 2  

b u t i o n .  When s t r o n g  complexing i s  e v i d e n t  i n  t h e  d a t a ,  i o n  complex 

r e a c t i o n s  are i n c l u d e d  e x p l i c i t l y  i n  t h e  model. T h i s  i s  d t s c u s s e d  i n  

d e t a i l  i n  t h e  n e x t  s e c t i o n .  When a n  i o n  complex s p e c i e s  i s  assumed, t h e  

a c t i v i t y  c o e f f i c i e n t  f o r  t h i s  s p e c i e s i s  a l s o  g iven  by Eqs.  ( 3 ) .  

10 



111. THE PHENOMEXOLOGICAL DESCRIPTION OF AQUEOUS ELECTROLYTE SOLUTIONS - 

ION ASSOCIATION AND IONIC STRENGTH DEPENDENT VIRIAL COEFFICIENTS. 

A s p e c i f i c  i n t e r a c t i o n  model based on a v i r i a l  expans ion  w i t h  i o n i c  

s t r e n g t h  dependent  v i r i a l  c o e f f i c i e n t s  c o r r e c t l y  r e p r e s e n t  t h e  thermodynamic 

behav io r  of many mixed e l e c t r o l y t e  s o l u t i o n s  t o  h i g h  c o n c e n t r a t i o n .  With 

t h i s  type  of  model t h e  e x p l i c i t  d e f i n i t i o n  of i on  complex s p e c i e s  i s  n o t  nor-  

ma l ly  r e q u i r e d .  However, t h e  observed  c o n c e n t r a t i o n  dependence of s o l u t i o n  

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

a c t i o n s  can on ly  be  d e s c r i b e d  w i t h  t h e  use  of i o n  complex s p e c i e s  ( e .g .  

HCO;). The d i l u t e  s o l u t i o n  behav io r  may i n d i c a t e  when complex 

s p e c i e s  a r e  r e q u i r e d  i n  a model. We b e l i e v e  t h a t  a v i r i a l  expans ion  model 

which i n c l u d e s  s t r o n g l y  bound i o n  complex s p e c i e s  i s  b o t h  conven ien t  and 

s u f f i c i e n t l y  g e n e r a l  t o  a c c u r a t e l y  d e s c r i b e  t h e  observed  behav io r  of most 

multir.omponent e l e c t r o l y t e  s o l u t i o n s  t o  h igh  c o n c e n t r a t i o n .  

Many aqueous s o l u t i o n  models have r e l i e d  e x c l u s i v e l y  on i o n  p a i r i n g  

t o  accoun t  f o r  t h e  thermodynamic behav io r  r e s u l t i n g  from t h e  s p e c i f i c  i n t e r -  

a c t i o n s  among t h e  d i s s o l v e d  i o n s  i n  s o l u t i o n .  I n  such  models i o n  complexes,  

such  as NaSO- o r  NaHC03 ,  a re  d e f i n e d  e x p l i c i t l y  and t h e  component a c t i v i t i e s  4 
are c a l c u l a t e d  from t h e  a c t i v i t y  c o e f f i c i e n t s  and t h e  e q u i l i b r i u m  d i s t r i b u -  

t i o n s  of mass among t h e  v a r i o u s  s p e c i e s .  C h a r a c t e r i s t i c a l l y ,  t h e  a c t i v i t y  co- 

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

of i o n i c  s t r e n g t h ,  and t h e r e f o r e ,  do n o t  depend e x p l i c i t l y  on t h e  r e l a t i v e  

c o n c e n t r a t i o n s  of 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 dependence of  t h e  com- 

ponent  a c t i v i t i e s  on t h e  s o l u t e  composi t ion  i s  d e s c r i b e d  t o t a l l y  i n  terms of 

t h e  a s s o c i a t i o n  e q u i l i b r i a  and t h e  r e s u $ t i n g  d e c r e a s e  i n  t h e  appa ren t  i o n i c  

s t r e n g t h .  While t h i s  model can b e  a c c u r a t e  i n  d i l u t e  s o l u t i o n s ,  o r  ove r  a 

l i m i t e d  s o l u t e  c o n c e n t r a t i o n  r ange ,  i t  cannot  be  ex tended  t o  c o n c e n t r a t e d  

I 
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e l e c t r o l y t e  s o l u t i o n s  of a r b i t r a r y  composi t ion.  The f a i l u r e  of t h i s  i o n  

p a i r i n g  model stems from t h e  use  of a c t i v i t y  c o e f f i c i e n t s  which depend 

only  on i o n i c  s t r e n g t h ,  I t  i s  an  expe r imen ta l  f a c t  t h a t  above t h e  d i l u t e  

r ange ,  t h e  a c t i v i t y  c o e f f i c i e n t s  depend on t h e  r e l a t i v e  c o n c e n t r a t i o n s  of 

t h e  major  s o l u t e s  p r e s e n t i n s o l u t i o n .  The upper two c u r v e s  i n  F i g .  1 

i l l u s t r a t e  t h a t  t h e  mean a c t i v i t y  c o e f f i c i e n t  f o r  H C 1 ,  yf 

on whether  t h e  major  s o l u t e  i s  H C 1  o r  K C 1  ( t h e  y- HC1 o r  yHCl c u r v e ) .  

p l o t s  of y- measured i n  o t h e r  e l e c t r o l y t e  s o l u t i o n s  ( s e e  Harned and Owen 

(1958) F i g .  1 4 - 2 2 )  a l s o  r e v e a l  t h i s  compos i t iona l  dependence. Under t h e  

r e a s o n a b l e  assumption t h a t  H C 1 ,  K C 1 ,  NaC1, e t c ,  are h i g h l y  d i s s o c i a t e d  i n  

s o l u t i o n ,  a model a c t i v i t y  c o e f f i c i e n t  f o r  H C 1  which depends on ly  on i o n i c  

s t r e n g t h  cannot  e x p l a i n  t h i s  b e h a v i o r ,  (See Harvie  (1981) f o r  d e t a i l s  con- 

c e r n i n g  t h e  s i g n i f i c a n t  problems i n  f i t t i n g  t h e  d a t a  i n  F i g .  1 when H C 1  o r  

K C 1  are assumed t o  be  s t r o n g l y  a s s o c i a t i n g  e l e c t r o l y t e s . )  

depends s t r o n g l y  
HC1’  

+ O  +tr  
S i m i l a r  

+ 
HC 1 

Advances i n  e l e c t r o l y t e  s o l u t i o n  theo ry  have suggest ,ed new pheno- 

meno log ica l  approaches  which emphasize an e x c e s s  f r e e  energy  v i r i a l  expans ion  

w i t h  i o n i c  s t r e n g t h  dependent  v i r i a l  c o e f f i c i e n t s .  Th i s  form of expans ion  

i s  o b t a i n e d  from t h e  s t a t i s t i ca l  mechanica l  t r e a t m e n t  of e l e c t r o l y t e  s o l u -  

t i o n s  g iven  by Mayer (1950) ,  and i s  i n c o r p o r a t e d  i n t o  t h e  semi-empir ica l  

approach of  P i t z e r  (1973), d e s c r i b e d  i n  S e c t i o n  11. The s u c c e s s  of t h i s  

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

F i g .  1. N e g l e c t i n g  t y p i c a l l y  less impor t an t  terms p r o p o r t i o n a l  

E q s .  (3 )  f o r  YHCl K C 1  
f 

and y’ are s i m p l i f i e d  

t o  g i v e  
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Iln yDH r e p r e s e n t s  an  ex tended  Detye-HUckel f u n c t i o n  common t o  a l l  i o n s  

( i . e .y  Eq. (4a)  when terms p r o p o r t i o n a l  t o  B '  and @ '  are a l s o  n e g l e c t e d ) .  

BHCl and BKCl are t h e  i o n i c  s t r e n g t h  dependent  second v i r i a l  c o e f f i c i e n t s .  

I n  a HC1-H20 s o l u t i o n  a l l  terms i n  Eq. (7a)  r e f l e c t  t h e  H C 1  i n t e r a c t i o n .  

However, i n  a KC1-H20 s o l u t i o n  w i t h  t r a c e  amounts of H C 1 ,  t h e  H C 1  and K C 1  

i n t e r a c t i o n  terms are weighted  e q u a l l y .  I n  t h e  K C 1  s o l u t i o n s ,  s o l v a t e d  

hydrogen i o n s  are sur rounded by s o l v a t e d  c h l o r i n e  i o n s ,  wh i l e  t h e  s o l v a t e d  

c h l o r i n e  i o n s  are sur rounded by s o l v a t e d  potass ium i o n s .  

K C 1  ' and B *HC 1 
The i o n i c  s t r e n g t h  dependent  i n t e r a c t i o n  f u n c t i o n s ,  

may b e  e v a l u a t e d  from t h e  d a t a  i n  t h e  s i n g l e  e l e c t r o l y t e  s o l u t i o n s ,  HC1-H20 

and KC1-H20. The f o l l o w i n g  formulae,which a r e  o b t a i n e d  from E q s .  ( 7 ) '  

app ly  t o  t h e s e  s i n g l e  e l e c t r o l y t e  s o l u t i o n s :  

+ O  
Rn y- ( I )  - Rn yDH(I) H C 1  

BHC1(I) = 2 1  

The s u p e r s c r i p t  z e r o  d e n o t e s  t h e  expe r imen ta l  mean a c t i v i t y  c o e f f i c i e n t s  

i n  s i n g l e  e l e c t r o l y t e  s o l u t i o n s  ( e .g .  HC1-H20 o r  KC1-H20). S i n c e  no i o n  

a s s o c i a t i o n  i s  assumed, I e q u a l s  t h e  t o t a l  c o n c e n t r a t i o n  of t h e  e l e c t r o -  

l y t e s  i n  t h e  r e s p e c t i v e  s o l u t i o n s .  Eqs. ( 8 )  d e f i n e  t h e  B ' s  a t  g i v e n  

v a l u e s  of t h e  s o l u t i o n  i o n i c  s t r e n g t h .  The B ' s  are assumed independent  

of s o l u t i o n  compos i t ions  and t h e r e f o r e  are t h e  same i n  a l l  s o l u t i o n s  of  t h e  

same i o n i c  s t r e n g t h .  S u b s t i t u t i n g  E q s .  ( 8 )  f o r  BHCl and B i n  Eq. ( i ' a ) ,  

t h e  e x p r e s s i o n  f o r  t h e  t r a c e  a c t i v i t y  c o e f f i c i e n t  of H C 1  i n  a KC1-H20 

s o l u t i o n  i s ,  

KC 1 

where t h e  ionic s t r e n g t h  i n  t h i s  example e q u a l s  t h e  m o l a l i t y  of K C 1 .  
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. . .  

E q .  ( 9 )  g i v e s  a r e l a t i o n s h i p  between t h e  independen t ly  obse rvab le  v a l u e s  

O f  'HC1' Y H C 1 '  KC 1 

agreement w i t h  t h e  e x p e r i m e n t a l  d a t a  (F ig .  (l), dashed l i n e ) .  

+_ t r  50 + O  
and y- ( a t  t h e  same i o n i c  s t r e n g t h )  which i s  i n  good 

I n  t h i s  a r t i c l e ,  ou r  u se  of i o n  complex s p e c i e s  i s  d i c t a t e d  by t h e i r  

importance i n  r e p r e s e n t i n g  t h e  expe r imen ta l ly  de te rmined  thermodynamic 

p r o p e r t i e s .  The v i r i a l  expans ion  approach a c c u r a t e l y  r e p r e s e n t s  t h e  compo- 

s i t i o n a l  dependence of t h e  thermodynamic p r o p e r t i e s  i n  most multicomponent 

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

of t h e  d a t a  i s  p o s s i b l e  w i t h o u t  t h e  a d d i t i o n  of i o n  complex s p e c i e s ,  t h i s  model 

i s  ? r e f e r r e d  due t o  i t s  computa t iona l  s i m p l i c i t y .  

d e s c r i D t i o n  amears D o s s i b l e ,  when t h e  d i l u t e  s o l u t i a n  a c t i v i t y  c n e f f i c i e n t s  a r e  

modera te ly  less t h a n  o r  exceed  t h o s e  g iven  by t h e  l i m i t i n g  law i n  d i l u t e  

s o l u t i o n s .  However, f o r  c e r t a i n  s t r o n g l y  a s s o c i a t i n g  o r  even c o v a l e n t l y  

bound p a i r s  of i o n s  ( e . g . ,  H and SO4 o r  H and C 0 3 ) ,  t h e  a c t i v i t y  c o e f f i c i e n t s  

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

l i m i t i n g  law assuming comple te  d i s s o c i a t i o n  ( i , e . ,  Rn y' << - I  z z I A f i ) .  

I n  such c a s e s ,  t h e  observed  s o l u t i o n  behav io r  cannot  b e  c o n v e n i e n t l y  re- 

p r e s e n t e d  by Eqs. ( 3 )  u n l e s s  i o n  complex s p e c i e s  are assumed i n  t h e  model 

(e .g . ,  HSO; and HCO;) . Even i n  t h e s e  c es, i t  shou ld  b e  emphasized,  t h e  

v i r i a l  expans ion  a c t i v i t y  c o e f f i c i e n t s  re n e c e s s a r y  f o r  a c o r r e c t  re- 

p r e s e n t a t i o n  of t h e  thermodynamic prope  t i e s  a t  h i g h  c o n c e n t r a t i o n .  

The complete  d i s s o c i a t i o n  

+ -  

A h y p o t h e t i c a l  sys tem,  A+2-B--C+-D- 0, was s e l e c t e d  f o r  i n v e s t i g a t i  g 

t h e  d i f f e r e n t  thermodynamic b e h a v i o r  p r e d ' c t e d  u s i n g  a v i r i a l  expans ion  model 

w i t h  o r  w i thou t  an  AB i o n  complex. Mod s o l u t i o n s  were s e l e c t e d  even ly  

spaced between s o l u t i o n s  r ich  i n  A t o  s o l  t i o n s  r i c h  i n  B .  The s a l t ,  CD, 

was added t o  many t e s t  s o l u t i o n s  t o  i n c r e a s e  t h e  i o n i c  s t r e n g t h  w i t h o u t  

2 

+ : 
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i n c r e a s i n g  t h e  A o r  B c o n c e n t r a t i o n s .  

i n  each 

The AB2 a c t i v i t y  w a s  c a l c u l a t e d  

of tes t  s o l u t i o n s  u s i n g  t h e  model w i t h  t h e  i o n  complex. The 

a c t i v i t i e s  a t  a l l  p o i n t s  were t h e n  used a s  d a t a  t o  b e  f i t  by a d j u s t i n g  

pa rame te r s  i n  E q .  ( 3 )  w i t h o u t  t h e  i o n  complex. A p a r a m e t e r  i n  t h e s e  

c a l c u l a t i o n s  i s  t h e  d i s s o c i a t i o n  c o n s t a n t ,  K d ,  f o r  t h e  i o n  complex. 

K 

v a l u e  f o r  K may be  d e f i n e d .  For  any K above t h i s  v a l u e  t h e  thermo- 

dynamic b e h a v i o r  p r e d i c t e d  by t h e  model w i t h  t h e  i o n  complex can be  f i t  

t o  w i t h i n  some s p e c i f i e d  t o l e r a n c e  by t h e  model w i t h o u t  t h e  i o n  p a i r .  

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

F ig .  2 .  

p e r t i e s  g i v e n  by t h e  model w i t h  t h e  i o n  complex ( s o l i d  l i n e s )  u s i n g  E q s .  ( 3 )  

A s  

i s  i n c r e a s e d  t h e  agreement between t h e  two models improves.  A c r i t i c a l  d 

d d 

For R d >  .05, i t  i s  always p o s s i b l e  t o  f i t  t h e  thermodynamic pro- - 

( 0 ) -  (I)= 4 BAB - BAB CAB = 0 . For  K somewhat below t h i s  v a l u e ,  t h e  two models 

d i f f e r  s i g n i f i c a n t l y ,  r e g a r d l e s s  of t h e  pa rame te r  v a l u e  of B ( 2 )  chosen i n  

E q .  ( 3 ) .  The c r i t i c a l  v a l u e  f o r  K depends on t h e  a c t i v i t y  c o e f f i c i e n t  

e x p r e s s i o n  used.  

d 

AB 

d 

When a t y p i c a l  extended Debye-HGckel a c t i v i t y  c o e f f i c i e n t  

z 
i -2 A f i  

1+ 1.85fi 
log yi = 9 

i s  used t o  e v a l u a t e  K from e x p e r i m e n t a l  d a t a  i n  d i l u t e  s o l u t i o n s ,  the c r i t i -  

ca l  v a l u e  of  Kd= .05  a p p e a r s  t o  b e  r e l i a b l e  f o r  2-1 e l e c t r o l y t e s .  (A similar 

a n a l y s i s  i s  p o s s i b l e  f o r  2-2 e l e c t r o l y t e s .  Comparison of the r e s u l t s  of  

P i t z e r  and Mayorga (1974) t o  t h a t  of P i t z e r  (1972) s u g g e s t s  

v a l u e  i s  less than ,002. 

d 

the c r i t i c a l  Kd 

Our e x p e r i e n c e  i n  p a r a m e t e r i z i n g  t h e  v a r i o u s  subsystems of t h e  

complete  model ( S e c t i o n  V )  s u p p o r t s  the u s e  of the i o n  p a i r  model when 

l a r g e  n e g a t i v e  d e v i a t i o n s  from t h e  l i m i t i n g  l a w  b e h a v i o r  are obse rved .  I n  
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t h e s e  c a s e s ,  t h e  d i l u t e  s o l u t i o n  p r o p e r t i e s  appear  t o  b e  b e t t e r  r e p r e s e n t e d  

by t h e  i o n  complex form and t h e  a d d i t i o n a l  f l e x i b i l i t y  provided  by t h e  v i r i a l  

expans ion  of t h e  i o n i c  complex a c t i v i t y  c o e f f i c i e n t s  i s  g e n e r a l l y  r e q u i r e d  t o  

f i t  t h e  h i g h  c o n c e n t r a t i o n  b e h a v i o r .  

e l e c t r o l y t e  sys t em,  H SO -H 0 ,  cannot  b e  a c c u r a t e l y  r e p r e s e n t e d  u s i n g  

E q s .  ( 3 )  w i t h o u t  an HS04 complex. K f o r  t h i s  s p e c i e s  i s  abou t  .01. The d 

d a t a  i n  mixed e l e c t r o l y t e  s o l u t i o n s  con ta in ing  H SO can a l s o  n o t  be  f i t  

a c c u r a t e l y  w i t h o u t  t h e  use  of  t h i s  complex. 2 4 2  

sys tem,  t h e  model f o r  Ca(OH)2 does  n o t  requi re  a CaOH 

a c t i v i t y  c o e f f i c i e n t s  f o r  Ca(OH)2 c a l c u l a t e d  w i t h  E q s .  ( 3 )  d e v i a t e  by less 

than  2% from t h e  K = .05 curve  d e p i c t e d  i n  F ig .  2 .  These c a l c u l a t e d  a c t i v i t y  

c o e f f i c i e n t s  f o r  Ca(0H) a r e  i n  good agreement w i t h  p r e c i s e  emf d a t a  i n  

d i l u t e  Ca(0H) -CaC12-H20 and Ca(OH)2-KCI-H20 s o l u t i o n s .  

P o r t l a n d i t e  s o l u b i l i t i e s  i n  v a r i o u s  mixed e l e c t r o l y t e  s o l u t i o n s  are 

a c c u r a t e l y  r e p r e s e n t e d  by t h e  model (Fig. 11). The Ca(0H) model e x h i b i t s  

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

w i t h o u t  t h e  CaOH s p e c i e s .  

