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ABSTRACT 

! Geochemical processes will significantly influence the 

I 
I 

performance o f  nuclear waste repositories. The computer codes 

E Q 3 / E Q 6  and P H R E E Q E ,  can be used to describe these processes. They 

can be applied to far-field and near-field performance assessment and 

t o e v a 1 u a t e d a t a a c q u i s i t 1 on ne e d s a_nd_t_e.s-t-d.a.t.a..~.R o-th-c.0-d-e-s-e.mb-o d-v 

the ion- association conceptual'model of solution behavior and can 

simulate geochemical reactions. T h e - c o d e s  require thermod'ynarnic data 

for e a c h . s o l i d ,  gaseous o r  dissolved chemical species being modeled. 

The data bases accompanying the codes are for testing purposes only 

and should not be applied to real problems without first being 

carefully examined. Five test probl.ems have been run for code 

verification and demonstration. Routines to manipulate thermodynamic 

data were written so that each code could run with both data sets. 

T.wo problems of aqueous speciation i n . s e a  water verified the codes by 

comparison of results with. hand calculations and illustrated the 

extent of the test data bases supplied. The third problem simulated 

the dissolution of microcline and verified both codes' ability to 

locate phase boundaries and simulate non-redox reaction paths. The 

fourth problem verified the codes' ability to follow abrupt redox 

changes in a reaction path simulation, while the fifth tested the 

temperature changing c a p a c i t y - o f  the codes. When run with the same 

thermodynamic data, each code gave virtually identical results in all 

problems. 

__ 
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1 I N  T RO D U C T  I O N  

T h e  i n i t i a l  m a j o r  t a s k  o f  t h e  SCEPTER ( S y s t e m a t i c  C o m p r e h e n s i v e  

 valuation o f  t h e  P e r f o r m a n c e  a n d  T o t a l  E f f e c t i v e n e s s  o f  

R e p o s i t o r i e s )  P r o g r a m  b e i n g  c a r r i e d  o u t  b y  INTERA f o r  O N W I  i s  t o  

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

n-"c-1-e-a-r-w a-s-t-e-p e-r-f-0-T-m-a-n-c-e-a-s-s-e-s-s m e m t 7 - G  e -o  c-h.e m-1-c-a-1-p-r-o c-e-s-s-es-w-1-1-1 

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

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

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

n e c e s s a r y .  We havr'e ' t h e r e f o r e ,  c a r e f u l l y  r e v i e w e d  t h e  l i t e r a t u r e  

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

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

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

s e l e c t e d  c o d e s  a r e  P H R E E Q E  ( P a r k h u r s t ,  T h o r s t e n s o n ,  a n d  P l u m m e r ,  

1 9 8 0 ,  1 2  J a n u a r y  1 9 8 1  v e r s i o n )  a n d  t h e  E Q 3 / E Q 6  p a c k a g e  ( W o l e r y ,  1 9 7 9 ,  

E Q 3 . 3 0 1 5 U 1 9 ,  9 A P R I L  1 9 8 1  a n d  E Q 6 . 3 0 1 5 U 9 3 ,  2 8  MARCH 1 9 8 1  v e r s i o n s ) .  

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

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

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

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

e f f i c i e n c y  a n d  t h e  f a c t  t h a t  t h e y  i n c l u d e  t h e  c a p a b i l i t y ,  a t  l e a s t  i n  

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

a s  c h e m i c a l  k i n e t i c s  a n d  s o l i d  s o l u t i o n s .  

k 

1 
I 

t 
I n  t h i s  r e p o r t  w e  p r e s e n t  a b r i e f  4 e s c r i p t i o n  o f  t h e  t h e o r y  o n  

w h i c h  t h e  g . e o c h e m i c a 1  m o d e l s  a r e  b a s e d ,  p l u s  a b r i e f  d i s c u s s i o n  o f  

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

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

I 
! 

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

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

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

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

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

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

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

- _ _ _ _  ~- ~. - ~~ ~ ~ -~ ~ -~__- -~ - - -___~  I 
7 .  j i 



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

o f  s u c h  s y s t e m s .  I t  is i m p o r t a n t  t o  n o t e ,  t h o u q h ,  t h a t  t h e r e  i s  no 

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

c o d e s .  

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

p r e s  e n  t a b  i 1 i t y t o  a s s  e s s t h e  p r o b a b  1 e e f f e.c-t.s-o-f-g.e-o-c-hx!iiii c a 1 p r o c  e s - 
o-n-r-e-po-s-1-t-o-ry p e r f o r m a n c e .  T h e  m a j o r  w e a k n e s s e s ,  m , o s t  o f  w h i c h  

h a v e  b e e n  p o i n t e d  o u t  b y  o t h e r s ,  i n c l u d e  t h e  i n a p p l i c a d i ’ l i t y  o f  t h e  

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

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

s a l t  r e p o s i t o r i e s ;  t h e  s p o t t y  a v a i l a b i l i t y  o f  t h e  t h e r m o c h e m i c a l  d a t a  

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

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

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

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

m i n e r a l  r e a & , t i o n  k i n e t i c s  e v e n  were  more  d a t a  on  t h e s e  p r o c e s s e s  

a v a i l a b l e .  

T h e  d o c u m e n t a t i o n  f o r  t h e  g e o c h e m i c a l  c o d e s  P N R E E O E  a n d  F Q 3 / E Q 6  

a p p e a r s  i n  s e p a r a t e  r e p o r t s  (INTERA, 1982 a a n d  b). T h e  d o c u m e n t a -  

! t i o n  f o r  t h e  t h e r m o d y n a m i c  d a t a  r o u t i n e s  E Q T L ,  PHTL, a n d  PQTL, r e f e r -  

i r e d  t o  i n  s e c t i o n  4 b e l o w ,  w h i c h  w e r e  a d a p t e d  o r  w r i t t e n  f o r  t h i s  

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

1 . 1  APPLICATIONS OF GEOCHEMICAL MODELS 

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

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

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

M o o d y  ( 1 9 8 2 )  a n d  I N T E R A  ( 1 9 5 1 ) ,  f o r  e x a m p l e .  I n s t e a d ,  i t  d i s c u s s e s  

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

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

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

--- --- 
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1 . 1 . 1  Far Field Performance Assessment 

Far field performance assessment focuses on the ground-water 

transport of radionuc1id.e~ and uses models which simulate retardation 

o f  nuclides resulting from geochemical reactions between the moving 

solution and stationary aquifer framework (Pearson,-1981). 

The extent. of retardation of a subs-tance can b e  expressed in 

terms of its partitioning between the moving fluid and s-tationary 

solid phases. That is: 

(1.1.1) 

where: 

R = retardation coefficient, 

V = velocity, 

M = mass, 

kM = mass partition coefficient, 

and the subscripts: 

F refers to the fluid phase, 

S refers to the solid phase, 

T 

- i refers to the species (element or nuclide) of interest. 

and 
S '  

is the total, e.a. M = MF + M T - 

In most transport models, the solid-solution interaction 

described by k M , i  is assumed to result from sorption behavior and 

described by a simple linear isotherm. While such isotherms fit a 

number o f  experimental data sets, the actual chemical process 

operating may be more than simple sorption (Veith and S ~ o s i t o ,  1977). 

In fact, the value of the mass partition coefficient will be 

determined by all of the chemical reactions which occur between the 

fluid 'and solid phases and among the several solid phases themselves. 
. .  

-~ Re a-c-t-i-o~n-s--s-u c-h-a-s-s o-l-u-t-i-o-n-/-p-r-e-c-~-p-~-t-a-t-i-o-n-,-i-o n-e~x ch-a n ~-e.,-hyd.r.o.l-y.s.i.s 

and solution complexing, oxidation/reduction, simple sorption, and 

others will act together to set mass partition coefficient va.lues. A 
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need f o r  'geochemical modeling i n  far-€ield performance assessment is 

t o  simulate these reactions and realisticallv evaluate the mass part- 

ition coefficients required for transport calculations. 

i 1.1.2 Near-.Field Performance Assessment 
! 

i 
1 

Ne a r - f_i_-l-d-c-o.n c-e-r-n-s-ernb-r-a-c-e-b-o-eh-Ch e r e o o s i t o r y a nd t h e w a s t e i 

package. T o  model nuclide transport by ground water withim the repo- 

s.itory region will require the same sort of seochemical modeling to 

evaluate mass partition coefficients that will be done for far-field. 

Near-field requirements for this type of geochemical modeling will be 

more stringent than the far-field requirements because thermal 

effects will be more important in the vicinity of the repository than 

in the far-field (INTERA, 1981). 

T h e  performance of the waste package will be particularly 

influenced by geochemical considerations. In concept, the waste 

package will consist of a waste form encased in a canister surround- 

ed by back-fill. Before a radionuclide in the waste form can reach 

the repository, i t  is necessary that: 

The 

dependent on the chemistry of the corroding fluid; 

canister be corroded - a process with rate strongly 

0 The nuclide leach from the waste form - where the rate of 
leaching has a complex dependence o n  the geoc'hemistry of 

the leaching fluid; 

0 T h e  nuclide traverse the back-fill to the reoository 

boundary - the rate o f  which transit will be verv strongly 

influenced by reactions between the nuclide in solution and 

the chemically highly reactive material which may be used 

€or back-f 1 1  1 .  

Geochemical modeling is needed to provide the boundary conditions for 

adequate waste package performance assessment as well as for the 

modeling o f  nuclide transport within the repository. A number of 
recent reports, such as those by Deutsch (19-8-O-!-and-Smi-t-h-(-l-980-), - 

__-- d-iTc- the application of geochemical models to near-field 

prob 1 ems. 
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1 . 1 . 3  Data Acquisition Needs and Test Data Evaluation 

1 

In addition to their importance in performance assessment, gee- 

! 
! chemical models are needed to guide data acquisition activities 
3 

. (INTERA, 1981; Jenne, 1981). Such models when used in a sensitivity 

analysis mode will help set priorities and help specify the precision 

n-e-e.d-e.d-i-n-tt-h-e-1-a-b.o-r-a-t-o-r-y-c-o-l-l-e et-i-om-o-f-t-h.e-r-m 0.d-yn.a m.1.c-a.n.d-k.1.n.e-t-1-c 

data. Such model usage will also guide field data collection activi- 

ties by helping to seJect from several potentially measurable para; 

meters the one which will be of most use for p'erformance assessment 

purposes. 

I 

A second broad use o f  geochemical models will be to assist in 

the interpretation of data collected as part of specific s'ite evalua- 

tions. Interpretation of such data in terms of,' €or example, the 

mineralogical controls on the chemistry of ground water will be 

important in defining the state of the system on which effects due to 

waste emplacement.wil1 be superimposed. The use of models to inter- 

pret regional aquifer geochemistry is exemplified by a number o f  

recent reports, of' which that by Thorstenson, Fisher, and Croft 

(1979) c a n  be cited. 

I 1.2 OVERVIEW O F  GEOCHEMICAL MODELS 

Although geochemical models are being used with increasing 

frequency, their principles of operation and mode of application may 

still be unfamiliar to many people active in waste repository perfor- 

mance evaluation. T h u s ,  before describing PHREEQE and EQ3/EQ6 a'nd 

the detailed results o f  the intercornparison between them, i t  i s  

appropriate to briefly describe the nature and use o f  geochemical 

models and to mention several of the detailed published reviews o f  

such models which have recently appeared. I 

I 
i 1 . 2 . 1  Geochemical Model Types 

T h e  two types o f  geochemical models c a n  be termed aqueous 
I 

solution models and geochemical reaction models. I 
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Aqueous solution models are used to calculate such thermo- 

ctynamically important quantities as free ion activities from measured 

chemical compositions o f  solutions. The quantity which determines 

whether a mineral will dissolve or precipitate, or whic-h effects the 
rate of leaching from a waste form near equilibrium, is not the total 

concentration of the element or nuclide in the sol,ution,bu~t__i~t.s 

thermodynamic activity. Both laboratory and field measurements how- . 
_ -  

ever, tend to be only of total elemental concentrations. Models 

which calculate thermodynamic activities from measured concentrations 

are called ''aqueous solutionll or "aqueous speciation" models. 

Geochemical reaction models describe changes in the chemistry of 

solutions and associated solids' which occur as reactions proceed. 

Such reactions may be brought about by mixing two solutions, adding 

solid material to a solution, or by changing the temperature o f  a 

solution o r  a solution and solid. Geochemical reaction models 

describe the behavior of such reacting systems in terms of the masses 
of elements which are transferred between sol2d phases and the solu- 

tion or from one solid to another. 

Geochemical reaction models may simulate reaction paths or 

simply calculate mass transfer. A reaction path model describes the 

evolution o'f'the system as i t  reacts from a given fluid and solid 

composition to a final state in which all solids and the fluid are in 

thermodynamic equilibrium. The model itself calculates the identi- 

ties of the phases which precipitate o r  d i s s o 1 v e . a ~  a reaction pro- 

gresses and calculates their amounts and the resulting changes in 

solution composition. Reaction path mode-1s are required to take very 

small steps of reaction progress in the vicinity o f  phase boundaries, 

and have extensive computer core and time requirements. 