For example, t h e  d a t a  i n  t h e  s i n g l e  

2 4 2  
- 

2 4  

I n  c o n t r a s t  t o  t h e  H SO -H 0 

i o n  p a i r .  + 
The 

d 

2 

Moreover,  
2 

2 

+ 

I n  v e r y  d i l u t e  s o l u t i o n s ,  where s o l v a t e d  i o n s  can b e  t r e a t e d  as 

p o i n t  c h a r g e s ,  e l e c t r o l y t e  s o l u t i o n  theo ry  i n d i c a t e s  t h a t  t h e  s o l u t i o n  

a c t i v i t y  c o e f f i c i e n t s  are f u n c t i o n s  only  of i o n i c  s t r e n g t h .  However, when 

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

of t h e  s o l v a t e d  i o n s  i s  impor t an t  t h i s  s imple  c o n c e n t r a t i o n  dependence can  

n o t  b e  expec ted  and is n o t  observed .  I n  Fig.  1, f o r  example a comparison 

of  yiEl and yk0 i n  t h e i r  r e s p e c t i v e  HC1-H20 and KC1-H 0 s o l u t i o n s  of t h e  

same i o n i c  s t r e n g t h  p r o v i d e s  a measure of t h e  d i f f e r e n c e  i n  t h e  i n t e r a c t i o n  

p o t e n t i a l s .  When t h e s e  v a l u e s  do n o t  a g r e e ,  w i l l  a l s o  d i f f e r  i n  t h e  

! 

KC 1 2 

1 6  



two solutions. Since the activity coefficients in these two systems both 

exceed the limiting law behavior expected for point charges ( R n y  = - A & ) ,  

the net contribution due to the short-range interaction is repulsive. The 
I 

description of the variation of y- due to different repulsive interactions HC 1 
in terms of ion association phenomenology seems unwarranted. For certain 

systems, exhibiting large negative deviations from the limiting law be- 

havior, attractive forces exceeding those associated with the coulombic 

interactions can be expected. In parameterizing the model in Section V ,  

we have first evaluated virial coefficients assuming no complex species. 

When, by this analysis., the virial coefficient, Bm(I) Y was found to be 

large and negative, an ion complex model was defined. We believe there to 

be a strong correlation between negative virial coefficients and the form- 

ation of ion complex species. 
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11'. THERMODPNNIIC INTERPRETATION OF pH 

pH data constitute the only laboratory cell measurements which 

we have found for a few aqueous electrolyte systems. pH is one of the 

most common chemical measurements made in the field. It may also be the 

only practical cell measurement in some natural waters due to experi- 

mental difficulties (e.g. non-specificity of electrodes). Therefore, 

it is of interest for parameterization and for comparison to field data 

that a method relating pH to the thermodynamic properties of a solution 

be defined if possible. 

The pH is a semi-quantitative indicator of the acid-base equilibrium 

properties of aqueous solutions. However, since the emf of a cell with a 

liquid junction depends on the irreversible as well as the reversible pro- 

perties of the system, any interpretation of pH in terms of purely revers- 

ible (equilibrium) properties is approximate. In this section 

we attempt to quantitatively assess the approximations involved in equating 

the operational definition of pH with an equilibrium property of the system. 

Consider the following cell which may be used in a pH measurement: 

Pt, H21soln XI IKCl(sat) IHg C1 Hg,Pt . (A) 2 2 '  

The cell potential, E, may be calculated by the equation (see Appendix A ) :  

E = E o - -  RT gn %(XI - E ~ ~ ( x >  . F 

E o  is independent of the composition of  solution X and is a constant 
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for fixed hydrogen fugacity. E (X) is the liquid junction potential LJ 
Setween the KC1-saturated solution and the unknown solution, X. Since 

absolute single ion activities cannot be measured, a is a conventionally 

defined hydrogen ion activity in solution X. It is useful to define con- 

ventional single ion activities in terms of the measurable mean activities. 

Such a definition requires that one reference ion activity or ion activity 

coefficient is specified arbitrarily. The cbservable emf cannot depend 

upon the convention used to define the ion activities. However, each of 

the component terms in Eq. (11) is a function of this definition. There- 

fore, a different choice of convention will alter the relative magnitudes 

of E while the sum of all three terms is 

invarient. (Appendix A). 

H 

ELJ and the term involving a 
0 H’ 

Operationally, the pH of solution X is defined by the equation 

(Bates (1973)) : 

E and E are the measured emf values of the cell of type A with unknown solu- 

tion X or with standard solution S, respectively. The pH, pH(s), of a stan- 

dard containing chloride, can be defined in terms of a measurable mean activity, 

as 

X S 

pH(S) E - loglo aH(s> = - loglo ( aHC1 ) . 
yc1 mC1 

a is the mean activity for hydrochloric acid in solution S determined 

using a reversible cell (e.g. a cell without a liquid junction). ycl is 

HC1 
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a specified value for a conventional chloride ion activity coefficient in 

solution S. The following conventions defining chloride ion activity in 

a solution of a known ionic strength will be discussed in this and the next 

sect ion : 

in ycl = in yi:l(~) Hydrochloric acid convention (144 

S dium chloride convention P 

Rn Ycl = in YKCl 2 o  (I) Extended Maclnnes convention (14C) 

= - A (1+1.5fi) Extended Battes-Guggenheim con- (14d) 
vention 

in ycl 

2 0  For the extended MacInnes convention, yKCl is the mean activity coefficient for 

K C 1  in a KC1-H20 solution at the same ionic strength as the electrolyte 

solution in question. Similar definitions are used for the sodium- 

chloride and hydrochloric acid conventions. The Bates and Guggenheim (1960) 

convention has been utilized by Bates and co-workers in defining (by inter- 

polation and at low I) the pH of N.B.S. standard reference solutions (Bates 

(1973)). In E q s .  (14d) A is t h e  Debye-Huckel limiting s lope .  

In order to relate pH(X) to the thermodynamic properties of solution 

X, some assumption regarding the difference in the liquid junction potentials 

of the cells with solution X and S must be made, Substituting Eq. (11) for 

the cell potentials of Eq. (12), the following equation can be derived. 

A E ~ ~  (x, S) 
loglo - RT(h 10)/F loglo a H (XI - ApH . (15) = -  pH(X) = - 

AELJ represents the difference inthe liquid junction potentials between 

a cell with solution X and a cell with solution S. In deriving Eq. (15). 
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t h e  terms i n v o l v i n g  pH(s) and a (S) e x a c t l y  c a n c e l  

t h a t  t h e  same i o n  a c t i v i t y  conven t ion  w a s  used i n  E q .  

a l l y  used t o  d e f i n e  t h e  pH of t h e  s t a n d a r d .  

r e f l e c t s  t h i s  c h o i c e  of conven t ion .  

of pH assumes t h a t  t h e  i r r e v e r s i b l e  term, 

f o r e ,  t h a t  pH(X) i s  approx ima te ly  e q u a l  t o  -loglo ac (X) . 
magnitude of OE 

dynamic p r o p e r t y  En a 

(Eq. (13)), p r o v i d i n g  H 

(11) as w a s  o r i g i n -  

The v a l u e  of t h e  term ApH 

The u s u a l  e q u i l i b r i u m  i n t e r p r e t a t i o n  

i s  n e g l i g i b l e ;  and t h e r e -  AELJ 7 

Consequent ly  , t h e  

i s  p r o p o r t i o n a l  t o  t h e  e r r o r  i n  c a l c u l a t i n g  t h e  thermo- LJ 
(X) by t h i s  assumption.  H C 1  

The magnitude of AE o r  ApH can b e  determined e x p e r i m e n t a l l y  by L J  

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

i o n  whose a c t i v i t y  i s  d e f i n e d  by conven t ion .  For t h e  c a s e  of c h l o r i d e  t h e  

Ag-AgC1 e l e c t r o d e  may be  used i n  p l a c e  of t h e  hydrogen e l e c t r o d e .  

emf f o r  t h i s  mod i f i ed  c e l l  d i f f e r s  from E q .  (11) i n  t h a t  t h e  c o n v e n t i o n a l  

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

by a n  a d d i t i v e  c o n s t a n t .  S i n c e  t h e  l i q u i d  j u n c t i o n  p o t e n t i a l  does n o t  

depend on t h e  e l e c t r o d e s  used ,  ELJ(X) i s  t h e  same f o r  b o t h  ce l l s .  The 

d i f f e r e n c e  i n t h e  e m f  between two c e l l s  w i t h  t h e  AgC1-Ag e l e c t r o d e ,  one 

The 

w i t h  unknown s o l u t i o n  X and t h e  o t h e r  w i t h  s t a n d a r d  s o l u t i o n  S ,  can be  

e x p r e s s e d  as: 

Eq. (16) can b e  used t o  c a l c u l a t e  AE 

s i n c e  a l l  o t h e r  terms can b e  measured or are d e f i n e d  by conven t ion .  

w i t h  r e s p e c t  t o  an assumed s t a n d a r d  
LJ 

The f o u r  c u r v e s  p l o t t e d  i n  F i g .  3 g i v e  AE LJ i n  N a C l  s o l u t i o n s  cal- 

c u l a t e d  from t h e  d a t a  of Shatkay and Lerman (1969). Each cu rve  i s  d e f i n e d  
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for a different ion activity convention (also note that the values of ECl,calomel 

reported by SL equal -E' in Eq. (16). In principle any solution could be 

In obtaining Fig. 3, we have 
LJ 

used as a reference for calculating AE 

defined a .OlmNaCl solution as the standard reference solution. Assuming 

LJ an ideal glass electrode, this choice of standard is comparable to the AE 

one would expect with standardization using the NBS Scale. (Note that NBS 

standards contain no chloride and therefore the equation for pH is slightly 

more complicated than Eq. (16). Extrapolation of Eq. (16) to zero chloride 

in the standard solution s would provide a consistent definition for AE 

In Fig 3, AELJ is about 3mv (ApH= .OS) using the MacInnes convention for .725m 

NaCl solution. also, using the MacInnes convention, 

about 3mv between the NBS standard and a ,725mNaCl plus .005mNaHCO solution 

(using the data of Hawley and Pytkowicz (1973)). 

NBS 
LJ .) 

is computed to be AELJ 

3 

Fig. 3 emphasizes the conventional nature of the liquid junction. 

While it has long been recognized that the liquid junction potential between 

two different solutions cannot be measured (Guggenheim (1929)), once an ion 

activity convention has been defined the value of the corresponding liquid 

junction is also defined and measurable 'by experiment. 

activities can similarly be measured. 

Conventional ion 

From a thermodynamic point of view all 

ion activity conventions are equivalent and no theoretical value for an ion 

activity can be verified directly by experiment. That the liquid junction 

potential is small for a particular convention does not imply that the cor- 

responding y 

chloride ion. In this article we adopte the MacInnes convention and con- 

resembles in any way a real ion activity coefficient for the c 1- 

sistently report ion activities and liquid junction changes with respect to 

this convention. With a proper choice for W ,  Eq. (A7) in Appendix A can be 

used to convert Eqs. ( 3 )  to this convention. 
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Due to the difficulties associated with the exact interpretation of 

the pH(X) in terms of the thermodynamic properties of a solution, we utilize 

reversible cell, isopiestic and solubility data in preference to pH data in 

the parameterization in Section V.  However, pH measurements are the only 

cell data that we found in certain concentration ranges. In these cases, it is 

necessary to estimate the change in the liquid junction potential (plus any 

corrections due to the glass electrode asymmetry potential) using the available 

data. 

To convert pH data into a form which is useful to a thermodynamic moctcl, 

a constant ionic media assumption often provides a convenient and accurate 

method to eliminate the ApH term (see, for example, Bates (1973) and re- 

ferences therein ).  Under certain titration conditions, the activity co- 

efficients and ApH are approximately constant over the entire concentration 

range resulting from the addition of titrant to solution. Often in such 

cases, the conventional ApH can be evaluated from the data in a narrow con- 

centration range of the titration curve. 

stant, the remaining pH data can be corrected to the appropriate ion actjvitv 

convention and subsequently used to evaluate mean activity coefficients 

o r  apparent equilibrium constants. 

By assuming this ApH value is con- 

ApH can often be calculated using the equation, 

NBS , where to -loglo aH 
NB S NBS is defined by a convention equating pH yH 

pHNBS is determined using the NBS standardization procedure. y:BS can 

typically be calculated using data on the acid side of a titration curve 

(see Culberson and Pytkowicz (1973) or  Hansson (1972)). 
M 

yH is the hydrogen 
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a c t i v i t y  c o e f f i c i e n t  d e f i n e d  w i t h i n  t h e  extended MacInnes conve t ion  and may 

b e  c a l c u l a t e d  us ing  1,- f o r  t h e  same s o l u t i o n .  Using t h e  e q u a t i o n ,  
+ 
HC 1 

M ? + 
- /;I , w i t h  E q .  (14c)  (y,,, can be  measured by exper iment  o r  'H - 'HCl C 1  

c a l c u l a t e d  us ing  a s u i t a b l e  

b r i m  c o n s t a n t s ,  such as K 

MacInnes convent ion  once 

1 

nLi 

mode l . ) ,  r e p o r t e d  v a l u e s  of a p p a r e n t  e q u i l i -  

can t h e  b e  c o r r e c t e d  t o  t h e  NBS 
= a  H HC03/mC02' 

ApH h a s  been e v a l u a t e d  f o r  t h e  exper iment .  
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V. PARAMETERIZATION AVD DATA COMPARISON 

In this section, we discuss the extension of our previous solubility 

0 model to include acid-base equilibria and the carbonate system at 25 C. Para- 

meters for calculating mineral solubilities in the system Na-K-Ca-Mg-H-Cl-SO - 

OH-HCO -CO -CO -H 0 using the model defined in Section I1 are provided in 

Tables 1, 2 ,  3 and 4 .  Since in most cases the model is parameterized from 

4 

3 3 2 2  

the data in binary and common-ion ternary systems, the following comparisons 

to datainmore complex systems generally represent predictions by the model. 

The agreement of the model with the data is good, the model exhibiting good 

predictability even in complex,mixed,electrolyte solutions. While some 

important qualifications are discussed in this section, we believe that 

the model defined here is sufficiently accurate for most geological appli- 

cations. It will calculate accurately mineral solubilities over broad 

ranges of relative composition and to high ionic strength. 

In the following discussion, the model is compared to the experimental 

data for each of the subsystems. The agreement with isopiestic and electro- 

motive force data is designated by citing standard deviations. For iso- 

piestic data the standard deviation is given in terms of the osmotic co- 

efficient (e.g., 

the standard deviation is given in terms of the natural logarithm of the 

- ) .  For emf data, unless otherwise indicated, 'exp 'calc 

activity coefficient for the cell. For  example, the standard deviation 

for the data determined from a cell utilizing a hydrogen electrode and a 

silver-silver chloride electrode is reported in terms of Rn y HC1 exp- Rn yiCEalC . 
The comparison to the solubility data is made graphically. 
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The pa rame te r  v a l u e s  f o r  each system are determined by minimizing a 

we igh ted  s t a n d a r d  d e v i a t i o n  of a l l  t h e  d a t a  f o r  t h e  system. I n  g e n e r a l ,  low 

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

a c c u r a t e  i s o p i e s t i c  and c e l l  d a t a .  This approach r e p r e s e n t s  a n  improvement 

ove r  t h e  methods used by HW where parameter  v a l u e s  were determined u s i n g  

v a r i o u s  g r a p h i c a l  methods. The parameter  v a l u e s  given i n  Tab les  1 - 4 ,  are  

u s u a l l y  c i t e d  t o  h i g h e r  accu racy  than  i s  warranted by t h e  da t a  f i t .  The 

c h o i c e  of d i f f e r e n t  w e i g h t s  can change parameter  v a l u e s  s i g n i f i c a n t l y .  W e  

have  a t t e m p t e d  t o  se lec t  w e i g h t s  which g i v e  t h e  s o l u b i l i t i e s  w i t h i n  5% of  

t h e i r  observed v a l u e s .  A b r i e f  d i s c u s s i o n  of t h e  numer i ca l  method used  

t o  e v a l u a t e  p a r a m e t e r s  is  g iven  by Harvie (1981) .  Many p a r a m e t e r s  i n  

t h e  t a b l e s  are se t  e q u a l  t o  z e r o  (denoted by d a s h e s ) .  For  some c a s e ,  t h e s e  

p a r a m e t e r s  are  approx ima te ly  redundant  w i t h  o t h e r  pa rame te r s  ( s e e  f o l l o w i n g  

d i s c u s s i o n  o f  H SO -H 0 and P i t z e r  e t  a l . ,  1977).  I n  o t h e r  c a s e s ,  

no d a t a  are a v a i l a b l e  t o  e v a l u a t e  a parameter .  

2 4 2  

I n  l i g h t  of  new d a t a  t h e  CaS04 paramete r s  of t h e  o r i g i n a l  Harvie- 

Weare model have been r e v i s e d  t o  improve t h e  c a l c u l a t e d  d i l u t e  s o l u t i o n  

s o l u b i l i t y  of  Gypsum. 

the P i t z e r  model. We u t i l i z e  h e r  p a r m e t e r s  e x c e p t  f o r  t h e  t h i r d  v i r i a l  

R e c e n t l y ,  Rogers (1981) f i t  t h e  CaS04 system u s i n g  

c o e f f i c i e n t s  which are r e f i t  t o  be  i n t e r n a l l y  c o n s i s t e n t  w i t h  ou r  model. 

The r e v i s e d  CaS04 model has been  d i s c u s s e d  i n  Harvie e t  al. (1982) and 

Harvie (1981).  
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I n  F i g .  (4a )  t h e  c a l c u l a t e d  s o l u b i l i t i e s  of H a l i t e ,  S y l v i t e ,  

B i s c h o f i t e ,  A n t a r c t i c i t e  and CaC12*4H20 i n  aqueous H C 1  s o l u t i o n s  a r e  

p l o t t e d  t o g e t h e r  w i t h  t h e  e x p e r i m e n t a l  d a t a .  The expe r imen ta l  d a t a  u s u a l l y  

are  those  summarized i n  Linke (1965) .  The d a t a  f o r  B i s c h o f i t e  i n  hydro-  

c h l o r i c  a c i d  s o l u t i o n s  a r e  g iven  by Berecz and Bader (1973) .  The pa ra -  

(0) (1) ’ a r e  g iven  by P i t z e r  and H , C 1 ’  B H , C 1 9  and ‘H,C1  
meters v a l u e s  f o r  B 

Mayorga (1973) .  The v a l u e s  f o r  

P i t z e r  and K i m  (1974) .  The v a l u e  f o r  I/J i s  a d j u s t e d  s l i g h t l y  from 

t h e  P i t z e r  v a l u e  t o  improve t h e  agreement of t h e  model w i t h  t h e  s o l u b i l i t y  

O N a , H ,  and $Na,H,C1 a r e  t a k e n  from 

K , H , C 1  

d a t a  in t h e  KC1-HC1-H20 sys tem.  

a r e  o b t a i n e d  by r e f i t t i n g  t h e  emf 
Mg,H and ’ Mg,H,C1 

The v a l u e s  f o r  8 

r e s u l t s  of Khoo e t  a l .  (1977b) t o g e t h e r  w i th  t h e  s o l u b i l i t y  d a t a  f o r  

t h e  MgC12-HC1-H 0 system. 

e q u a t i o n s  w e  u se  c o n t a i n  terms t o  account  f o r  e l e c t r o s t a t i c  f o r c e s  i n  un- 

Un l ike  t h e  model used by Khoo e t  a l .  t h e  2 

symmetr ica l  mix tu res  ( P i t z e r  (1975) ) .  Hence, i t  w a s  necessa ry  t o  re- 

e v a l u a t e  t h e  pa rame te r s  g iven  by Khoo e t  a l .  The s t a n d a r d  d e v i a t i o n  of 

o u r  f i t  t o  t h e  Khoo e t  al. d a t a  i s  0 = .0021 i n  Rn y’. When t h e  emf r e s u l t s  

and 
C a , H  are f i t  w i t h o u t  t h e  s o l u b i l i t y  d a t a ,  o = .0016. The e v a l u a t i n g  8 

‘Ca, H ,  C 1 ’  

et a l .  (1977a) and t h e  s o l u b i l i t y  d a t a  i n  t h e  CaC1-HC1-H20 system. 

s t a n d a r d  chemica l  p o t e n t i a l  o f  CaCl2*4H20 is treated as a a d j u s t a b l e  pa ra -  

a s imilar  a n a l y s i s  w a s  c a r r i e d  o u t  u s i n g  t h e  emf r e s u l t s  of Khoo, 

The 

meter i n  t h e  f i t .  

H 2 0  sys tem is u = ,0027. 

c o n c e n t r a t i o n s  a r e  n o t  i n  good agreement w i t h  exper iment .  

Our s t a n d a r d  d e v i a t i o n  t o  t h e  emf d a t a  i n  t h e  CaC12-HC1- 

The a c t i v i t y  c o e f f i c i e n t s  f o r  CaC12 a t  h i g h  C a C 1 2  

To f i t  t h e  

s o l u b i l i t y  d a t a  w e  have  made small changes i n  t h e  chemica l  p o t e n t i a l s  

f o r  sa l ts  l i k e  A n t a r c t i c i t e .  This would n o t  b e  al lowed i n  a more 

p r e c i s e  model. When t h i r d  v i r i a l  c o e f f i c i e n t s  are t r e a t e d  as a d j u s t a b l e  
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paramete r s ,  i t  i s  p o s s i b l e  t o  o b t a i n  agreement (10%) w i t h  t h e  observed  

t r e n d s  i n  s o l u b i l i t y  a t  h i g h  c o n c e n t r a t i o n s .  Th i s  i s  probably  r e l a t e d  

t o  t h e  r a p i d l y  i n c r e a s i n g  a c t i v i t y  c o e f f i c i e n t  f o r  CaCl i n  which c a s e  

s m a l l  changes i n  c o n c e n t r a t i o n  produce pronounced changes i n  t h e  a c t i v i t y .  

2’ 

P i t z e r  e t  a l .  ( 1 9 7 7 )  have a c c u r a t e l y  f i t  t h e  d a t a  f o r  t h e  

s u l f u r i c  ac id-water  sys t em,  i n c o r p o r a t i n g  t h e  s p e c i e s  HSO- We found 

t h a t  i t  is  no t  p o s s i b l e  t o  a c c u r a t e l y  f i t  t h e  d a t a  f o r  t h e  H2S04-H20 
4’ 

- 
sys tem,  wi thou t  a HS04 i o n  p a i r ,  u s ing  E q s .  ( 3 ) .  

t h e  unsymmetr ical  e l e c t r o l y t e  t h e o r y  

Since w e  a r e  u s i n g  

t h e  pa rame te r s  g iven  by P i t z e r  e t  a l .  

a re  re -eva lua ted .  Th i s  i s  accomplished by f i t t i n g  t h e  unsymmetr ica l  mixing 

e q u a t i o n s  t o  t h e  i n t e r p o l a t e d  a c t i v i t y  and osmot ic  c o e f f i c i e n t s  g i v e n  by F i t z e r  

e t  a l .  I n  agreement w i t h  Y i t z e r  ec a l .  an approximate recundancy among t h e  para-  

meters i s  noted .  For  example,  t h e  s t anda rd  d e v i a t i o n  of a least  s q u a r e s  f i t  

( 0 )  0 ( 0 )  (1) 
BH,S04’ H,S04’ BH,HS04 and 41, H S O ~  9 

when a d j u s t i n g  t h e  p a r a m e t e r s  , 

is  e s s e n t i a l l y  independent  of t h e  v a l u e  of f3 

range of %, v a l u e s  t h e  o p t i m a l  v a l u e  f o r  any of t h e  a d j u s t a b l e  

. Within  a b road  (1) 
H, so4 

H, so4 
paramete r s  changes b u t  t h e  s t a n d a r d  d e v i a t i o n  of t h e  f i t  remains  t h e  

same. 

un ique ly  determined.  N e v e r t h e l e s s ,  t h e  thermodynamic p r o p e r t i e s  of 

Thus, t h e  pa rame te r s  f o r  t h e  H2S04-H20 system could  n o t  b e  

t h e  system are a c c u r a t e l y  d e s c r i b e d  by any s e t  of t h e s e  f o u r  pa rame te r  

v a l u e s  cor responding  t o  a g i v e n  B 

convent ion  of s e t t i n g  t h e  r edundan t  pa rame te r s ,  

. We have adopted P i t z e r ’ s  

’€I, S04’ 

HY so4 
(1)  4J 

‘H, HS04 ’ ‘HSOL,, SO4 ’ 
and 9 

t h e  t a b u l a t e d  a c t i v i t y  and osmotic c o e f f i c i e n t s  of  P i t z e r  e t  a l .  The s t a n d a r d  

d e v i a t i o n  of t h e  o v e r a l l  f i t  t o  and En y- is  0 = .0007. 

e q u a l  to ze ro .  A s  should  b e  expec ted ,  w e  a g r e e  w i t h  SOq,HSOq,H’ 

+ 
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.. . . . . . .  

The agreement of  t he  model w i th  t h e  d a t a  f o r  t h e  HC1-H2SO4-H2O 

s y s t e m  i s  good. The d a t a  f o r  t h i s  system a r e  t h e  e m f  d a t a  of Na i r  and 

Nancol las  (1958) ,  Davies  e t  a l .  (1952) and S to ronk in  e t  a 1 . ( 1 9 6 7 ) .  The 

f i r s t  two se t s  of exper iments  a r e  conf ined  t o  low c o n c e n t r a t i o n s ,  I<<l. 

The d a t a  of S to ronk in  app ly  t o  systems up t o  i o n i c  s t r e n g t h s  of a lmost  4 

s t anda rd  d e v i a t i o n  of t h e  Na i r  and the  Davies d a t a  i s  u = .0008 Rn y-. 

For t h e  S to ronk in  d a t a ,  t h e  s t a n d a r d  d e v i a t i o n  i s  u = .015. A l l  of t h e  

+ 
The 

d a t a  are i n s e n s i t i v e  t o  r e a s o n a b l e  v a r i a t i o n s  i n  t h e  pa rame te r  $ 
H ,  SO4 ,c1’ 

Consequent ly ,  t h i s  parameter  i s  s e t  equa l  t o  z e r o  

and $ ( 0 )  (1) 
The pa rame te r s  6 Na,HS04’ BNa,HS04’ ‘H,Na,HS04’ Na,HS04,S04’ 

and t h e  s t a n d a r d  chemica l  p o t e n t i a l  f o r  Na H(S0 ) a r e  e v a l u a t e d  s imul-  

t aneous ly  by a l e a s t  s q u a r e s  f i t  of t h e  emf d a t a  of Harned and S t u r g i s  

(1925) ,  Randa l l  and Langford (1927) ,  and Covington e t  a1 (CDW) (1965) ,  

3 4 2  

t o g e t h e r  w i t h  t h e  s o l u b i l i t y  d a t a  (Linke (1965)). The p a r a m e t e r s ,  

and 
$Na,H,SO 4 

@ , are approximate ly  redundant  w i t h  t h e  above 
‘Na, HS04 

pa rame te r s ;  t h e r e f o r e ,  they  a r e  se t  e q u a l  t o  z e r o .  The s t a n d a r d  emf, 

E , v a l u e s  of Randal l  and Covington are a l s o  t r e a t e d  as a d j u s t a b l e  paramcL:ixs, wh i l e  
0 

t h e  s t a n d a r d  emf f o r  t h e  HS d a t a  i s  f i x e d  s o  t h a t  t h e  a c t i v i t y  c o e f f i c i e n t  

i n  O . l m  H SO s o l u t i o n  a g r e e s  w i t h  P i t z e r  e t  a l . ,  ( 1 9 7 7 ) .  A s  no ted  by P i t z e r  e t  a1 

t h e  i n t e r p o l a t e d  Eo v a l u e  f o r  t h e  Randal l  d a t a  does  n o t  a g r e e  w e l l  w i t h  t h e  accep t -  

2 4  

ed v a l u e  f o r  s i m i l a r  c e l l s .  As u s u a l  i n  f i t t i n g  t h e  pa rame te r s ,  t h e  we igh t s  on t h e  

s o l u t i l i t y  d a t a  are i n c r e a s e d  u n t i l  good agreement w i t h  t h e s e  d a t a  is  

ob ta ined .  This p rocedure  t e n d s  t o  minimize t h e  s t a n d a r d  d e v i a t i o n  of 

t h e  emf d a t a  w h i l e  i n s u r i n g  good agreement w i t h  t h e  s o l u b i l i t y  measure- 

ments .  The r e s u l t i n g  s t a n d a r d  d e v i a t i o n s  are 0 = .018, 0 = .013, 

0 = .006 f o r  t h e  Harned, Randal l  and Covington d a t a ,  r e s p e c t i v e l y .  A d d i t i o n a l  emf 

measurements a t  c o n c e n t r a t i o n s  which w i l l  d e f i n e  t h e  Na-HS04 i n t e r a c t i o n  
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are  d e s i r a b l e  for t h i s  sys tem.  The r e s u l t i n g  s o l u b i l i t y  c u r v e  i s  g i v e n  

i n  F i g .  ( 4 b ) .  The d a t a  d e f i n e d  by t h e  c l o s e d  c i r c l e s  a re  t h a t  of Foo te  

(1919) and Luk'yanova (1953) .  The open c i r c l e s  and 

dashed l i n e  d e n o t e  t h e  da t a  of  Korf and Shchatrovskaya (1940) .  The Korf 

exper iments  observed  a n  a d d i t i o n a l  monohydrite s a l t  s e p a r a t i n g  t h e  

T h e n a r d i t e ,  and N a  H(S04)2 f i e l d s .  

t o  t h e  Foote  and Luk'anova d a t a  s i n c e  t h e s e  a u t h o r s  are  i n  good agreement ,  

and t h e  Na3H(S0 ) ' H  0 s a l t  h a s  n o t  been observed  above 0 C by o t h e r  

a u t h o r s  ( s e e  Linke  ( 1 9 6 5 ) ) .  

We have pa rame te r i zed  t h e  e q u a t i o n s  3 

0 

4 2  2 

The d a t a  f o r  t h e  sys tem K SO -H SO -H 0 are f i t  i n  much t h e  same 2 4 2 4 2  

way as t h e  co r re spond ing  sodium system, e x c e p t  t h a t  t h e  p a r a m e t e r ,  

9K,H,S047 

are f i t  w i t h  a s t a n d a r d  d e v i a t i o n  of .018. The c a l c u l a t e d  s o l u b i l i t i e s  are 

i s  a l lowed t o  v a r y .  The c e l l  d a t a  of Harned and S t u r g i s  (1925) 

compared i n  F i g .  (4c )  t o  t h e  d a t a  of D 'Ai i s  (1913) ( s o l i d  c i r c l e s )  and of 

Storozhenko and Shevchuk (1971) (open c i r c l e s ) .  The d i f f e r e n c e  between 

t h e s e  two sets of  d a t a  i s  s i z e a b l e .  The major  d i f f e r e n c e  i n  t h e  p a r a m e t e r s  

f i t  w i t h  e i t h e r  set of d a t a  i s  i n  t h e  chemical  p o t e n t i a l s  o r  t h e  a c i d  sa l t s .  

W e  have pa rame te r i zed  t h e  m o d e l  t o  t h e  D'Ans d a t a .  

A similar  a n a l y s i s  f o r  t h e  MgSO4-B2SO4-H2o sys tem y i e l d s  a 

s t a n d a r d  d e v i a t i o n  of  a = .02 t o  the emf d a t a  of  Harned and S t u r g i s  (1925) .  

The s o l u b i l i t y  d a t a  p r e d i c t e d  i n  F i g .  (4d) are t h a t  of  F l ippov  and 

Antonova (1978) .  

are e v a l u a t e d  d i r e c t l y  from ( 0 )  (1) 
BCa , HS04 and ',a, HS04 ' The pa rame te r s ,  

t h e  s o l u b i l i t y  d a t a  of M a r s h a l l  and Jones (1966) d e p i c t e d  i n  F i g .  ( 4 e ) .  

These d a t a  are  i n s e n s i t i v e  t o  r e a s o n a b l e  ad jus tmen t s  i n  a l l  o t h e r  pa ra -  

meters f o r  t h e  sys tem.  Hence, 'Ca,H,So4' ' c ~ , H , H s o ~ ~  +SO ,1~So4,Ca 4 
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are  a l l  s e t  e q u a l  t o  z e r o .  I n  F ig .  ( 4 f )  t h e  c a l c u l a t e d  9 and C 

s o l u b i l i t y  of Gypsum i n  h y d r o c h l o r i c  a c i d  s o l u t i o n s  i s  i n  good agreement 

Ca, HS04 

w i t h  t h e  e x p e r i m e n t a l  d a t a  summarized i n  Linke (1965).  

I n  F i g s  (5a)  and (5b) t h e  c a l c u l a t e d  s o l u b i l i t y  of CO i n  d i f f e r e n t  
2 

aqueous e l e c t r o l y t e  s o l u t i o n s  are compared t o  experiment .  Each c u r v e  

i s  l a b e l l e d  w i t h  t h e  s a l t  p r e s e n t  i n  t h e  s o l u t i o n .  A s  p r e v i o u s l y  d i s -  

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

f o r  e a c h  i o n  i p r e s e n t  i n  t h e  system. S ince  measurements can on ly  x C 0 2 , i '  

b e  made i n  n e u t r a l  s o l u t i o n s ,  one of t h e  pa rame te r s  must b e  a s s i g n e d  

a r b i t r a r i l y .  We use t h e  conven t ion  of s e t t i n g  ?, e q u a l  t o  z e r o .  The 
co2 , H  

remaining parameters,  e v a l u a t e d  d i r e c t l y  from t h e  s o l u b i l i t y  d a t a ,  are  

g iven  i n  Tab le  3 .  The s t a n d a r d  chemica l  p o t e n t i a l  f o r  C02 ( g a s ) ,  g i v e n  
0 

i n  Tab le  4 ,  i s  t h a t  of Robie e t  a l .  (1978) .  i s  e v a l u a t e d ,  'co2 (aq> 

t o g e t h e r  w i t h  t h e  A's, from t h e  s o l u b i l i t y  d a t a .  

s o l u b i l i t y  i n  p u r e  water i s  a b o u t  3% low. This  i s  probably t h e  r e s u l t  

The c a l c u l a t e d  C 0 2  

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

e n t i r e  c o n c e n t r a t i o n  range are u s u a l l y  w i t h i n  5%, t h e  i n c r e a s e d  c o m p l i c a t i o n  

of  h i g h e r  o r d e r  terms f o r  n e u t r a l  species does no t  s e e m  w a r r a n t e d .  ( T h i s  

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

which t h e  model i s  i n t e n d e d . )  The s o l u b i l i t y  d a t a  g iven  i n  F i g s .  (5) 

are p r i m a r i l y  t h o s e  of  Y a s u n i s k i  and Yoshida (1979) and Markham and 

Kobe (1941) .  

system. The Harned and Davis (1943) d a t a  are i n c l u d e d  i n  the f i g u r e  f o r  

The d a t a  of Geffchen (1904) are g i v e n  f o r  the C02-HC1-H20 

is de te rmined  from t h e  NaC1-HC1-H20 system. The p a r a m e t e r ,  b2, c1, 

t h e  d a t a  i n  t h e  HC1-C02-H20 sys t em.  Using t h i s  pa rame te r ,  
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+ 
t h e  va lue  of X f o r  each  of t h e  c a t i o n s  (except  H ) i s  o b t a i n e d  by  

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

then  e v a l u a t e d  from t h e  d a t a  i n  t h e  Na SO -CO -H 0 sys tem.  

The p a r a m e t e r ,  X ,is so4 , 
L a s t l y ,  2 4  2 2  

i s  e v a l u a t e d  from t h e  H SO -C02-H20 sys tem.  The d a t a  i n  t h e  2 4  ' H S 0 4 ,  CO 2 
K SO and MgS04 sys tems i n  F i g .  (5b)  t es t  t h e  s p e c i f i c  i n t e r a c t i o n  model ,  

s i n c e  a l l  t h e  pa rame te r s  f o r  t h e s e  s y s t e m s  a r e  e v a l u a t e d  from o t h e r  d a t a .  

The Na-OH and K-OH i n t e r a c t i o n  parameters  a re  o b t a i n e d  from P i t z e r  

2 4  

and Mayorga (1973) .  

K i m  (1974) a r e  r e t a i n e d ,  w h i l e  $I i s  s l i g h t l y  a d j u s t e d  t o  improve 
OH,  C 1 ,  K 

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

t h e s e  hydroxide  sys t ems  a r e  p l o t t e d  t o g e t h e r  w i t h  t h e  s o l u b i l i t y  d a t a  of 

Akerlof  and S h o r t  (1937)  i n  F i g s .  ( 6 a ) .  The p a r a m e t e r s ,  8 

and 

t e m s .  and S tock1  (1950) 

a r e  used e x c l u s i v e l y  ( F i g .  6b ) .  For t h e  K-OH-SO sys tem t h e  da ta  of D'Ans 

and S c h r e i n e r  (1910) were used  (F ig .  ( 6 d ) ) .  ( I t  i s  notewor thy  t h a t  t h e  

The v a l u e s  f o r  8 O H , C 1  and 'OH,Cl,Na of P i t z e r  and 

O H ,  SO4 ' 'OH, S04Na 

are  e v a l u a t e d  s o l e l y  from t h e  s o l u b i l i t y  d a t a  i n  t h e s e  sys-  $OH, so4 , K '  

For t h e  Na-OH-S04 sys tem t h e  d a t a  of Windmaisser 

4 

d a t a  of D'Ans and S c h r e i n e r  (1910) 

agreement w i t h  t h a t  o f  Windmaisser 

The pa rame te r s  r e p r e s e n t i n g  

are from P i t z e r  and P e i p e r  (1980) .  

f o r  t h e  Na-OH-S04 sys tem are n o t  i n  r2chorl 

(Linke (1965)) .  

t h e  Na-HCO i n t e r a c t i o n  and eHc0 ,c l  
3 3 

(At t h e  t i m e  of p u b l i c a t i o n  improved 

parameter  v a l u e s  have  been  e v a l u a t e d  by P e i p e r  and P i t z e r  (1981) . )  

chemica l  p o t e n t i a l  f o r  b i c a r b o n a t e  i s  e v a l u a t e d  from t h e  e q u i l i b r i u m  con- 

s t a n t  g iven  by P i t z e r  and P e i p e r  (1980).  The Na-CO i n t e r a c t i o n  para-  

meters, t o g e t h e r  w i t h  l~ , are e v a l u a t e d  from t h e  i s o p i e s t i c  r e s u l t s  of 

Robinson and M a c a s k i l l  (1979) and t h e  emf r e s u l t s  of Harned and Scho les  

(1941) .  

by Robinson and M a c a s k i l l  because  w e  account  f o r  t h e  h y d r o l y s i s  of c a r b o n a t e  

The 

3 
0 

c03 

Pa rame te r s  f o r  Na, C03 l i s t e d  i n  Table 2 d i f f e r  from t h o s e  g i v e n  
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t o  b i ca i -bona te .  The s t a n d a r d  d e v i a t i o n  of t h e  i s o p i e s t i c  d a t a  remains 

a t  u = .002 i n  t h e  osmot i c  c o e f f i c i e n t .  The s t a n d a r d  d e v i a t i o n  of t h e  

Harned and Scho les  emf d a t a  e q u a l s  .004. 

The remainder  of t h e  Na-CO -HCO -Cl -SO -OH-H20 s y s t e m  i s  para-  

me te r i zed  e x c l u s i v e l y  from s o l u b i l i t y  d a t a  i n  common i o n  sys tems.  The 

3 3  4 

chemical  p o t e n t i a l s  of N a c h o l i t e  and Nat ron  are o b t a i n e d  from t h e  so lu -  

b i l i t y  d a t a  of H i l l  and Bacon ( 1 9 2 7 )  and Robinson and M a c a s k i l l  (1979) ,  

and t h e  s t a n d a r d  and 'C03 , H C 0 3  , N a  C 0 3 ,  H C 0 3  
r e s p e c t i v e l y .  The p a r a m e t e r s  8 

chemical  p o t e n t i a l  f o r  Trona are based on t h e  s o l u b i l i t y  d a t a  of H i l l  

and Bacon (1927) and F r e e t h  (1922) (F ig .  ( 7 a ) ) .  S e v e r a l  of t h e  F r e e t h  

p o i n t s  a r e  i n  poor  agreement  w i t h  t h e  H i l l  d a t a  and t h e  model. The para-  

i s  e v a l u a t e d  from t h e  d a t a  of Bogoyavlenski i  and 
meter , 'C1,HC03,Na' 

Manannikova (1955) and F r e e t h  (1922) .  0Hco3,so4 and $ a r e  

e v a l u a t e d  p r i m a r i l y  from t h e  d a t a  of Markarov and Jakimov (1933) .  I n  

t h e  Na-S'J4-HC0 sys tem 8S04,HC03 and $SO4, HC03 , N a  a r e  n e a r l y  r edundan t ,  

hence t h e s e  parameters can  n o t  b e  de te rmined  un ique ly .  Acceptab le  v a l u e s  

HC03,S04,Na 

3 

which a r e  i n  good agreement  w i t h  t h e  m a j o r i t y  of t h e  d a t a  i n  t h e  more com- 

p l e x  sys tems are g iven  i n  T a b l e  2. (See F i g .  ( 7 b ) ) .  A d d i t i o n a l  e x p e r i -  

ments are required to refine these values. 