( 

Mass transfer models, on the other h a n d ,  calculate masses o f  

phases dissolved or precipitated and the associated fluid composi- 

tions resulting from user specified reaction steps and phase assemb- 

lages. While these models require considerably ~ r e a t e r  user know- 
.-- . - ~ ~ __..~ .__ 

. ~ _ _ - -  ~ 1 ed.ge.-o f- ~t h-e--s-y-s t em--b-e-ing--mon-e-l-e~d-t-h-a-n- d-oye-ac t-ion path mod e 1 s , they 
are c-omputationally considerably more efficient. 
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B o t h  P H R E E Q E  a n d  EQ3 i n c l u d e  a q u e o u s  s p e c i a t i o n  m o d e l s  b a s e d  o n  

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

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

P H R E E Q E  a l g o r i t h m  b e i n g  c ' o m p u t a t i o n a l l y  m o r e  e f f i c i e n t  t h a n  t h a t  

i n c l u d e d  i n  E Q 3 .  EQ6 i s  a r e a c t i o n  p a t h  m o d e l  w h i c h  b e g i n s  i t s  s i m u -  

l a t i o n  w i t h  t h e  s o l u t i o n  s p e c i f i e d  b y  t h e  - r e s u l t s  o f  a n  E Q 3  r u n .  

P'H'R'E'EQE-inl-Gd e s ma s s t r a n s f e r c a 1CUlTFi o n c a p a b-i-1-i t y . 

1 . 2 . 2  R e c e n t  R e v i e w s  a n d  S u m m a r i e s '  
1 

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

i n t e r e s t  i n  t h e  f i e l d  o f  a q u e o u s  g e o c h e m i s t r y  s i n c e  t h e  l a t e  1 9 6 9 ' s  

b u t  t h e  u s e  o f  s u c h  m o d e l s  b e c a m e  c o m m o n  o n l y  i n  t h e  l a t e  1 9 7 0 ' s .  I 

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

m o d e l s  were  r e v i e w e d  a n d  c o m p a r e d  b y  N o r d s t r o m  a n d  o t h e r s ,  1 9 7 9 .  

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

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

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

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

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

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

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

t i o n  c a l c u l a t i o n s  w h i c h  N o r d s t r o m  a n d  o t h e r s  ( 1 9 7 9 1 ,  t e r m  t h e  

N e w t o n - R a p h s o n  P r o g r a m s  a n d  t h e  S u c c e s s i v e  A p p r o x i m a t i o n  P r o g r a m s .  

T h e  f i r s t  i n  t h e  s e r i e s  o f  N e w t o n - R a p h s o n  P r o g r a m s  i s  k n o w n  a s  R E D E 9 L  

a n d  w a s  d e v e l o p e d  a n d  f i r s t  d e s c r i b e d  b y  M o r e l  a n d  M o r g a n  ( 1 9 7 2 1 . .  I n  

a d d i t i o n  t o  s o l v i n g  f o r  a q u e o u s  s p e c i a t i o n ,  R E D E Q L  l i k e  E Q 3 ,  h a s  t h e  

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

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

- 

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

REDEQL i n c l u d e  REDEQL2,  Y I N E Q L ,  a n d  C E O C H E Y ,  r e f e r e n c e s  t o  w h i c h  a r e  

g i v e n  b y  N o r d s t r o m  a n d  o t h e r s  ( 1 9 7 9 ) .  A l t h o u g h  c o d e s  o f  t h i s  t y p e  

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

PHREEQE a n d / o r  E Q 3 / E Q 6 .  T h u s ,  i n  o r d e r  t o  k e e p  t h e  n u m b e r  o f  c o d e s  

a d o p t e d  i n  t h e  SCEPTER P a c k a g e  t o  t h e  m i n i m u m  r e q u i r e d ,  n o  c o d e s  f r o m  

_ _ _ _ _ _ _ _ ~  

r 

t h i s  g r o u p  w e r e  a d o p t e d .  I 



T h e  S u c c e s s i v e  A p p r o x i m a t i o n s  a p p r o a c h  t o  c a l c u l a t i n g  a q u e o u s  

s p e c i a t i o n  w \ a s  u s e d  b y  G a r r e l s  a n d  T h o m p s o n  (1962) i n  t h e i r  p i o n e e r -  

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

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

f o l l o w i n g  t h i s  p r i n c i p l e  were WATEQ ( T r u e s d e l l  a n d  J o n e s ,  1 9 7 3 )  a n d  

SOLMNEQ ( K h a r a k a  a n d  B a r n e s ,  1973). T a b l e  1-1 l i s t s  a n u m b e r  o f  t-h-e- 

S u c c e s s i v e  A p p r o x i m a t i o n  c o d e s  a n d  r e f e r e n c e s  t o  t h e m .  T h e s e  i n c l u d e  

a FORTRAN v e r s i o n  o f  WATEQ c a l l e d  WATEQF a s  w e l l  a s  s e v e r a l  m o d i f i e d  

P L / 1  v e r s i o n s :  WATEQ2 a n d  WATEQ3. 

W h i l e  t h e  WATEQ s e r i e s  o f  c o d e s ,  a s  w e l l  a s  SOLMNEO a n d  i t s  d e s -  

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

a d v a n t a g e  a s  c o m p a r e d  t o  t h e  a - q u e o u s . - & - p e c i d a t i o n  p o r t i o n s  of PHREEQE 

a n d  E Q 3 .  T h e i r  d i s a d v a n t a g e  i s  t h a t  e a c h  r e a c t i o n  c o n s i d e r e d  b y  t h e m  

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

c h a n g e  t h e  i d e n t i t i e s  o r  c o m p o s i t i o n s  o f  i n d i v i d u a . 1  a q u e o u s  s p e c i e s  

... . - 

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

f o r  c h a n g e  h a s  g i v e n  r i s e  t o  a s u c c e s s i o n  o f  n a m e d  c o d e s  (WATEQ3,  f o r  

e x a m p l e ) , , w h i c h  d i f f e r  f r o m  t h e i r  p r e d e c e s s o r s  (WATEQ2 i n  t h i s  c a s e )  

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

r e a c t  i o n s .  

I n  c o n t r a s t ,  t h e  a q u e o u s  m o d e l s  i n c l u d e d  i n  PHREEQE a n d  E 0 3  a r e  

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

m e n t s  o r  s p e c i e s ,  i o n  p a i r s  or m i n e r a l s .  I n s t e a d ,  i n  t h e s e  c o d e s  t h e  

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

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

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

m e n t s ,  o r  m i n e r a l s .  

PHREEQE c a n  o n l y  l o o s e l y  b e  c o n s i d e r e d  a d e s c e n d a n t  o f  t h e  WATEQ 

s e r i e s  o f  c o d e s  b e c h u s e ,  w h i l e  i t  d o e s ' u s e  a c o n t i n u e d  f r a c t i o n  v e r -  

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

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

t o  c a l c u l a t e  m a s s  t r a n s f e r  s e t  i t  a p a r t  f r o m  t h e  WATEQ g r o u p .  S i m i -  
_- 

1 a r 1 y-,-E.Q.3-a.l-t-h o-ug-h-1-t-pe-rf-o-rm s-f-u-n-c-t.i-o-n~o-fanear1-i e r r o u t ne c a 1- 1 - 
e d  SOLSAT ( p a r t  of P A T H I ) ,  d o e s  s o  b y  m e a n s  of a m o n o t o n e  s e q u e n c e  

a p p r o a c h  t o  t h e  S u c c e s s i v e  A p p r o x i m a t i o n s .  T h i s  a n d  o t h e r  d i f f e r -  

e n c e s  a r e  s i g n i f i c a n t  e n o u g h  t h a t  EQ3 a l s o  c a n  b e  c o n s i d e r e d  o n l y  

v e r y  l o o s e l y  a s  a d e s c e n d a n t  o f  p r e c e d i n g  c o d e s .  
000~16  
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T a b l e  1-1  G e o c h e m i c a l  P r o g r a m s  F r e a u e n t l v  R e f e r r e d  t o  - 
i n  t h i s  R e p o r t ,  w i t h  P r i m a r y  R e f e r e n c e s  a n d  
P r o g r a m m i n q  L a n g u a a e .  A d d i t i o n a l  C e o c h e m i c a l  
S o l u t i o n  P r o g r a m s  a r e  L i s t e d  w i t h  R e f e r e n c e s  b y  
N o r d s t r o m  a n d  O t h e r s ,  1 9 7 9 .  

I 
t PROGRAM PROGRAMMING 

N A M E  R E F E R E N C E (  S >  i LANGUAGE 

E Q 3 / E Q 6  V o l e r y  a n d  W a l t e r s ,  1 9 7 5  
V o l e r y ,  1 9 7 9  

FORTRAN 

X I X 2  FOQTQAN P l u m m e r ,  P a r k h u r s t ,  a n d  
K o s i u r ,  1 9 7 5  

c 

PATHI 

PHREEQE 

FORTRAN 

FORTRAN 

H e l g e s o n  a n d  o ' t h e r s ,  1 9 7 0  

P a r k h u r s t ,  T h o r s t e n s o n  a n d  
P l u m m e r ,  1 9 8 0  

SOLMNEQ 

WATEQ 

P L / 1  

? L / 1  

K h a r a k a  a n d  B a r n e s ,  1 9 7 3  

T r u e s d e l l  a n d  J o n e s ,  1 9 7 3 ,  
1 9 7 4  

1 . 
WATEQF P l u m m e r ,  J o n e s  a n d  

T r u e s d e l l ,  1 9 7 6  
F O R T R A N  

WATEQ2 B a l l ,  J e n n e ,  a n d  
N o r d s t r o m ,  1 9 7 9  

P I A /  1 

WATEQ3 B a l l ,  J e n n e ,  a n d  
C a n t r e l l ,  1 9 8 1  

PL/1 



very f e w  mass transfer or reaction path modeling p r o g r a m s  existed 

p r i o r  to E Q 3 / E Q 6  and PHREEQE. T h e  first reaction path c o d e ,  called 

PATHI, was developed by Helaeson i n  the late 1 9 6 0 ' s  aid expanded b v  

Helgeson and his students during the succeeding decade. PATHI, i 
although successful i n  simulating irreversible reactions between . 

-s.~-l-u.t-i-o-n-s-a-n-d- - - -_ __ ~ solid phases, was computationally inefficient and 

I tended to -dri,ft away from the governing algebraic constraints of mass 
and charge balance and mass action. T h i s  drift occurred because the 

code integrated the differential counterparts of the governine, 

equations by evaluating truncated .Taylor's series. 

T h e  EQ6 code performs all the functions of the originabl PATHI 
I ;  i 

; :  

* :  , .  code but is computationally ;onsiderably more.efficient,and because 

i t  corrects finite-difference approximations t o  the PATHI Taylor': 

series to satisfy the original algebraic constraints, does not suffer 

from the potential numerical error difficulties of the earlier code. 

E Q 6 ,  therefore, was adopted as the general reaction path c o d e  for 

this w o r k .  

t of mass transfer 

required for a given solution to reach equilibrium with specified 

mineral phases. A predecessor c o d e ,  M I X 2 ,  also ca1,culated mass 

transfer amounts but was limited to simple carbonate-sulfate systems 

a n d  d i d  not consider oxidation-reduction reactions. P H R E E Q F :  also is 

capable o f  calculatin? reaction paths, but only given input o n  the 

rithm in P Y R E E q E  i s  

extremely efficient however, and a s  phase boundarv 1oca.tions and the 

mass transfer required to reach them are frequently of importance in 

repository assessment calculations, P H R E E Q E  has been adopted vith 

~ ( i O O 1 8  

.- 
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2 CONCEPTUAJ, 5 A S Z S  9 F  GEOCHEMICAL Y O D E L S  

The term ''model" is of.ten used i n  place of "code" to refer to a 

computer program wh1c.h i s  used to simulate the behavior o f  some pro- 

cess. It is important to make clear the distinction between the 

physical description o f  the system which has been chosen and the z 
-[-.-m e-t.h.o.d-b-y-w.h-i-c-h-t-h-a-t-d-e-s~c-r-i-p-t-i-o~n-i-s-u-s-e~d-f-~-r-~-r-a-c-t-i-c-a-l-c-a-l-c-u-l-a-t-~-o n-s . 

T h e  description of the system - the group o f  principles wh,i:h govern 

i the behavior of the system - is here called the conc.eptua1 model a n n -  

i s  t o  be distinguished from P H R E E Q E  or E Q 3  which are names of corn- 

puter programs or codes by'which the principles embodied in the con- 

ceptual model are applied to practical problems. 

t 

2.1 AQUEOUS SOLUTION MODELS 

T h e  conceptual model most often applied to aqueous solutions in 

geochemistry is the ion-association o r  ion-complexing model, origin- 

ally d u e  to 8jerrum. This model assumes that oppositely charged dis- 

solved ions react to form complexes .which are treated as thsrmo- 

dynamic entities. These complexes are assumed to be in equilibrium 

with the free ions and the equilibria describe-d by thermodynamic 

equilibrium constants. 

T h e  popularity of this approach in geochemistry stems from its 

early u s e  by Garrels and Thompson ( 1 9 6 2 )  to interpret the chemistry 

o f  sea water, and its inclusion in the first-generation computer D C O -  

grams WATEQ, SOLMNEQ, and others constructed for the interpretation 

o f  aqueous solutions. 

I A point which has favored the continued use of the ion-associ- 

ation model is that there exist for i t  many suitable thermodynamic 

data. T h e s e  data result from the fact that such a model i s  frequent- 

ly used t o  reduce laboratory experiments o n  solution behavior. Data 

s o  treated are, in turn, suit-able for the model to use. In spite of 

the wide availability of data, problems frequently occur which cannot 

be handled satisfactorily because data needed specifically f o r  them 

.. 

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

' d a t a  n e e d s  o f  P H R E E Q E  a n d  E ( 2 3 / E Q 6  a r e  d i s c u s s e d  w i t h  t h e  t e s t  p r o b l e m  

d e s c r i p t i o n s  i n  C h a p t e r  4 .  