The s o l u b i l i t y  d a t a  of F r e e t h  (1922) are used i n  e v a l u a t i n g  t h e  

pa rame te r s ,  6 C 1 ,  C 0 3  and 'C1,C03,Na'  as w e l l  as t h e  s t a n d a r d  chemica l  

p o t e n t i a l  f o r  sodium c a r b o n a t e  hepahydra t e  (F ig .  ( 7 d ) ) .  The p a r a m e t e r s ,  

are e v a l u a t e d  p r i m a r i l y  from t h e  d a t a  of Makarov, 'so4 , co3 and 'SO4 , C 0 3 ,  N a '  

and Krasnikov (1956) and C a s p a r i  (1924).  Given t h e  d a t a  available t h e r e  

i s  redundancy between t h e s e  pa rame te r s .  The v a l u e s  chosen are c o n s i s t e n t  

w i t h  t h e  d a t a .  ( F i g s .  ( 7 )  and (8 ) ) .  

are unnecessary  s i n c e  'OH, H C O ~  and 'OH , HC03,  Na ' The p a r a m e t e r s ,  
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t h e  c o n c e n t r a t i o n s  of OH and HCO cannot  s imul t aneous ly  be  l a r g e .  The 

s m a l l  e f f e c t s  of t h e s e  pa rame te r s  a r e  redundant  w i th  t h e  more impor t an t  

3 

p a r a m e t e r s ,  t! and $ . l'he parameter ,  6 OH, H C O ~  ' and a l l  

$ I s  f o r  OH,HCO 

C 0 3 ,  OH C 0 3 ,  O H ,  Na 

and $ 
'C03, OH C 0 3 , 0 H , N a  

and a c a t i o n  a r e  s e t  e q u a l  t o  z e r o .  3 

a r e  e v a l u a t e d  from t h e  d a t a  of F r e e t h  (1922) and Hos ta lek  (1956).  The 

chemica l  p o t e n t i a l  of The rmona t r i t e  i s  a l s o  determined from t h e s e  d a t a .  

Data  from more complex sys tems are used t o  tes t  t h e  model. The 

Na-C03-S0 -OH-H 0 system was s t u d i e d  by I t k i n a  and Kokhova (1953). 

t h e i r  d a t a  t h e  B u r k e i t e  chemica l  p o t e n t i a l  is  e v a l u a t e d .  Comparison of 

From 4 2 

our  s o l u b i l i t y  c a l c u l a t i o n s  w i t h  t h e s e  expe r imen ta l  d a t a  i s  g iven  i n  F i g .  

( 9 a ) .  I n  g e n e r a l  t h e  agreement  i s  q u i t e  good. With t h e  e x c e p t i o n  of 

B u r k e i t e ,  70% of t h e  c a l c u l a t e d  a c t i v i t y  p roduc t s  f o r  each s a l t  a t  each  

of t h e  p o i n t s  (F ig .  ( 8 b ) )  a r e  w i t h i n  5% of t h e  cor responding  e q u i l i b r i u m  

c o n s t a n t .  90% of t h e  a c t i v i t y  p r o d u c t s  a r e  w i t h i n  10% of t h e  e q u i l i b r i u m  

c o n s t a n t .  

a p p e a r s  from c a l c u l a t i o n  t o  b e  u n d e r s a t u r a t e d  by about  12% i n  t h e  c a l c u l a t e d  

An e x c e p t i o n  i s  t h e  Natron-Na2C03'7H20-Burkeite p o i n t  which 

e q u i l i b r i u m  c o n s t a n t  f o r  Nat ron .  I n  F i g s  (8), t h e  B u r k e i t e  f i e l d s  are 

assumed to be in equilibrium with the mineral having a sul fate  to carbonate 

r a t i o n  of 2 t o  1. The agreement  of t h e  d a t a  w i t h  t h i s  model i s  somewhat 

s u r p r i s i n g ,  s i n c e  N a  CO - N a  SO s o l i d  s o l u t i o n s  of t h e  B u r k e i t e  t y p e  are 

known t o  occur  ( s e e  Jones  (1963) ) .  I n  F ig .  (8f), t h e  model a c t i v i t y  of 

Na2C03  i n  aqueous s o l u t i o n  is  p l o t t e d  v e r s u s  t h e  model a c t i v i t y  f o r  Na2S04 

i n  aqueous s o l u t i o n .  

c a l c u l a t e d  f o r  each  s o l u t i o n  compos i t ion  r e p o r t e d  by I t k i n a  and Kokhova 

(1953) t o  b e  i n  e q u i l i b r i u m  w i t h  a B u r k e i t e  phase.  

2 3  2 4  

Each p o i n t  r e p r e s e n t s  t h e  Na2C03 and Na2S04 ac t iv i t i e s  

A curve r e sembl ing  

t h a t  of a N a  CO '2Na SO m i n e r a l  ( s o l i d  cu rve )  i s  sugges ted .  I n  con- 2 3  2 4  

t ras t ,  an  i d e a l  s o l i d  s o l u t i o n  would s a t i s f y  l i n e a r  behav io r  ( e .g .  

33 



63 

63 

dashed c u r v e ) .  The m i n e r a l  appros imat ion  f o r  t h e  B u r k e i t e  phase  g i v e s  

r e l a t i v e l y  good r e s u l t s .  The Na,CO -Na?SO diagram i n d i c a t e s  t h a t  B u r k e i t e  
L 3  - 4  

i s  on ly  s l i g h t l y  u n s t a b l e  a t  25OC i n  t h i s  sys tem.  

t h e  25.5 C i n v a r i a n t  p o i n t  for Burkeite-Natron-Mirabilite-solution co- 

Th i s  i s  c o n s i s t e n t  w i t h  

0 

e x i s t e n c e  i n  Na2C03-Na2S04-H20 s o l u t i o n  (llakarov and B le iden  (1938) ) .  

F u r t h e r  comparisons of t h e  model wi th  exper iment  a r e  g iven  f o r  t h e  

Na-CO -Cl-OH-H 0, Na-CO - C l - S O  H,O, Na-CO -HCO C1-H 0 and Na-CO -HCO - 

SO -H 0 sys tems (F ig .  ( 8 ) ) .  With t h e  excep t ion  of  t h e  Na-C03-S04-C1-H20 

d a t a  of Makarov and B l e i d e n  (1938) ,  a l l  of t h e  c a l c u l a t e d  diagrams a r e  

3 2 3 4- L 3 3- 2 3 3 

4 2  

i n  good agreement w i t h  t h e  expe r imen t s .  I n  t h e  Na-CO -SO - C 1  sys tem 

( F i g .  ( 8 e ) )  t h e  e x p e r i m e n t a l  Natron-Mirabilite-Burkeite i n v a r i a n t  p o i n t  

3 4  

( t r i a n g l e )  i s  n o t  i n  good agreement w i t h  t h e  model o r  t h e  e x p e r i m e n t a l  

25.5 C i n v a r i a n t  p o i n t  on t h e  CO - S O 4  edge. 0 

3 

I n  Table  5 ,  t h e  c a l c u l a t e d  a c t i v i t i e s  of water and t h e  e q u i l i b r i u m  

carbon d i o x i d e  p a r t i a l  p r e s s u r e s  a r e  compared t o  t h e  e x p e r i m e n t a l  de te rmin-  

a t i o n s  of Hatch (1972) and Eugs te r  (1966) i n  t h e  Na-CO3-HCO3-Cl-H20 sys-  

t e m .  These expe r imen t s  were performed by s a t u r a t i n g  aqueous s o l u t i o n s  

w i t h  t h e  v a r i o u s  m i n e r a l s  l i s t e d  i n  Table  5 and measur ing  t h e  a c t i v i t y  of 

w a t e r  and /o r  carbon d i o x i d e  p r e s s u r e .  Agreement w i t h  t h e  a c t i v i t y  of w a t e r  

m e a s u r e m e n t s i s w i t h i n  3% and o f t e n  b e t t e r .  

are w i t h i n  t h e  s ca t t e r  of  t h e  d a t a  f o r  t h e  Eugs te r  measurements ,  and w i t h i n  

The c a l c u l a t e d  C 0 2  p r e s s u r e s  

about  10% of  t h e  Hatch measurements.  

The d a t a  a v a i l a b l e  f o r  the  K-CO HCO -0H-C1-SO -H 0 sys t em are more 3- 3 4 2  

s p a r s e  t h a n  f o r  t h e  co r re spond ing  sodium system. In  p a r t i c u l a r ,  emf d a t a  

i n  t h e  moderate  c o n c e n t r a t i o n s  appea r  t o  b e  a b s e n t .  Consequent ly ,  a pa ra -  

m e t e r i z a t i o n  procedure  u s i n g  more compl ica ted  d a t a  i s  used .  The v a l u e  f o r  

is  e s t i m a t e d  
BK, C 0 3  i s  e s t i m a t e d  by P i t z e r  and P e i p e r  (1980).  'K, HC03 
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from t h e  d a t a  of  MacInnes and Be lche r  (1933) .  The e x t e n s i v e  s o l u b i l i t y  

d a t a  i n  t h e  Na-K-CO -HCO -H 0 system a r e  used i n  a n o n l i n e a r  l e a s t  s q u a r e  3 3 2  
(0) (0) (4 @ e v a l u a t i o n  of  t h e  pa rame te r s :  B K , H C 0 3 '  @K,C03 '  'K,HC03' 'K,C03'  % a , K , H C O  3 ' 

. The s t a n d a r d  chemical  p o t e n t i a l s  f o r  t h e  ca r -  'Na, K , C 0 3 '  and 'HC03, C03K 

bona te  s a l t s  w i t h  potass ium a r e  a l s o  a d j u s t e d  i n  a n  e l e v e n  pa rame te r  f i t .  

The d a t a  used are t h o s e  of H i l l  and H i l l  (1927) f o r  t h e  KHCO3-K2CO3-H2O 

sys tem;  H i l l  and Miller (1927) f o r  t h e  K2C03-Na2C03-H20 sys tem;  H i l l  and 

Smith (1929) and Oglesby (1929) f o r  t h e  KHC03-NaHC03-H20 sys tem;  and H i l l  

and Smith (1929) and H i l l  (1930) f o r  t h e  r e c i p r o c a l  sys tem (F ig .  (10)). 

The agreement between t h e  model and t h e  above expe r imen ta l  d a t a  i s  gen- 

e r a l l y  good ( s e e  F i g s .  (9 )  and (lo)), except  f o r  t h e  N a c h o l i t e  d a t a  of 

Oglesby (1929) a t  P = 1  a t m .  ( F i g .  ( 9 a ) ) .  However i n  F i g .  ( 9 a ) ,  c a l c u l a -  

t i o n  does  a g r e e  w e l l  w i t h  t h e  expe r imen ta l  v a l u e  f o r  t h e  Nacholite-KHC03 

i n v a r i a n t  p o i n t  of H i l l  and Smith (1929) ( squa re  p o i n t  i n  F i g .  ( 9 a ) ) ,  

co 2 

and t h e  KHC03 s o l u b i l i t y  d a t a  of Oglesby. 

Smith i n v a r i a n t  p o i n t  i s  p robab ly  c o r r e c t ,  s i n c e  t h e  Nacholite-KHC03 

c o e x i s t e n c e  d a t a  of  H i l l  p l o t t e d  i n  F ig .  (10) e x t r a p o l a t e  t o  t h i s  v a l u e ,  

We s u s p e c t  t h a t  t h e  H i l l  and 

The 13% d i sc repancy  between t h e  H i l l  and Oglesby d a t a  must b e  r e s o l v e d  

e x p e r i m e n t a l l y .  

The "mineral",KNaCO '6H 0 , i s  an  approximat ion  f o r  t h e  s o l i d  s o l u -  3 2  

t i o n  (K,Na)C03'6H20 ( H i l l  (1930))  (F ig .  (9e) .  

B u r k e i t e  phase ,  d a t a  g i v i n g  t h e  s o l i d  phase  composi t ion  i n  e q u i l i b r i u m  

A s  w a s  t h e  c a s e  w i t h  t h e  

w i t h  a n  aqueous s o l u t i o n  are r e q u i r e d  t o  model t h e  s o l i d  s o l u t i o n  b e h a v i o r .  

N e v e r t h e l e s s ,  t h e  e x p e r i m e n t a l  aqueous s o l u t i o n  c o n c e n t r a t i o n s  i n  e q u i l i -  

br ium w i t h  t h e  s o l i d  s o l u t i o n  are adequa te ly  c a l c u l a t e d  u s i n g  t h e  m i n e r a l  

approximat ion .  (See F i g s .  (9)  and (10) ) .  The d a t a  f o r  t h i s  s o l i d  s o l u t i o n  
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a r e  n o t  used i n  t h e  f i t  o f  t h e  potassium ca rbona te  pa rame te r s .  

Grs The d a t a  f o r  t h e  c h l o r i d e  s y s t e m  of po tass ium ca rbona te  and b i -  

and $ a r e  ' C l ,  C 0 3  , K  c i  , H C O ~ K '  c a r b o n a t e  are s p a r s e .  The pa rame te r s ,  

e v a l u a t e d  from t h e  s o l u b i l i t y  d a t a  of B lasda le  (1923) and B a y l i s s  and 

Koch (1952) .  The agreement of t h e  model w i t h  t h e  emf d a t a  of MacInnes 

and B e l c h e r  (1933) i s  good. The s t a n d a r d  d e v i a t i o n  of t h e  f i t  t o  t h e s e  

a u t h o r s '  po tass ium b i c a r b o n a t e  d a t a  i s  o = .006 i n  2n(yc1/yHco3) and 

t h e  s t a n d a r d  d e v i a t i o n  t o  t h e i r  potassium ca rbona te -b ica rbona te  d a t a  i s  

CT = .014 i n  Rn y- The c o n d i t i o n s  of t h e  MacInnes and Be lche r  experj:-- 

ments are analogous t o  t h e  Harned emf exper iments  i n  t h e  sodium sys tem.  

+ 
H C 1  ' 

The f i t  t o  t h e  B l a s d a l e  (1923) s o l u b i l i t y  d a t a  i s  good, w i t h  t h e  e x c e p t i o n  

of s e v e r a l  Natron p o i n t s  which c o r r e l a t e d  q u i t e  w e l l  t h e  sodium c a r b o n a t e  

h e p t a h y d r a t e  s a l t .  

t h e  N a C O  -NaC1-H20 t e r n a r y  sys tem.  

diagram ( F i g .  (9d ) )  i s  t h e  K2C03  - - H 0-KC1 c o e x i s t e n c e  p o i n t  of 

B l a s d a l e  (1923) .  

and Koch (1952) f o r  Sylvite-KHC03 c o e x i s t e n c e .  

B l a s d a l e  a l s o  does n o t  observe  t h e  h e p t a h y d r a t e  i n  

The s i n g l e  p o i n t  i n  t h e  K CO -KC1 3 2 3  
3 
2 2  

The d a t a  f o r  t h e  KHC03-KC1 sys tem are t h o s e  of B a y l i s s  

is  based  on t h e  d a t a  of ' s o 4 ,  co3, K' 
The v a l u e  of t h e  pa rame te r ,  

H i l l  and Moskowitz (1929) i n  t h e  K CO -K SO -H 0 sys tem (F ig .  ( 9 f ) ) .  N o  

d a t a  are  found which are s e n s i t i v e  t o  t h e  pa rame te r ,  I/J SO HC03K' 

t h i s  pa rame te r  i s  se t  e q u a l  t o  z e r o  u n t i l  d a t a  becomes a v a i l a b l e .  

agreement  w i t h  t h e  d a t a  of B l a s d a l e  (1923) t h e  c a l c u l a t e d  r e c i p r o c a l  d i a -  

gram Na-K-S04-C03 d i s p l a y s  d i f f e r e n t ,  perhaps  more s t a b l e ,  m i n e r a l  co- 

e x i s t e n c e s  t h a n  those r e p o r t e d .  I n  p a r t i c u l a r ,  A p h t h i t a l i t e  a p p e a r s  t o  

occupy a l a r g e  p o r t i o n  of  t h e  phase  diagram where a NaKCO 3 . 6 H 2 0  - A p h t h i t a l i t e -  

A r c a n i t e  i n v a r i a n t  p o i n t  is  s t a b l e .  Also ,  a s t a b l e  zone f o r  B u r k e i t e  be- 

tween t h e  A p h t h i t a l i t e - M i r a b i l i t e  and Natron f i e l d s  may be p r e s e n t .  

2 3 2 4 2  

Consequent ly ,  
4 

I n  d i s -  

The KOH-K2C03 d a t a  (F ig .  ( 9 ~ ) )  used t o  f i t  $,,,, ,K are t h a t  of 
3 
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Lang and Sukava (1958) ( c i r c l e s )  and Klebanov and Pinchuk (1967)  ( s q u a r e s ) .  

These two s e t  of d a t a  a r e  no t  i n  good agreement w i t h  each o t h e r  and an  

average  of t h e  two se t s  i s  t a k e n .  

$. A CaOH i o n  p a i r  i s  no t  e x p l i c i t l y  i n c l u d e d  i n  o u r  model ( s e c t i o n  111). 

The aqueous s o l u t i o n  pa rame te r s  f o r  t h e  Ca(0H) -H 0 s y s t e m  have been  eva lu -  

a t e d  from t h e  emf d a t a  of Ba te s  e t  a l .  (1959) and t h e  s o l u b i l i t y  d a t a  of  

M i l l i k a n  (1918) i n  t h e  Ca(OH)2-CaC12-H20 sys tem.  

s o l u b i l i t i e s  f o r  Ca(OH)2 and o t h e r  oxych lo r ide  s a l t s  a r e  p l o t t e d  vs, e x p e r i -  

ment. S i n c e  t h e  p a r a m e t e r i z a t i o n  i s  based  on ly  on t h e  B a t e s  and Millikan 

d a t a  t h e  c a l c u l a t e d  s o l u b i l i t i e s  i n  t h e  Ca(OH)2-NaC1, Ca(OH)2-KC1, 

Ca(OH)2-NaOH and Ca(OH)2-KOH aqueous s o l u t i o n s  are checks on t h e  model 

( F i g s .  ( l l c ) - ( l l f ) ) .  The agreement i s  f o r  t h e  most p a r t  e x c e l l e n t .  The 

d a t a  denoted  by s q u a r e s  i n  F i g .  ( l l c )  and ( l l d )  are t h o s e  of F r a t i n i  

(1949) a t  2OoC. The a n a l y t i c a l  v a l u e s  of F r a t i n i  

t h a n  t h e  model and h i g h e r  t h e n  t h e  d a t a  of o t h e r  a u t h o r s  i n  Ca(0H) -H 0 

s o l u t i o n s  ( c i r c l e s  i n  t h e  same f i g u r e s ) .  An i n c r e a s e d  chemica l  p o t e n t i a l  

f o r  P o r t l a n d i t e  b r i n g s  a l l  of t h e  F r a t i n i  d a t a  i n  good agreement w i t h  t h e  

model. The d a t a  i n  t h e  NaCl and K C 1  s o l u t i o n s  are those  of Johnston and  

Grove (1931) and Y e a t t s  and M a r s h a l l  (1957) .  The CaS04-Ca(OH)2 d a t a  are 

t h o s e  of Cameron and B e l l  (1906) and J o n e s  (1939).  The Bates data a r e  

f o r  d i l u t e  Ca(OH)2-KC1 and Ca(OH)2-CaC1 s o l u t i o n s .  The measurements a r e  

a t  c o n c e n t r a t i o n s  where s i g n i f i c a n t  i o n  a s s o c i a t i o n  should be p r e s e n t ,  

+ 
y e t  we d i d  n o t  need t o  i n c l u d e  a CaOH s p e c i e s  t o  o b t a i n  good agreement w i t h  

t h e  d a t a .  The s t a n d a r d  d e v i a t i o n  of  t h e  model t o  t h e  d a t a  is  CJ = ,003. 

I n  F i g .  (12b)- (12f )  t h e  c a l c u l a t e d  s o l u b i l i t i e s  of C a l c i t e  ( s o l i d  

2 2  

I n  F ig .  (11) t h e  c a l c u l a t e d  

a r e  c o n s i s t e n t l y  h i g h e r  

2 2  

2 

c u r v e s )  i n  water and N a C l  s o l u t i o n s  a r e  compared t o  exper iment .  

b i l i t i e s  of Aragon i t e  (dashed c u r v e s )  are  a l s o  p l o t t e d .  The e x p e r i m e n t a l  

The s o l u -  
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d a t a  i n  t h e  CaCO -H 0-C02 sys tem (F ig .  (12a ) )  a r e  t h o s e  summarized by 

Jacobson and Langmuir (1974) t o  1 atm. and t h o s e  of Miller (1952) (below 

3 2  

t h e  cu rve )  and M i t c h e l l  (1923) (above t h e  cu rve )  a t  h i g h e r  p r e s s u r e .  

For CO p r e s s u r e s  somewhat g r e a t e r  than  1 atm. t h e  f u g a c i t y  was c a l c u l a t e d  2 

from t h e  C 0 2  p r e s s u r e  u s i n g  t h e  rea l  gas  v i r i a l  c o e f f i c i e n t  summarized i n  

Angus e t  a l .  (1976) .  F ig .  (12a)  compares t h e  c a l c u l a t e d  and measured 

s o l u b i l i t i e s  of C a l c i t e  i n  p u r e  water as a f u n c t i o n  of t h e  f u g a c i t y  of 

C 0 2  i n  t h e  vapor  phase .  

p r e s s u r e  r ange ,  whereas t h e  upper  and l e f t  hand s c a l e s  a r e  f o r  h i g h e r  C 0 2  

(The lowes t  and r i g h t  hand s c a l e s  d e p i c t  t h e  lower 

f u g a c i t i e s ) .  The ca lc ium c a r b o n a t e  i n t e r a c t i o n  pa rame te r s  and t h e  chemi- 

c a l  p o t e n t i a l s  f o r  Calc i te  and Aragon i t e  a r e  e v a l u a t e d  from t h e s e  d a t a .  

U 
0 

f o r  Aragon i t e  i s  e v a l u a t e d  from t h e  d a t a  of Backstrom (1921) .  

0 A n e u t r a l  i o n  complex, CaC03, w a s  d e f i n e d  f o r  t h i s  sys tem,  s i n c e  

, w a s  ex t r eme ly  l a r g e  and n e g a t i v e  (- -200) when t h e  t h e  pa rame te r ,  B 

pH d a t a  of Reardon and Langmuir (1974) are  f i t  w i t h o u t  t h i s  complex. 

CaC03 

We s u s p e c t  t h a t  t h e  model w i t h  t h e  i o n  complex i s  t h e  b e t t e r  model f o r  

t h i s  sys tem.  Th i s  i s  c o n s i s t e n t  w i t h  t h e  conc lus ions  drawn i n  s e c t i o n  I11 

f o r  2-1 e l e c t r o l y t e s .  Th i s  c o n c l u s i o n  i s  a d m i t t e d l y  based  on a r e l a t i v e l y  

s p a r s e  s e t  of PH d a t a .  

found t o  b e  c o n s i s t e n t  w i t h  t h e  CaC03-H20-C02 s o l u b i l i t y  d a t a  when t h e  

Ca-HCO second v i r i a l  c o e f f i c i e n t  pa rame te r s  are a d j u s t e d  t o  f i t  t h e  d a t a .  

Jacobson and Langmuir (1974) showed t h a t  t h e  C02 p r e s s u r e  

With o r  w i t h o u t  CaC03,the r e s u l t i n g  model is 

3 

dependence of t h e  s o l u b i l i t y  o f  Calci te  i n  water i s  

a Ca(HC03) i o n  p a i r .  Our c a l c u l a t i o n s .  a g r e e  w i t h  t h i s  r e s u l t .  S i n c e  

t h e s e  s o l u b i l i t y  da t a ,  p l o t t e d  i n  F i g .  ( 1 2 ) ,  a r e  r e p r o d u c i b l e  and 

n o t  c o n s i s t e n t  w i t h  

+ 

i o n  p a i r  i s  n o t  assumed. P o s i t i v e  c o e f f i c i e n t s ,  which a r e  i n c o n s i s t e n t  

w i t h  s t r o n g  a s s o c i a t i o n , a r e  o b t a i n e d  when t h e s e  d a t a  are f i t  w i t h o u t  t h e  
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+ 
i o n  p a i r ,  C a H C 0 3 .  The v a l u e  f o r  ECaHCO3 ( O )  i s  s e l e c t e d  w i t h i n  a range of 

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

g i v e n  t h i s  c h o i c e  of B 

e''' 
C a H C 0 3  

( 0 )  
C a H C 0 3 '  

I n  F i g s .  ( 1 2 b ) - ( 1 2 f ) ,  t h e  p r e d i c t e d  s o l u b i l i t y  of C a l c i t e  i n  N a C l  

s o l u t i o n s  i s  p l o t t e d  t o g e t h e r  w i t h  t h e  a v a i l a b l e  d a t a .  A t  0 .97 atm. t h e  

d a t a  a re  t h o s e  of S h t e r n i n a  and F ro lova  (1952, 1 9 6 2 ) ,  F r e a r  and Johns ton  

(1929) and Cameron, e t  a l .  (1907) .  A t  lower p r e s s u r e s ,  t h e  d a t a  are p r i -  

m a r i l y  t h o s e  of S h t e r n i n a  and F ro lova  (1952).  I n  F i g .  ( 1 2 f ) ,  t h e  r e s u l t s  

of Cameron and S e i d e l l  (1902) are p l o t t e d .  The S h t e r n i n a  d a t a  are  con- 

s i s t e n t l y  d e s i g n a t e d  by c i r c l e s .  A l l  of t h e  d a t a  are r e p o r t e d  f o r  C a l c i t e  

s o l u b i l i t y .  

The c a l c u l a t e d  b e h a v i o r  f o r  t h e  s o l u b i l i t y  of C a l c i t e  i s  c o n s t r a i n e d  b y  

- 2  
3 t h e  d a t a  i n  o t h e r  sys t ems .  For  p .06 a t m .  t h e  c o n c e n t r a t i o n s  of CO 

and CaCa a r e  n e g l i g i b l e  compared t r ,  t h e  s o l u b i l i t y  of Calci te .  Consequen t ly ,  

t h e  dominant r e a c t i o n  d e t e r m i n i n g  t h e  C a l c i t e  s o l u b i l i t y  i s :  

co2T 
0 
3 

C a C 0 3  + H20 + CO ( g a s )  = Ca+2 + 2HCO- 2 3 9 

and t h e  s o l u b i l i t y  may b e  c a l c u l a t e d  t o  good approx ima t ion  by t h e  f o l -  

lowing e q u a t i o n :  

I n  t h e  above e q u a t i o n  m i s  the s o l u b i l i t y  of Calcite.  

b i l i t y  i s  smal l ,  the thermodynamic mean a c t i v i t y  c o e f f i c i e n t  f o r  Ca(HC0 3 2  

may b e  approximated by t h e  trace a c t i v i t y  c o e f f i c i e n t  f o r  Ca(HC03)2 i n  N a C l  

S i n c e  t h e  s o l u -  
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s o l u t i o n s .  This  a c t i v i t y  c o e f f i c i e n t  i s  r e l a t e d  t o  t h e  t r a c e  a c t i v i t y  

c o e f f i c i e n t s  i n  t h e  CaC12-NaC1-H 0 and NaHCO -H 0 s y s t e m s  by t h e  

e q u a t i o n ,  

2 3 2  

k t r  
YCaCI2 

(1966) o r  from t h e  s o l u b i l i t y  d a t a  of Gypsum o r  P o r t l a n d i t e  i n  HaCl solu- 

t i o n s .  The a c t i v i t y  c o e f f i c i e n t  r a t i o  (y -/ycl-) i s  measured d i r e c t l y  

by t h e  emf exper iments  of Harned and Bonner (1945) t o  1 . 0  mola l  NaC1. 

Our model i s  i n  good agreement w i t h  a l l  t h e  above d a t a .  S u b s t i t u t i n g  

may be determined from t h e  i s o p i e s t i c  d a t a  of Robinson and Bower 

tr 
HCO 

E q .  (19)  i n t o  E q .  ( l a ) ,  t h e  fo l lowing  e q u a t i o n  i s  ob ta ined  : 

k 

For r e l a t i v e l y  l a r g e  N a C l  c o n c e n t r a t i o n s  t h e  i o n i c  s t r e n g t h ,  a and t h e  

t r a c e  a c t i v i t y  c o e f f i c i e n t s  a r e  f i x e d  and t h e  s o l u b i l i t y  of C a l c i t e  shou ld  
H20 

depend roughly  on the  C 0 2  p r e s s u r e  t o  t h e  1 /3  p o w e r .  

and F ro lova  (1952), t h i s  behav io r  i s  s a t i s f i e d  by t h e  d a t a .  

A s  no ted  by S h t e r n i n a  

S ince  t h e  s o l u b i l i t y  of C a l c i t e  i s  n o t  n e g l i g i b l e ,  E q s .  (20) i s  

approximate  due t o  t h e  n e g l e c t  of t h e  Ca-HCO i n t e r a c t i o n .  From o t h e r  d a t a  3 

and w e  can ,  t h e r e f o r e ,  +tr 
C a  (HC03) 

we have  an  independent  d e t e r m i n a t i o n  of y- 

c a l c u l a t e  t h e  e f f e c t s  due t o  t h i s  i n t e r a c t i o n .  When t h e  Ca-HCO i n t e r -  3 

a c t i o n  is  p o s i t i v e  t h e  observed  s o l u b i l i t y  w i l l  be less than  t h a t  pre-  

d i c t e d  by Eq. (20), a s  i s  t h e  case below 1 m N a C l  and f o r  C a l c i t e  i n  p u r e  

water. When t h e  i n t e r a c t i o n  i s  n e g a t i v e  (e .g .  i o n  a s s o c i a t i o n )  t h e  o p p o s i t e  

b e h a v i o r  should  be  observed .  T h i s  i s  c o n s i s t e n t l y  t h e  case above 1 m N a C 1 .  
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However, t h e r e  e x i s t s  an  i n c o n s i s t e n c y  between a s t r o n g  n e g a t i v e  

i n t e r a c t i o n  and a 113  power law i n  t h e  s o l u b i l i t y .  A t  2mNaCl and P = . 9 7  

atm. t h e  c a l c u l a t e d  s o l u b i l i t y  i s  about  85% of t h e  e x p e r i m e n t a l  v a l u e .  A 

Ca(HC03) 

s u r e  and NaCl c o n c e n t r a t i o n .  However, such a model i s  i n c o n s i s t e n t  w i t h  o t h e r  

co2 

+ 
i o n  p a i r  might  be in t roduced  t o  inp rove  t h e  agreement a t  t h i s  p r e s -  

d a t a  a t  lower NaCl c o n c e n t r a t i o n s .  Fur thermore ,  c a l c u l a t i o n s  v e r i f y  t h a t  

+ 
whi le  agreement can be  improved a t  any g iven  p r e s s u r e  w i t h  a CaHCO i o n  3 

p a i r ,  i t  i s  n o t  p o s s i b l e  t o  f i t  t h e  observed  p r e s s u r e  dependence of 

S h t e r n i n a  and F ro lova  (1952) w i t h  such a model. A s  t h e  p r e s s u r e  i s  re- 

duced,  t h e  c o n c e n t r a t i o n  and t h e  deg ree  of a s s o c i a t i o n  a r e  a l s o  reduced .  

F u r t h e r  d a t a  a r e  needed t o  unde r s t and  t h e s e  d i s c r e p e n c i e s .  

The pII d a t a  of S tock  and Davies  (1948) a r e  used t o  e v a l u a t e  t h e  

i o n  p a i r  which i s  found t o  have a pKd 
+ 

chemica l  p o t e n t i a l  f o r  t h e  MgOH 

v a l u e  of 2 . 1 9 .  A l i q u i d  j u n c t i o n  p l u s  asymmetry p o t e n t i a l  of . 23  

pH u n i t s  is  o b t a i n e d  from t h e  a c i d i c  r e g i o n  of t h e  t i t r a t i o n  cu rve  r e p o r t e d  

d by t h e s e  a u t h o r s  (Table  I1 of SD). While t h i s  v a l u e  i s  l a r g e ,  ou r  K 

i s  a l s o  i n  good agreement  w i t h  t h a t  determined by McGee and H o s t e t l e r  

(1975) from pH d a t a .  With t h e  McGee and H o s t e t l e r  d a t a ,  however, t h e  model 

d e v i a t i o n s  t r e n d  from - .029 a t  pH = 10.03 t o  .005 a t  pH = 10.39. The 

change i n  t h e  s o l u t i o n  composi t ion  f o r  t h i s  r ange  i s  sma l l .  I f  t h i s  t r e n d  

i s  s i g n i f i c a n t  t h e r e  may b e  a problem w i t h  a n  MgOH 
+ 

model. A d e t a i l e d  

r e v e r s i b l e  c e l l  s t u d y  of  t h e  Mg(OH), - MgC12 - H20 sys tem would b e  u s e f u l  

i n  p r e c i s e l y  c h a r a c t e r i z i n g  t h e  i n t e r a c t i o n s  i n  t h i s  system. Higher  con- 

c e n t r a t i o n s  of MgC12 s h o u l d  b e  p o s s i b l e  owing t o  t h e  i n c r e a s i n g  s o l u b i l i t y  

of B r u c i t e .  Th i s  s t u d y  would a l s o  b e  u s e f u l  due t o  t h e  impor tance  of t h e  

Me-OH i n t e r a c t i o n  i n  d e t e r m i n i n g  pKw i n  seawa te r .  There i s  a l s o  some 
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ev idence  t h a t  t h e  p r e c i p i t a t i o n  of a magnesium o x y c h l o r i d e  b u f f e r s  

h i g h l y  c o n c e n t r a t e d  ?!gC12 e v a p o r i t e  s o l u t i o n s  (Bodine ( 1 9 7 6 ) ) .  Our 

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

2 The s o l u b i l i t y  d a t a  f o r  B r u c i t e  and Magnesium o x y c h l o r i d e  i n  MgCl 

s o l u t i o n s  are p l o t t e d  i n  F ig .  (13) .  B r u c i t e  is  denoted by t h e  c i r c l e s  and 

t h e  Oxychlor ide i s  denoted by s q u a r e s .  Closed p o i n t s  co r re spond  t o  t h e  

d a t a  of Robinson and Waggaman (1909) .  Open p o i n t s  are  t h o s e  of D'Ans 

and Katz ( 1 9 4 1 )  and D'Ans. e t  a l .  (1955) a t  20°C. It  i s  d i f f i c u l t  

t o  o b t a i n  any d e f i n i t i v e  i n f o r m a t i o n  from t h e s e  d a t a .  We, t h e r e f o r e ,  

e s t i m a t e  t h e  i n t e r m e d i a t e  c o n c e n t r a t i o n  b e h a v i o r  of MgOH from t h e  
+ 

Culberson and Pytkowicz (1973)  measurements of pK i n  a r t i f i c i a l  seawater. 
W 

are t h e n  made  'Mg ,MgOH, C1' Adjustments i n  t h e  t h i r d  v i r i a l  c o e f f i c i e n t s ,  

s o  t h e  DBF d a t a  are f i t  a t  h i g h  c o n c e n t r a t i o n .  We se lec t  t h e s e  

ove r  t h e  o t h e r  d a t a  i n  F ig .  (13) s i n c e  t h e  model f i t  t o  t h e  d i l u t e  s o l u -  

t i o n  and Seawater s y s t e m  approx ima te ly  w i t h o u t  t h e  t h i r d  v i r i a l  c o e f f i c i e n t  

p r e d i c t s  t h e s e  d a t a .  

i n v a r i a n t  p o i n t  i s  less than  2M MgC12 s i n c e  Bodine (1.976) o b s e r v e s  con- 

We a l s o  r e q u i r e  t h a t  t h e  Bruc i t e -Oxych lo r ide  

v e r s i o n  of B r u c i t e  t o  Oxychlor ide s l i g h t l y  above t h i s  c o n c e n t r a t i o n .  The 

chemical  p o t e n t i a l  f o r  B r u c i t e  i s  e v a l u a t e d  from t h e  e q u i l i b r i u m  c o n s t a n t  

g i v e n  by McGee and H o s t e t l e r  (1973) .  

I n  f i t t i n g  t h e  model t o  t h e  Culberson and Pytkowicz (1973) d a t a ,  

t h e  composi t ion of t h e  a r t i f i c i a l  seawater used i n  t h e  expe r imen t s  i s  

a l s o  used i n  t h e  c a l c u l a t i o n s ,  e x c e p t  tha t  NaF is  r e p l a c e d  by N a C 1 .  The 

p r e s e n c e  of F i n  s o l u t i o n  shou ld  cause  a d e c r e a s e  i n  t h e  t o t a l  ( s t o i c h i o -  

m e t r i c )  a c t i v i t y  c o e f f i c i e n t  f o r  H due t o  HF a s s o c i a t i o n .  The e x p e r i m e n t a l l y  

de t e rmined  a p p a r e n t  e q u i l i b r i u m  c o n s t a n t ,  K i  = % mOH, shou ld  t h e r e f o r e  b e  

l a r g e r  i n  s o l u t i o n s  w i t h  t r a c e s  of f l u o r i n e  t h a n  i n  s o l u t i o n s  w i t h o u t  f l u o r i n e .  
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However,Hansson (1972) has determined Kw in the absence of F, and his 

values are larger than those in the fluorine containing solutions when 

corrected to the same units as CP. Our calculations indicate that the 

difference cannot be explained by the concentration differences of the 

artificial seawater used in the different studies. For the above reasons, 

we make no corrections for this effect. The fitted results are compared 

to the data in Table 6. Values for ApH ( E q .  (17)) calculated from these 

data and the activity coefficient f o r  H (in molality units) are also 

given. 

The Mg-HC03 and Mg-C03 interaction parameters are estimated from 

the Hansson (1973) data for K'  and K '  in seawater together with the high 

pressure Nesquehonite solubility data of Mitchell (1923) and the P Q l  

atm result of Kline (1929). The high pressure (1-10 atm) trend for the 

solubility has been reproduced at a number of different temperatures and 

the .97 atm result is in agreement with these determinations as well as 

the smoothed temperature dependence (See Linke (1965) and Langmuir (1965)). 

1 2 

co2 

In fitting the high pressure 

made as in the CaCO system. 

In Table 7, reported 
3 

results the fugacity-pressure correction is 

pK' and pK; values are compared to those calcu- 1 
lated. The total hydrogen activity coefficients (in NBS convention), deter- 

mined by Mehrback et al. (1973) may be used with the calculated activity 

coefficients in the MacInnes convention to evaluate the liquid junction 

potential contribution, ApH, using Eq. (17) (Section IV). The resulting 

values differ from those calculated with the Culberson and Pythowicz (1973) 

data by about .02 pH units (see Table 6 ) .  Since the differences in the 

concentration are small (as 

4 3  



comparison of t h e  c a l c u l a t e d  yM s u g g e s t s )  , t h i s  would appear  t o  r e f l e c t  

a changing l i q u i d  j u n c t i o n  p o t e n t i a l .  (Mehrbach e t  a l .  (1973) obse rve  

H 

-- 

a .011 pH change between " i d e n t i c a l "  r e f e r e n c e  e l e c t r o d e s . )  

There  appear  t o  b e  some problems w i t h  t h e  lower p r e s s u r e  r e s u l t s  

of K l i n e  (1929) .  A s o l u b i l i t y  p roduc t  f o r  Nesquehoni te  of 3 . 5 ~ 1 0  -5 i s  

c o n s i s t e n t  w i t h  t h e  K l i n e  Bruci te-Nesquehoni te  e q u i l i b r i u m  P 

and t h e  McGee and H o s t e t l e r  (1973) B r u c i t e  s o l u b i l i t y  p roduc t .  