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

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

s o l u t i o n  b e h a v i o r  a s  t h e  s a l i n i t v  o f  t h e  s o l u t i o n  i n c r e a s e s .  'I'n 

g e n e r a ' l ,  . t h i s  m o d e l  b e h a v e s  w e l l  i n  s o l u t i o n s  w i t h  s a l t -  c o n t e n t s  a s  

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

w h i c h  i s  0 . 7  m o l a l .  A t  c o n c e n t r a t i o n s  s i g n i f i c a n t l y  p , r e a t e r  ( a  f e w  

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

i o n - a s ' s o c i a t i o n  m o d e l  b r e a k s  d o w n .  

A s e c o n d  c o n c e p t u a l  s o l u t i o n  m o d e l ,  t h e  m i x e d  e l e c t r o l y t e  m o d e l ,  

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

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

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

f o r  t h e  a c t i v i t y  c o e f f i c i e n t  o f  i o n s  a s  f u n c t i o n s  o f  t h e  c o n c e n t r a -  

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

m o d e l  i s  p r e s e n t e d  b y  P i t z e r  ( 1 9 7 3 )  f o r  . 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  

a n d  b y  R e i l l y  a n d  o t h e r s  ( 1 9 7 1 ) ,  a n d  P i t z s r  a n d  K i m  ( 1 9 7 4 )  f o r  m i x e d  

e l e c t r o l y t e s .  

T h e  m i x e d  e l e c t r o l y t e  c o n c e p t u a l  n o d e 1 . i ~  a d v a n t a q e o u s  i n  t h a t  

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

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

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

i n  r e c e n t  w o r k  b y  E u g s t e r  a n d  o t h e r s  ( 1 9 8 0 )  w h o  u s e  a m o d e l  d e s c r i b e d  

b y  H a r v i e  a n d  W e a r e  ( 1 9 8 0 )  t o  s i m u l a t e  t h e  s e q ~ ~ e n c e  o f  m i n e r - a l s  w h i c h  

d e p o s i t  f r o m  e v a p o r a t i n q  s e a - w a t e r .  R e c a u s e  e x t r e m e l v  g o o d  e x o e r i -  

m e n t a l  d a t a  a r e  a v a i l a b l e  on t h i s  m i n e r a l  s e q u e n c e ,  E u g s t e r  a n d  

o t h e r s  c a n  b e  c o n s i d e r e d  t o  h a v e  v a 1 : i d a t e d  m i x e d  e l e c t r o l y t e  m o d e l s  

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

s i m u l a t i n g  t h i s  s e q u e n c e .  

I n  s p i t e  o f  t h e  f a c t  t h a t  s a l i n e  s o l u t i o n s  s u c h  a s  t h o s e  a s . s o c i -  

a t e d w i t -~ h - s.a.l_t_d.e.p~o.s-i.t.s-m a-y-b e-0-f-1-m p o-r-t-a-n-c-e--i-n-c-e-r-t-a-i-n-n-u-c-l-e-a-r-wd-s-t~ 

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

S C E P T E R  P a c k a g e  a t  t h i s  t i m e  for t w o  r e a s o n s .  F i r s t ,  n o  g e n e r a l l y  

I 
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available code exists which makes use o f  the mixed electrolyte con- 

:eptual model in its aqueous speciation routine. T h e  Uarvie -and 

Weare (1980) code, for example, has not been published. Second, only 

limited experimental data are available to evaluate the coefficients 

which occur in the activity coefficient expressions used in this 

model. Most of these data are restricted to simple solutions 

containing salts of Na', --- K + ,  Cat2, M g + 2 ,  and 

c l -  w h i c h ,  while appropriate for examining evaporating sea-water, 

are of less utility for examining the behavior of radionuclides of ' .  
exotic chemical elements. In addition, only recentlv have data at 

temperatures other than 2 5  C begun t o  be available (see, for example, 

Peiper and Pitzer, 1981). Given this lack of data for real systems 

of interest to performance assessment and the lack of a readily 

availahle mixed electrolvte model elsewhere, i t  was decided that the 

development of a mixed electrolyte model for inclusion in the S C E P T E R  

P.ackage would be inappropriate at this time. i The remainder of this section is concerned with a aeneral de- - i 
scription of the equations by which the ion-association aqueous solu- 

tion model is described. The methods by which P H R E E ' Q E  a n d  E03 solve 

these equations and their auxiliaries also is outlined. No attempt 

has been made here to be entirely rigorous i n  the description either 

of the aqueous solution model equations or their programmed 

solutions, but only to convey generally what the programs d o ,  and 

why. For details, the reader should consult the code documentation 

( I N T E R A ,  1982a, b) and the descriptions of the programs given b y  

their authors (Parkhurst, Thorstenson, and Plummer, 1980; Wolery and 

Kalters, 1 9 7 5 ;  and Volerv, 1979). 

2.1.1 govern in^ Eauations 

Information available o n  a solution usually comorises concentra- 

tions of d'issolved.elernents. Although analytical data commonlv refer 

to total concentrations, in the actual solution, according to the 
i d-n- - - j  0 c~~~at~o~m-o-d-e-l--,-- t-ke -e-l~eme-n t--~-s-p-r-e-s-e-n.t-.n-o.t~~~o.n~~-y~ ~.l n- i-t.s,-f-r.e.e-- ~ ~. 

form but also paired'with other species. 

. .  . I. 
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To describe real solutions using the ion-association m o d e l  o n e  

Eirst writes a mass balance equation for each element, 1 ,  f o r  which 

analytical data are given: 
- 

__ 
w.h.e.r.e-:-m---- ---. ____ - concentration of free element of s p e c i e s  i ;  - 1 - 

m = concentration'of complex ion j contain in^: - - j 
n .  moles o f  i ;  - - l i  

m = total (analyzed) concentration o f  i ;  T , i  - - 
I = total number of elements for which analytical 

data are available or which are being 

considered; and 

J = total number o f  solution complexes. (If the 

complex j does not include element 1, n is - i i  - - 
zero). 

T h e  complex ions themselves are entities which have equilibrium 

concentrations described by mass action.equations: 

(2.1.2) 

a = thermodynamic activity o f  solution complex j ;  - where: - j 
a .  = thermodynamic activity of free elements, i ;  
1 - 

n . .  = stoichiometric coefficient o'f ion i in species i; - - - 1 . i  

K. = equilibrium constant for formation of complex 
1 - 

j ;  and 

I and J are a s  for eauation 2.1.1. 

The solution act ivities-,-a, - -  -1-n- t-erms--0-f--wh-i-ch equat-i-on-s -(-2. 172-1- 
- - ~ ~ 

a r e  written, are related t o  the concentratlons, rn, of eauation 

(2.1.1) by: 

( 2 . 1 . 3 )  
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~n w h i c h  y i s  t h e  a c t i v i t y  c o e E E i c i e n t .  A c t i v i t y  c o e f f i c i e n t  v a l t ~ e s  

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

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

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

p o r a t e d  i n  PHREEQE a n d  E Q 3 / E Q 6  a r e  d i s c u s s e d  i n  S e c t i o n  3 . 2 ,  b e l o w .  