3 .5  x 

K l i n e ,  y- 

( .00038 a tm.)  

Using t h e  
c02 

v a l u e  and t h e  a n a l y t i c  c o n c e n t r a t i o n s  of Mg and HC03  c i t e d  by 
+ 

i s  c a l c u l a t e d  t o  b e  g r e a t e r  t h a n  one a t  lower p r e s s u r e s .  
Mg (HC03) 2 

- - Assuming t h e  s o l u b i l i t y  p roduc t  of 1.1 x 10 -5 c i t e d  by K l i n e ,  y' 
Mg (HCO 3 1 #l 

J L  
t 

.76  a t  Pco = .000511. The l i m i t i n g  l a w  v a l u e  of  y- i s  .59 .  To 
2 Mg @eo3) 

f i t  t h i s  d i f f e r e n c e  w i t h  an  ex tended  Debye-Huckel e q u a t i o n  r e q u i r e s  a v e r y  

l a r g e  i o n i c  r a d i u s  of abou t  10 A ( f o r  a model w i t h o u t  i o n  p a i r s ) .  F u r t h e r -  

more, t h i s  10 A Debye-Huckel model i s  n o t  c o n s i s t e n t  w i t h  t h e  r e p r o d u c i b l e  

0 

0 

( s e e  above) s o l u b i l i t y  d a t a  of Nesquehoni te  a t  P 1 a t m .  

Assuming t h a t  t h e  Kl ineNesquehon i t e  d a t a  are a c c u r a t e ,  a K 
-4 co2 

= 1 . 2  x 10 
SP 

may b e  de te rmined  from t h e  Mg and HC03  c o n c e n t r a t i o n s  a t  low p r e s s u r e s  assuming 

l i m i t i n g  l a w  a c t i v i t y  c o e f f i c i e n t s .  

a t  low p r e s s u r e s  a MgCO i o n  p a i r  ( o r  l a r g e  n e g a t i v e  MgCO i n t e r a c t i o n  pa ra -  

m e t e r s )  may b e  d e f i n e d .  T h i s  model,  however, cannot  account  f o r  t h e  r a p i d l y  

To e x p l a i n  t h e  h i g h  c a r b o n a t e  c o n c e n t r a t i o n s  

0 

3 3 

d e c r e a s i n g  t o t a l  C03 c o n c e n t r a t i o n  observed  by K l i n e  a t  h i g h  p r e s s u r e .  

MgCO; 

small  changes i n  

d a t a  i s  s i g n i f i c a n t l y  l a r g e r  t han  t h e  t o t a l  C03 observed  a t  h i g h  p r e s s u r e . )  

(The 

c o n c e n t r a t i o n  i s  f i x e d  when i n  e q u i l i b r i u m  w i t h  Nesquehoni te  ( n e g l e c t i n g  

and t h e  c o n c e n t r a t i o n  de te rmined  from t h e  low p r e s s u r e  

To e x p l a i n  t h e  Kline d a t a ,  we must assume t h a t  enormous changes i n  t h e  

i n t e r a c t i o n s  occur  o v e r  a v e r y  small c o n c e n t r a t i o n  range .  We could  n o t  f i t  

t h e  K l i n e  d a t a ,  u s i n g  a number of c o n v e n t i o n a l  e l e c t r o l y t e  s o l u t i o n  models 

i n c l u d i n g  t h o s e  w i t h a n d w i t h o u t  MgHC03, etc. t y p e  i o n  p a i r s .  
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Kline points to some problems with his HCO- 
3 

determination. A l s o ,  his solutions may not have equilibrated with the 

low Pco2 atmospheres in 3 to 5 days. 

depleted from solution. If CO were not sufficiently replenished from 

the atmosphere, the apparent C 0 2  pressure could be significantly re- 

duced and Brucite would precipitate. 

A s  Nesquehonite dissolves, C 0 2  is 

2 

This might explain Kline's 

observation of Nesquehonite to Brucite conversion at a seemingly high 

Pco2. 

the total Pig concentration at Nesquehonite-Brucite equilibrium to be 

.0140. This is in agreement with the value of ,0136 which Kline extra- 

polated from his alkalinity measurements, but our calculated transition 

Using our model derived from data other than Kline's we calculate 

-5  -4 
pressure is 7 . 6 ~ 1 0  atm. as compared to Kline's value of 3 . 8 ~ 1 0  atm. 

Further data for this system are needed. 

After establishing the parameters Bo and 6") for the MgHC03 and 

were obtained mg,HC03,SO4 and $ Mg,HC03,C1 MgCO systems, the parameters $ 3 

from the Nesquehonite solubility data of Trendafelov et al. (1981). The low 

concentration end of this data places a rather strong constraint on the accept- 

able values of P(l) and B'O).  The predicted solubilities of the model for 

these systems are compared t o  experlmsntal data in Fig. (14). 

In Fig. (15), the pH for 35%, salinity seawater in equilibrium 

with Calcite is plotted versus the carbonate alkalinity. The data are 

those of Morse et al. (1980). These authors determine the Calcium con- 

centration, pH, and carbonate alkalinity, Ac. Calcite equilibrium is 

approached from supersaturation and undrrsaturation in a closed apparatus. 

The supersaturation experiments are performed by adding Calcite to 

natural seawater. 

(where Q is a constant for seawater), is approximately satisfied by their 

data. The curve corresponding to the data from supersaturation is calcu- 

lated using seawater with composition given in Table 8. 

molal concentration of 35%0 salinity seawater are given together with 

For these experiments the relationship, 2mCa-AC - Q, 

In Table 8, the 
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crs 
t h e  c a l c u l a t e d  t o t a l  Maclnnes i o n  a c t i v i t y  c o e f f i c i e n t s .  The s e a w a t e r  con- 

c e n t r a t i o n s  are  d e r i v e d  from t h e  Appendix 'Table 2 i n  R i l e y  and Skirrow (1975) .  

S t a r t i n g  w i t h  n a t u r a l  seawat , r ,  i n  c o n t a c t  w i t h  c a l c i t e  c r y s t a l s ,  

c a l c i t e  w i l l  p r e c i p i t a t e  from sc l lu t ion  ctnder a tmosphe r i c  c o n d i t i o n s .  

S p e c i f i c a t i o n  of one a d d i t i o n a l  v a r i a b l e ,  such as pH, 

s u f f i c i e n t  t o  completely d e f i n e  chemical e q u i l i b r i u m .  For a g i v e n  v a l u e  

of Ac, t h e  pH and P can b e  c a l c u l a t e d  from e q u i l i b r i u m  c o n d i t i o n s  u s i n g  

a model. The d a t a  and c a l c u l a t e d  cu rve  i n  F ig .  15  r e p r e s e c t  t h e  dependence 

of t h e  e q u i l i b r i u m  pH as a f u n c t i o n  of A a The a p p a r e n t  P a l s o  v a r i e s  a l o n g  

t h e  curve.  By v i r t u e  of  e l e c t r i c a l  n e u t r a l i t y  c o n s t a n t s ,  t h e  f u n c t i o n  i s  

independent  of t h e  e q u i l i b r i u m  v a l u e s  of P 

s e a w a t e r  Q =.018 eq/kgSW. 

o r  A i s  pco2 C 

c02 

C c02 

, pH o r  Ac. For  unmodified 
c02 

To approach c a l c i t e  e q u i l i b r i u m  from u n d e r s a t u r a t i o n ,  Morse e t  a l .  

add a small  am2unt of H C l  t o  u n d e r s a t u r a t e  t h e  n a t u r a l  seawater w i t h  

r e s p e c t  t o  C a l c i t e .  From t h e  ave rage  v a l u e  of Q c a l c u l a t e d  f o r  t h e  d a t a  

from u n d e r s a t u r a t i o n ,  t h e  q u a n t i t y  of H P 1  added h a s  been  e s t i m a t e d  and 

added t o  t h e  s y r , t h e t i c  seawater i n  i 'able 8. T h i s  mod i f i ed  s e a w a t e r  s o l u t i o n  

w a s  t hen  used t o  c a l c u l a t e  t i e  cu rve  co r re spond ing  t o  t h e  u n d e r s a t u r a t i o n  

approach t o  e q u i l i b r i u m  ( l e f t m o s t  c u r v e  i n  Fig.15 ). 

The s o l i d  cu rves  i n  F i g .  15 co r re spond  t o  the ca lcu la t ed  "pH" u s i n g  

t h e  Lonvent ional  hydrogen a c t i v i t y  f o r  t h e  14acTnnes conven t ion .  The two 

dashed cu rves  are c a l c u l a t e d  assuming t h a t  ApH f o r  t h e  Morse e t  a l .  

a p p a r a t u s  e q u a l s  .03 (Tab le  6)  o r  .05 (Table  7 ) .  The .05 cu rve  i s  g e n e r a l l y  

above t h e  u n d e r s a t u r a t e d  d a t a  p o i n t s  and below t h e  s u p e r s a t u r a t i o n  p o i n t s .  

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

t h e  small v a r i a t i o n s  i n  Q. Morse e t  a l .  a l s o  r e p o r t  no s t a t i s t i c a l l y  s i g n i -  

f i c a n t  v a r i a t i o n  i n  t h e  s o l u b i l i t y  w i t h  t h e  s o l i d  Calci te  t o  s o l u t i o n  r a t i o .  

The i n c r e a s e d  s o l u b i l i t y  due t o  t h e  p r e c i p i t a t i o n  of Magnesium-Calcite 

s u r f a c e  l a y e r s  h a s  r e c e n t l y  r e c e i v e d  c a r e f u l  c o n s i d e r a t i o n  ( W o l l a s t  e t  a l .  

(1980);  Schoonmaker (1981) .  The measurements from s u p e r s a t u r a t i o n  o f  Morse 
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et a l .  should presulnably b e  s e n s i t i v e  t o  ; h i s  e f f e c t  a l t h o u g h  unde r sa tu r -  

a t e d  exper iments  s h o u l d  n o t .  With t h e  u n c e r t a i n t y  due t o  t h e  l i q u i d  j u n c t i o n  

and t h e  p o t e n t i a l  f o r m a t i o n  of Ilagnesium Ca lc i t e  sc l r f ace  l a y e r s ,  i t  i s  n o t  

p o s s i b l e  t o  make an  e x a c t  comparison t o  t h e  d a t a  of Morse e t  a l .  Pess imis-  

t i c a l l y ,  t h e  c a l c u l a t i o n  i s  w i t h i n  10% oE t h e  t r u e  s o l u b i l i t y .  I f  pH = .05 

and t h e  d a t a  r e p r e s e n t  t r u e  Ca lc t t e  e q u i l i b r i u m  t h e  agreement  i s  much b e t t e r .  

Using t h e  model, a v a l u e  of K '  = mT mT = 4 .98  x 10-7(1nola l )2  i s  
Ca lc i t e  Ca CO, 

3 2 
o b t a i n e d .  ( 4 . 6 5  x 10-7 (moles/kgSW) ).  
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VI. DISCUSSION 

I n  t h e  p r e v i o u s  s e c t i o n ,  w e  have u t i l i z e d ,  f o r  t h e  most p a r t ,  d a t a  

i n  b i n a r y  and t e r n a r y  sys t ems  t o  p a r a m e t e r i z e  t h e  s o l u t i o n  model. We have 

t e s t e d  t h e  model by c a l c u l a t i n g  m i n e r a l  s o l u b i l i t i e s  i n  d i f f e r e n t ,  more complex 

s y s t e m s .  For example, i n  F i g .  15, t h e  p r e d i c t e d  r e l a t i o n s h i p  between t h e  pH 

and c a r b o n a t e  a l k a l i n i t y  of 35% s a l i n i t y  seawa te r  i n  e q u i l i b r i u m  w i t h  c a l c i t e  

i s  shown t o  be  i n  good agreement w i t h  experiment .  

The g e n e r a l  agreement of t h e s e  p r e d i c t i o n s  w i t h  t h e  a v a i l a b l e  d a t a  demons t r a t e s  

t h e  v a l u e  of t h e  P i t z e r  approach i n  modeling n a t u r a l  s y s t e m s .  'The thermo- 

dynamic p r o p e r t i e s  of  r a t h e r  complex and p o s s i b l y  c o n c e n t r a t e d  multicomponent 

s o l u t i o n s  can b e  a c c u r a t e l y  p r e d i c t e d  from a knowledge of t h e  thermodynamics 

of r e l a t i v e l y  s i m p l e  component s o l u t i o n s .  

The chemis t ry  of seawater h a s  been w e l l  measured. While t h i s  system 

p r o v i d e s  a n  e x c e l l e n t  tes t  of t h e  model, t h e r e  are o t h e r  models which can  

a c c u r a t e l y  produce t h e s e  d a t a  o v e r  a l i m i t e d  range of composi t ion and concen- 

t r a t i o n .  The model, used i n  c a l c u l a t i n g  F i g .  (151, a l s o  a c c u r a t e l y  p r e d i c t s  

thermodynamic p r o p e r t i e s  t o  v e r y  h i g h  c o n c e n t r a t i o n  f o r  s y s t e m s  of composi t ion 

v e r y  d i f f e r e n t  from seawater. T h i s  c a p a b i l i t y  is  unique.  S ince  many n a t u r a l  

sys t ems  d i f f e r  c o n s i d e r a b l y  from seawater ( e . g . ,  f o r m a t i o n a l  w a t e r s  i n  o i l  

f i e l d s ,  e v a p o r i t e  i n t e r s t i t i a l  w a t e r s ,  e s t u a r i n e  b r i n e s ,  e t c . )  t h i s  i s  a n  

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

h a l i t e - s a t u r a t e d  Janecke  p r o j e c t i o n  f o r  t h e  Na-K-C1-S04-C03-H20 q u i n a r y  

system is  compared t o  e x p e r i m e n t a l  d a t a  i n  Fig. (16a) .  
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The c a l c u l a t i o n s  and d a t a  d e p i c t e d  i n  F ig .  (16a) a r e  conf ined  t o  a 

2 c losed  system, where CO b e a r i n g  m i n e r a l s  are d i s s o l v e d  i n  wa te r  and CO 

t r a n s f e r  between t h e  atmosphere and s o l u t i o n  i s  prevented .  For many n a t u r a l  

3 

waters, t h e  aqueous C 0 2  a c t i v i t y  o r  t h e  e f f e c t i v e  e q u i l i b r i u m  P 

l e d  by r e a c t i o n  w i t h  t h e  atmosphere,  pho tosyn thes i s ,  water-rock r e a c t i o n s ,  

e t c .  F ig .  (160) and ( 1 6 ~ )  d e p i c t  t h e  change i n  t h e  phase e q u i l i b r i a  from t h a t  

i s  c o n t r o l -  
c02 

shown i n  F i g .  (16a) when t h e  s o l u t i o n s  are allowed t o  e q u i l i b r a t e  w i t h  a gas  

-3 phase of c o n s t a n t  P ( 3 . 3  x and 3.3 x 1 0  a t m . ,  r e s p e c t i v e l y ) .  
c02 

Comparison of F i g . s  (16a ) ,  (16b) and ( 1 6 ~ )  i l l u s t r a t e s  t h e  s t r o n g  P 
c02 

dependence of t h e  s t a b l e  m i n e r a l  e q u i l i b r i a .  It i s  known t h a t  t h e  aqueous 

C02 a c t i v i t y  i s  an impor t an t  i n d i c a t o r  of t h e  chemical  p r o c e s s e s  l e a d i n g  t o  t h e  

fo rma t ion  and subsequent  d i a g e n e t i c  e v o l u t i o n  of ca rbona te  sed iments .  However, 

q u a n t i t a t i v e  i n t e r p r e t a t i o n  of ca rbona te  sediments  i n  terms of t h i s  C02 v a r i a b l e  

has  n o t  g e n e r a l l y  been p o s s i b l e  due t o  t h e  l a c k  of d a t a  o r  of a s u f f i c i e n t l y  

v 

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

CO a c t i v i t y  f o r  a r b i t r a r y  f l u i d  composi t ion i n  t h e  eight-component system. 

Th i s  a l l o w s  improved a n a l y s i s  of m i n e r a l  s t a b i l i t i e s  and d i r e c t i o n s  of d i a -  

2 

g e n e t i c  r e a c t i o n s  i n  c a r b o n a t e  m i n e r a l  systems by q u a n t i t a t i v e  e q u i l i b r i u m  

and i o n  a c t i v i t y  p roduc t  c a l c u l a t i o n s .  

It i s  appa ren t  t h a t  we  have r e l i e d  on a d i v e r s e  set of d a t a ,  

much of which i s  over  h a l f  a c e n t u r y  o l d ,  i n  our e f f o r t  t o  o b t a i n  a com- 

p l e t e  model f o r  t h e  system Na-K-Ca-Mg-H-C1-SO4-OH-HC03-C03-CO -H 0. 

We have  a t t empted  t o  i d e n t i f y  compos i t iona l  ranges  where d a t a  would 

s i g n i f i c a n t l y  improve t h e  accu racy  of t h e  model. 

2 2  

For many sys tems,  i t  w a s  

n e c e s s a r y  t o  estimate pa rame te r  v a l u e s  from l i m i t e d  and o f t e n  unreproduced 

d a t a .  We b e l i e v e  t h a t  an i n c r e a s e d  e f f o r t  t o  expe r imen ta l ly  c h a r a c t e r i z e  

t h e  chemica l  i n t e r a c t i o n s  between t h e  v a r i o u s  aqueous s p e c i e s  by 

examining t h e  thermodynamics of b i n a r y  and t e r n a r y  systems i n  d e t a i l  
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w i l l  l e a d  t o  a s i g n i f i c a n t  improvement i n  t h e  q u a n t i t a t i v e  unde r s t and ing  

of t h e  thermodynamics of ca rbona te  n a t u r a l  w a t e r s .  

We have u t i l i z e d  e a r l i e r  v e r s i o n s  of t h e  P i t z e r  p a r a m e t e r s ,  some 

of which have more r e c e n t l y  been improved (see Downes and P i t z e r  ( 1 9 7 6 ) ;  

P i e p e r  and P i t z e r  (1981)) .  I n  t h e  f u t u r e ,  as r e f inemen t s  of t h e  model 

a r e  made, we w i l l  a t t e m p t  t o  i n c o r p o r a t e  the  c u r r e n t l y  accep ted  pa rame te r  

v a l u e s  i n t o  t h e  s o l u b i l i t y  model. The r e a d e r  i s  c a u t i o n e d ,  however,  from 

modifying p a r a m e t e r s  i n  t h e  p r e s e n t  model wi thout  e x t e n s i v e  checking  of 

t h e  c a l c u l a t e d  s o l u b i l i t i e s ,  s i n c e  t h e  parameters  are q u i t e  i n t e r d e p e n d e n t .  