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

a n d  t h e  v a l u e s  r e q u i r e d  f o r  e a c h  o f  t h e  J e q u a t i o n s  ( 2 . 1 . 2 )  w i l l  b e  

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

F u r t h e r ,  I t o t a l  c o n c e n t r a t i o n  v a l u e s  f r o m  c h e m i c a l  a n a l y . s e s  w i l l  b e  

t 
__- - 

a v a i l a b l e .  - E v e n  w i t h  e q u a t i o n s  ( 2 . 1 . 3 )  r e l a t i n g  a a n d  m v a l u e s ,  t w o  

a d d i t i o n - a 1  p h e n o m e n a  m u s t  b e  a c c o u n t e d  for b e f o r e  t h e  s e t s  o f  

c q u a t i o n s  ( 2 . 1 . 1 )  a n d  ( 2 . 1 . 2 )  . c a n  b e  s o l v e d .  

T h e  f i r s t  a d d i t i o n a l  r e q u i r e m e n t  i s  t o  a c c o u n t  for t h e  i n v o l v e -  

m e n t  o f  t h e  i o n s  H+ a n d  OH- f r o m  t h e  s o l v e n t  i t s e l f  i n  some o f  

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

i o n s  a r e  r e l a t e d  b y  a m a s s  a c t i o n  e x p r e s s i o n  f o r  w a t e r ,  

a - '  a = K  a 
H +  O H  

W 
H 2 °  

( 2 . 1 . 4 )  

e i t h e r  a n  a d d i t i o n a . 1  e q u a t i o n  o r  a n  a d d i t i o n a l  s p e c i f i e d  i n v u t  p a r a -  

. m e t e r  i s  s t i l l  n e e d e d .  

P r o g r a m s  o f  t h e  WATEQ/SOLMNEQ g r o u p  r e q u i r e  t h a t  pH ( =  - l o g  

a H + )  b e  e n t e r e d ,  e l i m i n a t i n g  t h e  n e e d  f o r  a n  a d d i t i o n a l  e q u a t i o n .  
I n  M I X 2 ,  w h i c h  w a s  d e r i v e d  f r o m  WATEQF, t h e  n e e d  f o r  a s p e c i f i e d ,  1 

f i x e d  pH w a s  e l i m i n a t e d  b y  m a k i n g  u s e  o f  t h e  f a c t  t h a t  a s o l u t i o n  c a n  

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

e m b o d i e d  i n  t h e  e q u a t i o n :  

( 2 . 1 . 5 )  

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

a l l  I + J  d i s s o l v e d  i o n s .  

I f ,  on t h e  o t h e r  h a n d ,  pH i s  s p e c i f i e d ,  a n e t  c h a r g e  c a n  b e  c a l -  

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

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

T h e  c a l c u l a t i o n  o f  a q u e o u s  s o l u t i o n  s p e c i a t i o n s  i n  b o t h  P H R E E O B  

- - ~- . ~ .  __ . ~ -~ ~ 

a n d  E Q 3  p e r m i t  e i t h e r  t h e  e n t r y  o f  pll o r  i t s  c a l c i i l a t i o n  f r o m  t h e  

s l e c t r o n e u t r a l i t y  e q u a t i o n .  
O(j8023 
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One last phenomen(>n must be accounted f o r  to completely pose the 

aqueous solution problem. This involves the manner in which 

oxidation-reduction (redox) reactions are treated. One approach is 

simply to ignore redox,reactions by writing separate mass balance 

equations ( 2 . 1 . 1 )  for each oxidation state of an element, and 
entering corresponding total concentration values., For a solution 

- ---c o-n-t-a-i-n-i-n-g--i-r-o-n,f-o-r-e-~a-- mple, separate equations for Fe+2 and 

F e + 3  would appear, and two total concentration values 
(mT,Fe+2 and mT, ~ ~ + 3 )  would be required. 

A second alternative is to treat all oxidation states of a n  ele- 

ment as products of reactions 'of a single chosen state o f  the ele- 

ment. F o r  iron, € o r  example, Fe+2 might he chosen as the species 
in, terms of which the mass balance equation (2.1.1) would be written. 

Fe+3 and its'complexes then simply become members of the sum i n  

the mass balance equation. An additional mass action expression is 

also added for the reaction by which the two oxidation states are 

related. 

Mass action expressions for this o r  for any other redox reaction 

require a de€inition(o€ the oxidation potential of  the solution. 

This i s  accompli-shed by requiring that the value of the oxidation 

potentials be part of the solution definition data entered i f  redox 
couples are to be considered. PHREEQE requires that p e . b e  entered. 

(pe = -log ae- = 16.90*Eh (volts). at 2 5  C). T h e  oxidation poten- 

tial for EQ3 can be de€ined by entering p e s  Eh (volts), the fugacity 

o f  oxygen, or by specifying a redox couple for which hoth oxidized 

and reduced species concentrations will be entered and used to calcu- 

late the oxidation potential o f  the solution. A 1 1  of these options 

amount to the same thing: i f  oxidation-reduction reactions are to be 
considered, an additional piece o f  input data is required. 

P 

The tlnknowns, equations, and data needs to solve an aqueous 

soluti'on model can be summarized as follows: In a solution of 1 s o l -  

ute elements capable o f  forming J complexes, the I + J values o €  free 

and c omp 1 ex 

with the two concentrations (or activities) needed for the solvent, 

a n d  the E species which are oxidation or reduction products of the 

species represen.ting the element. Thus there a r e  I + J + E + 2  unknowns. 

i o n  c o nc e n  t r a t ion s ( o r a c~t.i_v-i.t_i.e.s 1 -a-r-e-- t o --be--f o-un-d-;--a-l-on%- 
~ 

-~ - ~ ~ 

- . -  ~ 

- ~~ 
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f- To set against these are I mass balance equations, J complex 

a s s o c ~ a t ~ o n  reactions, E redox reactions and the dissociation o l  

. water mass action equations - a total o f  I+J+E+1 equations. T h e  

extra o n e  unknown L S  handled either by specifyinq pH, and s o  reducing 

3 the unknowns by o n e ,  or by adding the electoneutrality requirement 

and s o  increasing the equations by one. 
. s  

Data required are I values o f  total dissolved elemental concen- i 
-< -- - 

tration, J complex ion association and E redox reaction equilibrium 

constant values, a value for the oxidation state o f  the initial s o l u -  

tion, and; i f  the electroneutrality equation is not included, the p Y  

of the solution. 

I 

I L 

! 

I T w o  approaches have been taken to the solution o f  the set of 

equations specifying the aqueous model. The method of successive 

approximations was used by Garrels and Thompson ( 1 9 6 2 )  i n  their 

pioneering hand calculation of the distribution of aqueous species in 

sea water. This method is illustrated in the discussion accompanying 

test problem 1 below. 

T h e  successive a p p r o x i m a t i o n s - - ' B p p r o a c h  .was adopted in a number 

o f  the early aqueous speciation programs including WATEQ and SOLMNEQ 

and i t  is used as well in PHREEQE and EQ3. 'It was used in the earlv 

WATEQ and SOLMNEQ codes in what 'digley (1977) referred to as a "brute 

force" method. In thi,s method, the mass action'expressions (2.1.2) 

are substituted into the mass balance equations-(2.1.1) and the 

result solved directly for free element concentrations. Iteration 

through the system of equations continues with the results o f  the 

previous iteration being used as the starting estimate for the 

present iteration. When the calculated total concentration o f  each 

species agrees with the input concentrations within some user set 

tolerance,,the system is considered solved. 

Wigley (1977) pointed out that the combined mass balance, mass 

action equation can be rewritten in the form 0 f . a  continued fraction 

which converges with many fever iterations than are required by the 

brute force method. The continued fractions approach to success'ive 

.a p p r o x i m a t L o n s 

balance equations (2.1.1) in PHREEQE. k'olery and Walters (1975) ha.vc 

described a monotone sequence method o f  controlling the continued 

.- .. - ~ ~, ~ 

L s- ad-o p-t~ e-d-iFWXT E Q F -a-n-d--i-s- ~ u-s e d-t-o- -s-o -1-v e -~ t-h-e-m-a s-s---- - 



the advantage of increasing stability with respect to a vide ranp,e of 

input aqueous solution compositions and has been adopted in E Q 3 .  

The second general approach taken to the solution of aqueous 

specia'tion equations makes use of the Newton-Raphson technique. 

Mo r e 1 a n d Yo r g a n ( 1 9 7 2 ) u s e d t h i s me t hod i n t h e-1-r-a-qw.e.0.u.s-s-p e-c-i-a-t-1-0 n- 

program R E D E Q L  and the method has been retained in the various other 

aqueous speciation codes derived from the Mors1 and Morgan program. 

The Newton-Raphson approach is also used i n  P H Q E E Q E  f o r  the solution 

o f  all equations other than the mass balance equations for w h i c h ,  as 

mentioned above, a continued fraction approach to the method of suc- 

cessive approximations i s  employed. 

T h e  V A T E Q / S O L M N E Q  g r o u p  of codes provide a thermodynamically 

adequate description of the solution given analyzed total elemental 

concentration data. Further, they u s e  this calculated solution 

description to determine the affinities of various reactions which 

the solution could undergo. These cod-es do not actuallv calculate 

affinities, but rather, the Saturation Index (SI) which is related to 

the thermodynamic affinity ( A )  by the expression: 

A = -R*T*2.303*SI 
P - - P 

where 

A = Thermodynamic affinity (Joules/mole) 

R = Gas constant (8.3143 Joules/mole-Kelvin) 
- P 

( ' 2 . 1 . 6 )  

T = Temperature (Kelvin) 

= Saturation, index for phase P as defined in equation - S I  
- P (2.1.8) (dimensionless) 

2.303 = In 10 

T h e  calculated aqueous species activities are I J S ~ ~  to calculate 

reaction quotients f o r  minerals with which the solution could poten- 

tially react. Reaction quotients (Q) which are also f-r-e.a.u.e.n.t-1-y~~- 

called ion activity products (IAP), are equivalent i n  form to mineral 
~- _ _ _ _ ~  

equilibrium constants (K). That is: 
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T h e  t e n d e n c y  € o r  a m i n e r a l ,  - p ,  t o  d i s s o l v e  i n  o r  p r e c i p i t a t e  

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

. . s a t u r a t i o n  i n d e x :  

Z A P  

K 

P - 
( 2 . 1 . 8 )  S I  = l o g  

P P - - 

I f  S I  = 0 ,  t h e  m i n e r a l  a n d  s o l u t i o n  a r e  a t  e a u i l i b r i u m ;  i f  S I  > 0 ,  

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

< 0 ,  t h e  m i n e r a l  w i l l  t e n d  t o  d i s s o l v e .  

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

b e e n  t o  c a l c u l a t e  m i n e r a l  s ' a t u r a t i o n  i n d i c e s  f o r  n a t u r a l  w a t e r  sam-  

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

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

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

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

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

2 . 2  GEOCHEMICAL REACTION M O D E L S  

: : i~ 
:I 

s e n s e  t h a t  w h i l e  t h e y  c a l c u l a t e  t h e  a q u e o u s  s p e c i a t i o n  e x i s t i n ?  i n  a .?i 

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

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

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

s o l u t i o n  r e a c t - s  t o w a r d  e q u i l i b r i u m .  C a l c u l a t i o n s  of t h i s  t y p e  a r e  

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

WATEQ t y p e  m o d e l s  a r e  u s e f u l  for t e s t i n q  h y ~ o t h e s e s  r e g a r d i n g  m i n e r a l  

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

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

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

1 

c h e m i s t r y  o f  w a t e r s  a n d  t h e i r  c o n t a i n i n g  r o c k s  b r o u g h t  a b o u t  h v  . t h e  :\ 

:4 .. 

t h e .  S C E P T E R  P a c k a g e ,  a r e  a b l e  t o  p e r f o r m  a l l  t h e  a q u e o u s  s p e c i a t i o n  $ 

d 
m o d e l i n g  f u n c t i o n s  o f  t h e  VATEQ/SOLMNEQ g r o u p  o f  c o d e s ,  b u t  i n  a d d i -  :I 

I! i n t r o d u c t i o n  o f  w a s t e .  
____ Bu-t.h--t h-e-p H-RE-E Q E-a-n.d-.E.Q-3-/-E Q 6--c.o.~-e.s--d.e.s.c.r.~~b~e.d-~.e~r.e-.a.n d.--a~d.o.p~t.e.d-i-n-- 

I 

I! t i o n ,  a r e  a b l e  t o  d e s c r i b e  q u a n t i t a t i v e l y  t h e  e f f e c t s  o f  o n g o i n g  Reo- 

O(j0927 
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c h e m i c a l  r e a c t i o n s .  T h e y  d o  t h i s  b y  d e s c r i b i n g  t h e  c h a n p , e s  i n  

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

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

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

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

-.--f.o.r-m e-d-€-r-o m-p h-a-s-e-t-o-p.h-a-s-e-d-u-r-i-n-,-t-h-e c o u r s e o - f t h e  r e a c t i o n . Th e y 

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

Two a p p r o a c h e s  h a v e  b e e n  t a k e n  t o w a r d  t h e  d e v e l o p m e n t  o f  q e o -  

c h e m i c a l  r e a c t i o n  m o d e l s .  T h e  a p p r o a c h  r e a l i z e d  i n  P H R E E O E  i s  t h a t  

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

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

t i o n s .  I n  EQ6 o n  t . h e  o t h e r .  h a n d ,  t h e  r e a c t i o n  p a t h  a p p r o a c h  i s  u s e d  

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

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

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

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

f i n a l  s t a t e .  