The most i m p o r t a n t  l i m i t a t i o n  of t h e  a p p l i c a t i o n  of  t h i s  and s i m i l a r  

models t o  n a t u r a l  sys tems i s  t h e  i n h e r e n t  e q u i l i b r i u m  n a t u r e  of t h e  pre-  

d i c t i o n s .  Most n a t u r a l  sys tems c o n s t a n t l y  evolve  due t o  v a r i o u s  env i ron -  

menta l  and b i o l o g i c a l  f a c t o r s  and t h e r e f o r e  are neve r  i n  a s t a t e  of t o t a l  

e q u i l i b r i u m .  The u s e s  of  such models must t h e r e f o r e  b e  d i r e c t e d  toward 

i d e n t i f y i n g  and u n d e r s t a n d i n g  t h e  chemical  p r o c e s s e s  by which n a t u r a l  sys tems 

change. 

a t e d  m i n e r a l  s a t u r a t i o n  states are commonly u t i l i z e d  t o  i n f e r  p o s s i b l e  

chemica l  p r o c e s s e s  which i n f l u e n c e  t h e  e v o l u t i o n  of  a g iven  fo rma t ion .  I n  

more s p e c i f i c  s t u d i e s  of c losed -bas in  systems,  s imple  h y d r o l o g i c a l  models  

I n  t h e  s t u d y  o f  s u r f a c e  waters and i n t e r s t i t i a l  f l u i d s ,  t h e  c a l c u l -  

which u t i l i z e  a n  e q u i l i b r i u m  assumpt ion  can b e  used  t o  p l a c e  c o n s t r a i n t s  

on t h e  i n f l o w  compos i t ion ,  and t o  c a l c u l a t e  approximate m i n e r a l  p r e c i p i t a -  

t i o n  sequences  and l a k e  w a t e r  composi t ions  ( see  Eugs te r  and J o n e s  ( 1 9 7 9 ) ) .  

Such c a l c u l a t i o n s  can  p r o v i d e  a d d i t i o n a l  g u i d e l i n e s  u s e f u l  i n  c o n s t r u c t i n g  

a model f o r  t h e  e v o l u t i o n  of  a g i v e n  n a t u r a l  system. R e c e n t l y , w e h a v e  

used t h i s  model t o  compare t h e  e v o l u t i o n  of seawater i n  n a t u r a l  e v a p o r a t i o n  

p r o c e s s e s  w i t h  t h e  p r e d i c t i o n s  of chemica l  e q u i l i b r i u m .  The agreement  be- 

tween t h e  r e s u l t s  of  t h e  e q u i l i b r i u m  models and t h e  measured f i e l d  r e s u l t s  
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i s  remarkab le ,  emphasizing t h e  v a l u e  of e q u i l i b r i u m  e v a p o r a t i o n  p a t h s  as 

g u i d e l i n e s  f o r  unde r s t and ing  e v a p o r i t e  e v o l u t i o n  (Mdller-Weare e t  a l . ,  

i n  p r e p a r a t i o n ) .  

Many n a t u r a l  s y s t e m s  evo lve  through chemical  r e a c t i o n s  w i t h  aqueous 

s o l u t i o n s .  Tht. p r i n c i p l e  t r a n s p o r t  mechanisms i n c l u d e  conven t ion  and d i f -  

f u s i o n  w i t h i n  t h e  i n t e r s t i t i a l  p o r e s  o f a  rock  medium. When t h e  i m p o r t a n t  

p r o c e s s e s  are  s u f f i c i e n t l y  s low ( i n  p a r t i c u l a r  from d i f f u s i o n )  l o c a l  

chemical  e q u i l i b r i u m  between t h e  f l u i d  and t h e  porous medium can be  

e s t a b l i s h e d .  Loca l  e q u i l i b r i u m  i s  commonly observed i n  a number of geo- 

l o g i c a l  environments  ( K o r z k i n s k i i  (1959) ,  Thompson (1959) ) .  Recent evi- 

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

i n  l a k e  beds and o c e a n i c  sed imen t s .  The d a t a  of Emerson e t  a l .  (1980) 

and Say le s  (1981) s u g g e s t  t h a t  C a l c i t e  e q u i l i b r i u m  i s  ma in ta ined  i n  some 

seawater sed imen t s .  A s imi l a r  c a l c u l a t i o n  u s i n g  t h e  model d e s c r i b e d  h e r e  

h a s  i n d i c a t e d  t h a t  Gypsum s a t u r a t i o n  i s  ma in ta ined  a t  v a r i o u s  d e p t h s  i n  

t h e  sed imen t s  of t h e  Great S a l t  Lake (Spencer (1980) ) .  When l o c a l  e q u i l i -  

brium c o n d i t i o n s  are  m a i n t a i n e d ,  t h e  time-dependent f e a t u r e s  of geochemical  

e v o l u t i o n  may b e  t r e a t e d  by i n c o r p o r a t i n g  e q u i l i b r i u m  models i n t o  a 

hydrodynamic f l o w  model (Weare et al. (1976)). 
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ADDendix A 

A s  h a s  been d i s c u s s e d  i n  d e t a i l  by Guggenheim (1929; 1930a)  an  

i o n  a c t i v i t y  o r  i o n  chemica l  p o t e n t i a l  cannot  be  measured by expe r imen t ;  

e . & . ,  emf, phase  e q u i l i b r i a ,  d i f f u s i o n  r a t e s  o r  r e a c t i o n  r a t e s .  However, 

i o n  a c t i v i t i e s  may be  d e f i n e d  by convent ion .  I n  t h e  fo l lowing  d i s c u s s i o n ,  

w e  demons t r a t e  t h a t  t h e  emf f o r  a c e l l  w i t h  a l i q u i d  j u n c t i o n  can be  c a l c u l a t e d  

u s i n g  any conven t ion  f o r  t h e  i o n  a c t i v i t i e s .  S i m i l a r  a n a l y s e s  imp ly ing  

t h e  f o l l o w i n g  resu l t s  a r e  d i s c u s s e d  e l sewhere  (Bates  ( 1 9 7 3 ) ,  Guggenhei-m 

(1960) and PlacInnes (1961) ) . 
Consider  t h e  e l e c t r o c h e m i c a l  c e l l ,  d i s c u s s e d  i n  s e c t i o n  I V ,  

P t ,H21so ln  XI IKCl(sa t )  /Hg2C12,Hg(Pt 

The emf of t h e  c e l l  i s  n o t  an  e q u i l i b r i u m  p r o p e r t y  of t h e  system. I n  

a d d i t i o n  t o  t h e  r e v e r s i b l e  e l e c t r o d e  p o t e n t i a l ,  t h e  e l ec tomot ive  f o r c e ,  

E ,  of t h e  c e l l  depends on t h e  e l e c t r o - p o t e n t i a l  d i f f e r e n c e  between sol- 

t i o n ,  X,  and t h e  KC1-saturated s o l u t i o n .  Th i s  l i q u i d  j u n c t i o n  p o t e n t i a l  

d e v e l o p s  because of i o n i c  d i f f u s i o n  between the  t w o  s o l u t i o n  phases,  

and t h e r e f o r e , d e p e n d s  upon t h e  r e l a t i v e  m o b i l i t i e s  of the v a r i o u s  i o n i c  

s p e c i e s  i n  s o l u t i o n .  Using t h e  p r i n c i p l e s  of i r r e v e r s i b l e  thermodynamics 

(see Haase (1963) f o r  a g e n e r a l  d e r i v a t i o n ) ,  t h e  fo l lowing  e q u a t i o n  i s  

o b t a i n e d  f o r  t h e  emf of c e l l  A: 
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XL E is given by, 

Ir! Eq. ( A l ) ,  t is the reduced Hittof transference number of ion k, 

and z is the charge on ion k. By definition, the transference numbers 

satisfy the relationship, 

k 

k 

C t , = l  , 
k 

The sum in Eqs. ( A l )  and ( A 3 )  includes all ionic species in the solution. 

The integration in Eq. ( A l )  extends over the transition region from 

solution X to the K C 1  saturated solution. The ionic activities in Eqs. 

( A l )  are theoreticallydefined by a derivative in the free energy (i.e., 

Eq. (2a) in Section 11). 

Any arbitrary function of composition, w(x), satisfies the equation, 

K C 1  KC 1 
f c 

2 d (zk Rn w),  
k Z 

where Eq. (A3)  has been used to obtain the last identity. Adding this 

equality to Eqs. ( A l )  and collecting similar terms, the following equation, 

identical to Eq. (Al) is obtained 

E = E * - -  (X) + zH Rn w(X) + Rn aC1(KC1) F 
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The cell emf is independent of the arbitrary function, W .  

The activity coefficient for ion k is defined by the familiar 

equation, 

ak =Ykmk 

Consider the conventional definition for the ion activity coefficients 

given by the equation, 

where CL\ is chosen common to all ions in a particular solution. The 

conventional ion activity coefficients so defined are consistent with the 

measurable mean activity coefficients since, 

In obtaining Eq.  ( A 8 ) ,  the identities %vM + zxvx 

have been used. Using the definition for ion activity coefficients in 

E q s .  ( A 6 ) ,  conventional ion activities a r e  calculated by the equation, 

= 0 and v + vx = v M 

k z Z C =  yk% C = yk% w = ak w 
"k 

Substituting the natural logarithm of Eq. (A9) for terms like 

En ak + zk Rn w in Eq. ( A 5 ) ,  the following equation f o r  the cell emf 

in terms of the conventional ion activities is obtained: 
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E = E" - F 1,n $(S) + ,?n aEl(KC1) i- ( A 1 0  1 

Comparison of Eq. ( A l )  and (A10) indicates that any conventional ion 

activities defined by Eq. ( A 9 )  may be substituted for the theoretical 

ion activities in calculating the emf by Eq. ( A l )  without making any 

approximation. Therefore, it is impossible to distinguish between the 

various conventional or the theoretical ion activities using the measured 

values of the emf. Consequently, it is not possible to utilize such data 

to unambiguously obtain any information regarding real ion activities. 

This is a general result (Taylor ( 1 9 2 7 ) ,  Guggenheim (1929, 1930a)). 

For convenience, Eq. ( A 1 0 )  may be written as : 

C C E = E  - -  RT Rn a (XI - E ~ ~ ( x )  . 
O F  H 

C 
0 LJ E and Ec are defined by the equations, 

and C E: = E* - - RT Rn aC1(KC1) 
F 

(A12) 

w ( K C 1 )  
+ w(X) j 

In Eqs .  (All) and (A13), the nomenclature representing the liquid junction 

potential explicitly denotes the dependence of this term on the composition 

C of solution X. ELJ also depends on the K C 1  reference solution and the 
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nature of the liquid junction. The last equality in Eq. (A13) illustrates 

that the liquid junction potential depends on the ion activity coefficient 

conventions chosen in solution X and the reference solution. While the 

observed emf of the cell is not dependent upon the conventional definition 

of the ion activities, each of the separate terms in Eq. ( A l l )  is a function 

of the convention. In particular, it is demonstrated in Fig. ( 3 )  (Section 

IV), that the magnitude of the liquid conventional liquid junction term 

is a stron; function of the convention specified for solution X. 

The general definition of an ion activity coefficient convention 

is given by Eq. ( A 7 ) .  These equations are defined in terms of absolute 

ion activity coefficients which cannot be measured and consequently are 

not known. It is, therefore, necessary to specify an alternate procedure 

for calculating the conventional ion activities. The arbitrary nature of 

ci! in Eq. ( A 9 )  permits specifying the conventional value of any ion activity 

L coefficient in a given solution. 

ion k implicitly defines the value for w by Eq. ( A 7 ) .  It is common practice 

to define the ion activity coefficient for C1- by convention when inter- 

preting the data from cell A (Bates, Guggenheim (1960)). 

strated in this appendix that the interpretation of the data from a cell 

utilizing a liquid junction in terms of an ion activity (e.g. Rn aH+) re- 

quires the specification ofaconvention. 

(e.g., yclis designated by an arbitrary value), the conventional ion activi- 

ties are unambiguously defined in terms of the mean activities of the solu- 

tion by Eq. ( A 8 ) .  Therefore, since mean activities can be obtained using 

equilibrium measurements (i.e. cells without liquid junctions), it is, in 

principle, unnecessary to utilize cells with liquid junctions to obtain con- 

ventional ion activities. Of course, this fact does not preclude the use of 

Defining the value of y for a particular k 

It has been demon- 

Once a convention is specified 

C 
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c e l l s  w i t h  l i q u i d  j u n c t i o n s  when e x p e r i m e n t a l  d i f f i c u l t i e s  e x c l u d e  the 

e q u i l i b r i u m  approach.  However, t h e  i n t e r p r e t a t i o n  of such d a t a  i n  terms of 

t h e  e q u i l i b r i u m  p r o p e r t i e s  of t h e  system w i t h o u t  t h e  use  of the cumbersome 

t h e o r y  of i r r e v e r s i b l e  thennodynamics i s  approximate.  F i g .  (3) i l l u s t r a t e s  

such  a n  approach may l e a d  t o  n o n - n e g l i g i b l e  e r r o r s  i n  t h e  r e p o r t e d  v a l u e s  of 

t h e  thermodynamic p r o p e r t i e s  f o r  a system when t h e s e  v a l u e s  are  d e r i v e d  from 

pH d a t a .  



Appendix B 

In this section, the equations which we utilize for calculation of 

the mixing functions, and are presented for the convenience of 

potential users of the model. 

Numerically integrated values for J (x) (see Appendix A of HW) and 
0 

its derivative are given in Table 1. 

the full accuracy cited. 

We believe these are significant to 

The calculation of J (x) and its derivative by numerical integration 

is difficult and computationally slow. We have, therefore, fit J (x) with 

polynomial approximations. 

into two regions. 

0 

0 

The domain of the argument x has been split 

The appropriate equations specific for these regions are 

given below 

Region I. x < 1 - 

95 z = 4 x  - 2  

I 
k+l - bk+2 i- ak b k = z b  

Region 11. x > 1 

40 - XI _ - -  d z  
ax 90 
_ -  

b = z b  - k k+l  bk+2 +- 4' 
k = 0 ,  20 

dk = bk+l -k ' dk+l - %+2 
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Using t h e  c a l c u l a t e d  v a l u e s  f o r  t h e  b 

l i s t e d  i n  t h e  appendix of HW can be c a l c u l a t e d  from t h e  f o l l o w i n g  

formulae : 

and t h e  dk J o ( x )  and J (x) 
k 1 

1 
J 0 (x )  = - x  4 - 1 + % (bo-b2) 

dJo (x) = % + $ -  dz 
dx ( 0- 2 I J ' ( x )  = dx 0 

With r e g a r d  t o  t h e  c a l c u l a t i o n  of t h e  a r r a y s ,  bk and dk,  t h e  

- I 
c o e f f i c i e n t s  % and a'' are g i v e n  i n  Tab le  9 .  By d e f i n i t i o n ,  b21 - k '  

b22 = d21 = d22 = 0. 

bb ,  can b e  g e n e r a t e d  i n  d e c r e a s i n g  sequence.  S i m i l a r  c d c u l a t i o n s  are 

T h e r e f o r e ,  by u s i n g  Eq. (B3) o r  (B7) t h e  numbers, 

used t o  o b t a i n  t h e  a r r a y ,  d .  The r e s u l t i n g  c a l c u l a t e d  v a l u e s  f o r  J and 

J '  are i n  e x a c t  agreement w i t h  t h e  t a b u l a t e d  v a l u e s .  
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Figure  Capt ions  

to 
H C 1  F ig .  1: The mean a c t i v i t y  c o e f f i c i e n t  of HCL (y 

t h e  mean a c t i v i t y  c o e f f i c i e n t  of HCL i n  a KC1-H 0 sys tem ( y k t r  ) ,  and 

) ,  i s  an  HC1-H20 sys tem,  

2 HC 1 

t h e  mean a c t i v i t y  c o e f f i c i e n t  f o r  K C 1  i n  a KC1-H 0 s o l u t i o n  

(y- ) v e r s u s  t h e  s t o i c h i o m t r i c  i o n i c  s t r e n g t h  (Is). The d a t a  

p o i n t s  are from Robinson and S tokes  (1968) and Harned and Owen 

2 
+ O  

KC 1 

(1958).  The dashed cu rve  i s  c a l c u l a t e d  from t h e  l i t e r a t u r e  d a t a  

u s i n g  E q .  ( 9 ) .  The s o l i d  c u r v e s  a r e  c a l c u l a t e d  u s i n g  E q .  (3) .  

F ig .  2: The c a l c u l a t e d  d i l u t e  s o l u t i o n  behav io r  of t h e  thermodynamic 

AB2 * mean a c t i v i t y  c o e f f i c i e n t  f o r  a h y p o t h e t i c a l  2-1 e l e c t r o l y t e ,  

A t y p i c a l  i o n  p a i r  model w i t h  a c t i v i t y  c o e f f i c i e n t s  g iven  by 

E q .  (10) i s  used t o  c a l c u l a t e  t h e  s o l i d  c u r v e s  f o r  p a r t i c u l a r  v a l u e s  

of d i s s o c i a t i o n  c o n s t a n t ,  . The dashed c u r v e s  are c a l c u l a t e d  

u s i n g  Eq.  ( 3 )  w i t h  Bo = BA, = C' = 0 ,  and p a r t i c u l a r  v a l u e s  f o r  

2 
6,. The r e s u l t s  are p l o t t e d  v e r s u s  t h e  s q u a r e  r o o t  of t h e  t o t a l  

AB c o n c e n t r a t i o n .  

Kd 
0 

AB AB 

2 

Fig .  3: The v a l u e  f o r  t h e  l i q u i d  j u n c t i o n  p o t e n t i a l  c a l c u l a t e d  from t h e  

da ta  of Shatkey  and Lerman (1969) u s i n g  Eq. (16 ) .  Each c u r v e  

i s  c a l c u l a t e d  u s i n g  one of t h e  i o n  a c t i v i t y  conven t ions  g iven  by 

Eq.  ( 1 4 ) .  (Curve a co r re sponds  t o  convent ion  e q u a t i o n  ( 1 4 a ) ,  e t c . )  . 

F i g .  4 :  The c a l c u l a t e d  and e x p e r i m e n t a l  s o l u b i l i t i e s  of  sa l ts  i n  a c i d i c  

s o l u t i o n s .  The model i s  a l s o  i n  agreement w i t h  v a r i o u s  e m f  and 

i s o p i e s t i c  measurements ( s e e  t e x t ) .  Curve a-e w e r e  used i n  para-  

m e t e r i z a t i o n .  Curve f w a s  p r e d i c t e d  u s i n g  f u l l y  pa rame te r i zed  model 

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



F i g u r e  5 

F i g u r e  6 

F i g u r e  7 

F i g u r e  8 

F i g u r e  9 

F i g u r e  10 

F i g u r e  11 

F i g u r e  1 2  

F i g u r e  13 

The s o l u b i l i t y  of  carbon d i o x i d e  i n  s i n g l e  e l e c t r o l y t e  

s o l u t i o n s .  The c u r v e s  i n  MsSO and K SO were p r e d i c t e d  u s i n g  4 2 4  

t h e  model f u l l y  pa rame te r i zed  from t h e  o t h e r  d a t a .  

The s o l u b i l i t i e s  of sodium and potassium sa l t s  i n  hydrox ide  

s o l u t i o n s .  The model i s  a l s o  i n  agreeinent w i t h  emf d a t a  a t  lower 

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

S a l t  s o l u b i l i t i e s  i n  t h e  Na-C1-SO HCO C03-OH-H20 system. 

Closed sys t ems .  

P r e d i c t e d  Janecke  p r o j e c t i o n s  f o r  t e r n a r y  sys t ems  i n  t h e  N a - C 1 -  

S04-HC03C03-OH-H20 system. Closed systems.  See t e x t  f o r  d i s c u s s i o n  

of ( f ) .  F i g u r e s  p r e d i c t e d  from f u l l y  p a r a m e t e r i z e d  model u s i n g  

s o l u b i l i t y  d a t a  i n  F i g u r e  7 ,  emf and i s o p i e s t i c  d a t a .  

S a l t  s o l u b i l i t i e s  i n  po ta s s ium carbonate  sys t ems .  Closed sys t ems .  

The r e c i p r o c a l  Na-K-HCO CO c l o s e d  system. 

Ca(0H) s a l t  s o l u b i l i c i e s  i n  v a r i o u s  s a l t  s o l u t i o n s .  ( a ) ,  (b)  and 

emf d a t a  used i n  p a r a m e t e r i z a t i o n .  c-f are p r e d i c t e d  u s i n g  f u l l y  

p a r a m e t e r i z e d  model .  

The s o l u b i l i t y  of  ca l c i t e  i n  water ( a )  and t h e  p r e d i c t e d  s o l u b i l -  

i t i e s  of c a l c i t e  i n  N a C l  s o l u t i o n s  ( b ) - ( f ) .  

The p r e e i c t e d  s o l u b i l i t y  of B r u c i t e  and magnesium o x y c h l o r i d e  i n  

Mg-OH-C1-H20 s o l u t i o n s  v e r s u s  t h e  a v a i l a b l e  d a t a .  

4- 3- 

3- 3 



crs F i g u r e  1 4 :  P r e d i c t e d  s o l u b i l i t y  of Nesquehonite i n  MgS04(a) and MgC12(b) 

s o l u t i o n s .  

F i g u r e  15: The p r e d i c t e d  r e l a t i o n s h i p  between pH and c a r b o n a t e  a l k a l i n i t y  
0 

(A  = (HCO-) + 2(CO--) ) f o r  seawater a t  352, and 25 C i n  

e q u i l i b r i u m  w i t h  c a l c i t e .  Closed c i r c l e s  r e p r e s e n t  t h e  r a w  

d a t a  of Morse e t  a l .  (1980).  

C 3 T  3 T  

F i g u r e  16 :  P r e d i c t e d  m i n e r a l  s o l u b i l i t i e s  i n  t h e  Na-K-C1-SO -HC03-C03-C02-H20 

sl-stem a t  25 C.  A l l  s o l u t i o n s  are a l s o  s a t u r a t e d  b i t h  h a l i t e  

4 
0 

(NaC1) ( a )  

The d a t a  denoted by c l o s e d  c i r c l e s  are t h o s e  of D'Ans (1933) and Makarov 

p r e d i c t e d  phase e q u i l i b r i a  f o r  t h e  c l o s e d  C 0 2  system: 

and B l e i d e n  (1938) .  The open c i r c l e  (Aph-Bur-Hal-Then) w a s  i n t e r -  

p o l a t e d  between t h e  35OC and m e t a s t a b l e  2OoC d a t a  of Teep le  (1929) .  

The open s q u a r e  w a s  e x t r a p o l a t e d  from t h e  35OC and 5OoC d a t a  of  

Teep le .  The open t r i a n g l e s  were e s t i m a t e d  from t h e  35OC and 5OoC 

d a t a  of Teep le  and t h e  i n b a r l a n t  p o i n t s  a t  20°C where N a 2 C 0 3 ' 7 H 2 0  

r 2 p l a c e s  t h e r m o n a t r i t e .  Simila;  es Limates u s i n g  t h e  T e e p l e  d a t a  

are  i n  good agreement w i t h  t h e  c l o s e d  c i r c l e s .  (b)  P r e d i c t e d  

phase  e q u i l i b r i a  a t  t h e  a tmosphe r i c  P level  of 3 .3  x a t m :  co, 
L 

(c)  P r e d i c t e d  phase  e q u i l i b r i a  a t  3 . 3  x p Y O r  10 times t h e  
c02 

a tmosphe r i c  P l e v e l .  
c02 
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TABLE CAF'TIONS 

Table 1: Single electrolyte solution parameter values: For each cation-anion 

pair there are four model parameters up to three 6 parameters specify 

the ionic strength dependence of the second virial coefficients, 

B (I), via Eqs. (5).  (Dashes indicate zeros below.) A constant 

third virial coefficient is used as a fourth parameter to describe 

the thermodynamic behavior at high concentrations, when necessary. 

When E q s .  ( 3 )  are simplified for single electrolyte solutions, only 

four model parameters for the particular cation-anion pair remain. 

When available, data in single electrolyte solutions are used to 

evaluate these parameters. (See Pitzer and Mayorga (1973, 1974) for 

details.) 

ca 

Table 2: Common-ion two electrolyte parameter values: For each cation-cation 

and each anion-anion pair, a single 8 parameter is specified, if 

necessary. (Dashes indicate zeros below.) For each anion-anion- 

cation and each cation-cation-anion triplet a simple parameter is 

used to describe the high concentration behavior, when necessary. 

When Eqs. (3 )  are simplified for common-ion ternary solutions (e.g., 

NaC1-KC1-H20), only one 8 and one J I  parameter (in addition to some 

single electrolyte parameters) remain. The 8 parameter must be 

choosen uniquely for all solutions containing the anion-anion or 

cation-cation pair. When available, these parameters are evaluated 

from data in common-ion ternary solutions. 



Table 3: Neutral-ion parameter values. For each neutral-ion pair, one 

model parameter is used in Eqs. ( 3 ) ,  when necessary, to describe 

the experimental data. 

Table 4 :  Values for the standard chemical potentials of the aqueous 

solution species and minerals: A single (unitless) parameter is 

specified for each model species and mineral. Many salt chemical 

potentials had to be evaluated in systems more complex than common- 

ion ternary (e.g. Polyhalite). However, the composition dependence 

of such a salt's solubility depends on the trends predicted by the 

solution model which is parameterized in simple systems. (i.e., 

one parameter, p0/RT must fit many solubility date points.) 

Equilibrium constants may be calculated from these data using the 

equation, Rn K = - 1 Vi(pi/RT), where Vi are the stochiometric co- 

efficients for the reaction. 

0 

Table 5: Comparison of the calculated and experimental water activities 

and equilibrium P pressures for solutions in equilibrium with 

the specified phase assemblages in the Na-C1-HCO -CO -CO -H 0 

system at 25OC. The data cited are those of Hatch (1972) and 

Eugster (1966). 

c02 

3 3 2 2  

NBS 
H 

are those cited by Culberson and Pytkowicz (1973) (converted from 

NBS molarity to molality units). 

activity coefficient defined by the convention, pH(NBS) = -loglOaH . 
y is the hydrogen ion activity coefficient defined using the 

extended MacInnes convention, Eq. (14d). pH is calculated using 

Eq. (17). 

Table 6: pK in seawater at various salinities. The data for pK and y 
W W 

is the total hydrogen ion YN 

M 
H 



pi(; and pi(' Calculated from a fit of Hansson's data") (all 
2 Table 7: 

pK's are in terms of molality; y is in the MacInnes convention 

and is in terms of molality. 
H 

Mehrbach's results(7) are inter- 

polated and corrected for HF). 

Table 8: The composition of artificial 35 salinity seawater used in the 

calculations for this article, Also given are the total ion 

activity coefficients calculated with the extended MacInnes 

ion activity coefficient convention (Eq. (14d)). The solution 

given is in equilibrium with a CO pressure of 3 . 3 ~ 1 0  atm. 
-4 

2 

Units are in moles/kg H 2 0 .  

calculated using the formula Eq. (A81  in Appendix A ,  i.e. 

Neutral activity coefficients can be 

5 % 
= [ ( . 2 3 )  (.035)] . The concentrations and activity YCaC0, 

J 

coefficients are cited to high accuracy to facilitate program 

verification. See Harvie -- et al. (1982) for tables which are 

also useful in this regard. 

Table 9: Numerical values of J (x)  and J;)(x) for use in the evaluation of 
E 

0 

8 and Coefficients t o  be used in recursion formulae for 

calculating these values for arbitrary x are also given. 



T a b l e  1. 

C a t  i o n  Anion ca ca 
C@ 
ca 

N a  
N a  
N a  
N a  
N a  
N a  
K 
K 
K 
K 
K 
K 
C a  
C a  
C a  
C a  
C a  
C a  
Mg 
Mg 
Mg 
Mg 
Mg 
Mg 
Mg OH 
MgOH 
MgOH 
M g  OH 
Mg OH 
Mg OII 
H 
H 
H 
H 
H 
H 

c1 
so4 
!{SO4 

OH 
HCO 3 
co 3 
c1 
so4 
H S 0 4  
OH 
HCO 3 

co 3 
c1 
SOL, 
HSO 4 

OH 
HCO 3 

co 3 
c1 
SOL, 
HSO 
OH 
HCO 3 

co 3 
c1 
so4 
HS04 
OH 
HCO 3 

co 3 
c1 
SOI ,  
HSO 4 

OH 
HCO 3 

co 3 

.0765 

.01958 

.0454 

.0864 

.0277 

.0399 

.04835 

.04995 

.1298 

.0296 

.1488 

.3159 

.20 

.2145 
-. 1747 

.4 

.35235 

.2210 

.4746 

.329 

-. 0003 

- 

- 

- 
-.lo 

- 
- 
- 
- 
- 

.1775 

.0298 

.2065 
- 
- 
- 

.2664 
1 . 1 1 3  

.398 

.253 
. . 0411  
1 .389  

.2122 

.7793 

.1735 

.320 -. 013 
1 . 4 3  
1 . 6 1 4  
3 .1973  
2 . 5 3  

2 .977  

1 . 6 8 1 5  
3 .343 
1 .729 

-. 2303 

- 

- 
.6072 
- 

1 . 6 5 8  
- 
- 
- 
- 
- 

- 2 9 4 5  

- 5 5 5 6  
- 

- 
- 
- 

.OG127 

.00497 

.(IO44 

.0044 

- 

- 

-. 00084 
- 
- 

. 0041  
- .008 
-. 0015 
- .00034 

- 
- 
- 
- 
- 

.00519 

.025 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

.0008 

.04 38  
- 
- 
- 
- 



T a b l e  2 .  

- c c l  ' C C ' S O 4  ' c c  'HS04 ' c c  ' OH ' c c  ' H C 0 3  ' c c  co 3 
C C '  e 

Na K -.012 -.0018 -.010 - - -. 003 .003 
Na Ca .07 
Na Mg .07 
N a Mg OH - 
N a H .036 
K Ca .032 
K Mg 
K Mg OH 
K H .005 

,007 Ca Mg 
Ca MgOH 
Ca H .092 
Mg 
Mg 

0. 
- 

- 

Mg OH - 
H .10 

- MgOH H 

-. 007 
- .012 

-. 004 
-. 025 
-. 022 
- .011 
-.012 

-. 015 
.028 -. 011 

- 

- 

- 

- 

- .  055 
-.015 

- 
- 
- 

-.048 
- 

.197 

.024 
- 
- 
- 
- 
- 

a a' 0 aa' 'aa'Na 'aa'K 'aa 1 Ca ' aa'Mg 'aa'MgOH 'aa ' H  

c1 so4 .02 .0014 - -. 018 
c1 HSO -.006 -.006 - - 
c1 OH -.050 -.006 -.006 -. 025 
c1 HCO 3 .03 -. 015 - - 

-. 02 .0085 .004 - 
S O 4  HSOI, - -. 0094 -. 0677 - 

OH -.013 -.009 -. 050 - 
S O 4  H C 0 3  .01 -. 005 

.02 -.005 -.009 - so4 co 3 
H S O 4  OH - 
HS04 H C 0 3  - - - - 
H S O 4  COS - - - - 
OH HCO 3 

.10 -.017 -.01 - OH co 3 
HCO3 COS' - .04 .002 .012 - 

c1 co 3 

so4 
- - 

- - - 

- - - - 



Table 3 .  

C 0 2 ,  i ‘ C ~ C O  3 ,  i AMgCO 3 ,  i 
i x 

H 
N a  
K 
C a  
Mg 
Mg OH 
c1 

0 
,100 
.051 
.183 
.183 

- 
-. 005 

.097 -. 003 



. . . . . .  .... -. .... 

Table 4 .  
Species or Mineral Chemical Formu l a  

Water 
Sodium Ion 
Potassium Ion 
Calcium Ion 
Magnesium Ion 
Magnesium Hydroxide Ion 
Hydrogen Ion 
Chloride Ton 
Sulfate Ton 
Bisulfate Ton 
Hydroxide Ion 
Bicarbonate Ion 
Carbonate Ion 
Aq. Calcium Carbonate 
Aq. Magnesium Carhonate 
Aq. Carbon Dioxide 
Carbon Dioxide Gas 
Anhydrite 
Aph th i t a1 i te (C laser i t e ) 
Antarct Lcite 
Aragonite 
Arcanite 
Bischofj te 
Hloedite 
Brucite 
Burke5 te 
Calcite 
Calcium Chloride Tetrahydrate 
Calcium Oxychloride A 
Calcium Oxychloride H 
Carnallite 
Epsomi te 
Gaylussite 
Glauberite 
Gypsum 
Halite 
Hexahydrite 
Kainite 
Ka li c in i t e 
Hieserite 
Labile Salt 
Leonite 
Magnesite 
Magnesium Oxychloride 
Z Ier calli t e 
Mirab ili t e 
Misenite 
NachoLite 
Natron 
Nesquehonite 
Picromerite (Schoenite) 
Pirssonite 
Polyhalite 
Portlandite 
Potassium Carhonate 
Potassium Sesquicarbonate 
Potassium Sodium Carbonate 
Potassium Trona 
Sesquipotassium Sulfate 
Sesquiaodium Srilf ate 
Sodium Carbonate Heptahydrate 
Sylvite 
Syngenite 
Tachyhydrite 
Thenardite 
Thermonatrite 
Trona 

1~ " / R T  
__- -. 

- 95.6635 
- 105.651 
- 111.957 
- 223.30 
- 1.83./168 
- 25l.94 

0.  
- 52.955 
- 300.386 
- 304.942 
- 63.435 
- 236.75.1. 
- 212.944 
- 443.5 
- 403.1.55 
- 155.68 
- 159.092 
- 533.73 
-1.057.05 
- 893.65 
- 455.17 
- 532.39 
- 853.1. 
-1383.6 
- 335.4 
-1449.4 
- 455.6 
- 698.7 
- 2 65 8.4 5 
- 778.41 
-1020.3 
-1157.83 
-1360.5 
-1047.45 
- 725.56 
- 154.99 
-1061.60 
- 938.2 
- 350.06 
- 579.80 
-1751.45 
- 1 h03.9 7 
- 414.45 
-1.029. h 
- 417.57 
-1.471. J.5 
-3039 .2h  
- 343.33 
-1382.78 - 695.3 
-1596.1 
-1073.1. 
-2282.5 
- 362.12 
- 577.37 
-2555.4 
-1006.8 
- 971.74 
- 950.8 
- 919.6 
-1094.95 
- 164.84 
- 1.16 4 .8 
-2015.9 
- 512.35 
- 518.8 
- 960.38 



T a b l e  5. 

H20 
a 

3 P x10 
co2 

c a l c  Hatch calc  Eugs t er Hatch 

Na-HCO -CO -H 0 4- N a c h o l i t e  + Trona .906 1.80-1.95 2.02 

Na-HCO -CO -H 0 + Natron + Trona .888 

.893-. 903 1 .87  

.37 

3 3 2  

3 3 2  
- .30-. 34 .868-. 872 

Na-1ICO -CO -C1-H20 + Nac l lo l i t e  -I- 'r'rona + 1 1 1  1 i tct .746 .765-. 771  1 .54  1.45-1.60 1.72-1.77 

S o l u t i o n  + Natron + Na2C03*7H20 .756 .756 

S o l u t i o n  + Thermona t r i t e  + Na2C03*7H20 .697 .705 

3 3  * 
* 

* 
E x t r a p o l a t e d  t o  25OC by Hatch 

3 



ces Table 6 .  

Salinity 19 .90  26.87 34 .82  4 4 . 0  

* 
pKw(exp)  13 .31-13 .32  13.24-13.25 13.19 1 3 . 1 2  

P K w ( c a l c )  1 3 . 3 2  1 3 . 2 5  13.19 1 3 . 1 2  

.694-.  696 .702- .  7 0 4  .7 19- 7 2 3 NBS yH ( exp)  .695-.698 

Y: ( c a 1 c .630 .623 .624 .632 

APH .043-.044 .047-.  048  .051-. 0 5 2  .056- .  058 

2 3; - -  
K = mH mOH (molality) 

W 



T a b l e  7 :  pK; and pK; calculated from a fit of Hansson's data") (all pK's are in terms of molality; 

y is in the MacInnes convention and is in terms of molality. Mehrbach's are H 

interpolated and corrected €or HF). 

2 0  .631  5 . 8 9 3  5 .920  5 . 9 2 1  9.133 9.130 9.117 

, 625  5 .865 5 .882  5 .892  9.064 9 .060 9 .052  25 

30  .624  5 .842  5 . 8 6 0  5 .866  9.006 9 . 0 0 0  8 .987 

35  .625 5 .823  5 .833  5 .842  8 .956 8 .949  8 . 9 3 2  
8 . 8 8 3  4 0  .629 5 .808  5 .810  5 . 8 3 1  8 .911  8 . 8 9 6  

( H T ) ( C 0 3  T )  
K '  = (concentration products) 

2 (HC03)  molality units 

3 3 



Table 8.  

T 
Y, i 
1 

Na .48695 .706 

K .01063 .651  

C a  .01073 .229 

Mg .05516 ,251  

H - .622 

c1 .56817 .623  

,029 39 .0864 O4 
OH - .243 

H C 0 3  .00185 .547 

c03 

c02 

.000276 .0346 

9.63 x 1 .13  
* Pea= 3 . 3 ~ 1 0  -4 , -lo a M = 8.31 aH o = . 9 8 1  

2 50 H 



'[ 'able 9 .  

.001 

.002 
, 0 0 3  
.004 
.oos  
.006 
.007 
.008 
.009 
.01 
. 0 2  
.03 
.04 
.os  
.06 
.07 
.08 
.09 

.0000011  

.0000039 

.000008 1 

.0000137 

.0000204 

.0000284 

.0000374 

.0000475 

.0000585 

.0000706 

.0002385 

.0004805 . 000 7849 

.001L443 

.0015528 

.0020062 

.002 5009 

.0030339 

.0036027 

.0108818 

.0203209 

.0313124 

.04 35081  

.0566797 

.0706657 

.0853459 

. l o 0 6 2 7 6  

.0019995 

.0035423 

.0049155 

.0061797 

.0073637 

.0084844 
,0095530 
.0105773 
.0115631 
.0125152 
.0207375 
.0274726 
.0332963 
.0384752 
.04 31628 
.04 74583  
.0514306 
.0551303 
.0585959 
.0849528 
. l o28780  
.1163918 
.127 1498 
.1360164 
.1435049 
,1499461  
.1555663 

1. 
2 .  
3 .  
4 .  
5 .  
6 .  
7 .  
8. 
9 .  
10. 
2 0 .  
30.  
4 0 .  
5 0 .  
6 0 .  
7 0 .  
8 0 .  
9 0 .  

100. 
200 .  
3 0 0 .  
4 0 0 .  
500 .  
600. 
700. 
800.  
9 0 0 .  

.1164372 

.2941608 

.4928728 

.7029335 

.9203539 
1 .1428807 
1 .3691818 
1 . 5 9 8 3 8 8 1  
1 .8298996  
2 0632842  
4 .4545334 
6 .8936620 
9 . 3 5 2 6 3 8 3  

11 .8224798 
1 4 . 2 9 8 9 0 3 1  
16 .7797953  
19 .2638760 
21 .7503315 
24 .2386152 
49 .1709892 
74 .1388190 
99 .1190695 

124.1053878 
149.0952050 
174.0872555 
199 .0808333  
224.0755097 

.1605270 

.1906055 

.2053288 

.2142383 

.2202491  

.2245887 

.22 78717 

.2304424 

.2325094 

.2342068 

.2423131  

.2451349 

.2465347 

.2473574 

.2478926 

.2482652 

.2485377 
,2487445  
.2489060 
.2495706 
.2497568 
.2498389 
.2498835 
.2499108 
.2499290 
.2499418 
.2499512 

11 
k a I 

k k a 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
1.3 
14 
1 5  
16 
17 
18 
19 
20 

1 .925154014814667 
- .060076477753119 
- .029779077456514 
- .007299499690937 . 000 38 8 2 6 0  6 3 64 04 

,000636874599598 
000036583601823 

- .000045036975204 
- .000004537895710 

.000002937706971 

.000000396566462 
- .000000202099617 
- .000000025267769 

.000000013522610 

.000000001229405 
- .000000000821969 
- .000000000050847 

.000000000046333 

.000000000001943 
- .000000000002563 
- .000000000010991 

.628023320520852 

.462762985338493 

.150044637187895 
- .028796057604906 -. 036552745910311  
- .001668087945272 

.006519840398744 

.001130378079086 
- .000887171310131  
- .000242107641309 

.000087294451594 

.000034682122751 
- .000004583768938 
- .000003548684306 
-. 000000250453880  

,000000216991779 
,000000080779570  
.000000004558555 

-. 000000002849  2 57 
.000000000237816 

' - .000000006944757 
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