2 . 2 . 1  M a s s  T r a n s f e r  M o d e l s  

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

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

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

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

s o l i d  p h a s e  d i s s o l u t i o n  or p r e c i p i t a t i o n  r e a c t i o n s  0 c c u . r  e q u a l l v  

r a p i d l y .  

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

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

i t s e l f .  For e a c h  m i n e r a l  or g a s  r e a c t i n g ,  a r n a s s . a c t i o n  e x o r e s s i o n  

c a n . b e  w r i t t e n  s i m i l a r  t o  e q u a t i o n  ( 2 . 1 . 2 ) :  
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a = activities o f  dissolved free ions - 1 ;  

K = equilibrium constant for the dissolution of phase - p ;  

1 - 

- P' 
n .  = stoichiometric coefficient of ion - i in phase - p. 
- I P  

T h e  addition o f  this equation t'o the set of equations describina the 

system allows the addition of another unknown to the mass balance 

equations for each ion - i. T h i s  additional term is simply the number 

of moles of - which must be transferred between the solution and the 

phase - p to bring the system to equilibrium. 
The direct mass transfer code PHREEQE has Seen included 1-n the 

SCEPTER Package for several reasons. First, h y  virtue of its -struc- 

ture, i t  tends to run rapidly and efficiently and therefore can be 

used at little cost. It' is valuable for performing calculations i n  

rapidly reacting systems such as solution mixinq problems and solu- 

tion reaction with minerals that are-likely t o  dissolve o r  precipi- 

tate rapidly. It is- also useful for l o n e ,  time scale problems and for 

boundary calculations where system equilibrium is a reasonable 

boundary state. 

PHREEQE will also calculate changes in solution composition with 
- 

specified mass transfers into o r  out of the system. Tht~s the code 

c a n  be used to simulate the path followed by a system reaching irre- 

versibly with a s o l i d  o r  another solution. 

I 

2.2.2 Reaction Path Models 

T h e  reaction path simulation code E06 is also included i n  the 

SCEPTER Package. 1.n this code, as in other reaction path models, i t  

i s  assumed that equilibrium exists within the solution and between 

the solution and reaction product phases. During a reaction, equili- 

brium will persist among dissolved species, and further, i f  the .solu- 

tion becomes oversaturated with respect to a phase, that phase will 

immediately form in whatever quantity is reaui.red to return the solu- 

tion to equilibrium. The particular value o €  this ap~proach to r e p o s -  

itory performance assessment (blolery, 1980) is that it permits the 

. ,  , 



b r i u m  r e a c t s  t o w a r d  e q u i l i h r i u m .  I n f o r m a t i o n  f r o m  t h i s  ~ a t h  s i m u l a -  

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

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

s i m p 1 . y  t h e  o v e r a l l  m a s s  t r a n s f e r  r e q u i r e d  t o  EO f rom t h e  i n i t i a l  t o  

, 

t h e  f i n a l  e q u i l i b r i u m  s t a t e .  _-- 
___ ___.- 

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

or n o n - e q u i l i b r i u m  t h e r m o d y n a m i c s .  T h e  d e v e l o p m e n t  oE t h e  e q u a t i o n s  

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

t o  H e l g e s o n  ( 1 9 6 9 )  a n d  h i s  s t u d e n t s  ( H e l g e s o n  a n d  ' o t h e r s ,  1 9 7 0 ) .  T h e  

a p p l i c a t i o n  o f  t h e s e  p r i n c i p l e s  w i t h i n  t h e  E 0 6  c o d e  i s  d e s c r i b e d  i n  

d e t a i l  b y  W o l e r y  ( 1 9 7 9 ) .  

B a s i c a l l y ,  H e l g e s o n ' s  a p p r o a c h  c o n s i s t s  o f  d i f f e r e n t i a t i n g  e q u a -  

t i o n s  d e s c r i b i n g  t h e  r e a c t i o n  t o  b e  t r a c k e d  w i t h  r e s p e c t  t o  a r e a c -  

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

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

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

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

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

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

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

T h e  o r i g i n a l  c o m p u t e r  c o d e  e m b o d y i n g  Y e l g e s o n ' s  a p p r o a c h  w a s  

c a l l e d  PATH1 o r  P A T H C A L C  ( H e l g e s o n  a n d  o t h e r s ,  1 9 7 0 ) .  In t h i s  c o d e  

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

t r u n c a t e d  T a y l o r ' s  s e r i e s  t e c h n i q u e .  An  a q u e o u s  s p e c i a t i o n  m o d e l  

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

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

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

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

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

s y s t e m  p a r a m e t e r s  w e r e  E o u n d  b y  s o l v i n p ,  a s e t  o f  l . i r t e a r  d i € € e r e n t i a l  

e q u a t i o n s ,  w h i c h  were t h e n  u s e d  i n  a t r u ' n c a t e d  T a y l o r ' s  s e r i e s .  

F o  1 l o w i n g  e a c h - ~  t.e.p-.o.f.-r-e-a-c--t-i~o-n-p-r-o-g-r-e-s-s-~t-he-new-~So-l u-t i-on-was r e s o  1- 

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

r e a c h e d  ( w h e n  t h e  a f f i n i t y  of a n y  r e a c t i o n , b e c a m e  z e r o  o r  n e g a t i v e )  

-- 

\ 

(PGO938,  
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a p r o c e s s  o f  i n t e r v a l - h a l v i n g  w a s  u s e d .  t o  m o r e  D r e s i s e l v  d e f i n e  t h ' e  

e x a c t  v a l u e  O E  t h e  r e a c t i o n  p r o g r e s s  v a r i a b l e  a t  e a u i l i b r i u m  b e t w e e n  

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

O b v i o u s l y  s u c h  a s o 1 u t . i o n  p r o c e d u r e  i s  v e r y  s l o w  t o  c o m p u t e  a n d  

f u r t h e r m o r e ,  h a s  a t e n d e n c y  t o  d r i f t  b e c a u s e  o f  t h e  t r u n c a t i o n .  S o ,  

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

s y s temco~m~p-o-s-i-t-i-o-n-s-d-i-€-f-e-r-e.n-t-f-r-o m-t-h.o.s.e-w.h.i.chwou-1 d 

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

r e s u 1 t f r o m  a 

I n  o r d e r  t o  r e d u c e  t h e  c o m p u t e r  t i m e  r e q u i r e d  f o r  s i m u l a t i o n s ' .  

u s i n g  P A T H I ,  h i g h - o r d e r  p r e d i c t o r - c o r r e c t o r  m e t h o d s  o f  i n t e g r a t i o n  

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

S c i e n t i f i :  L a b o r a t o r y  ( H e r r i c k ,  w r i t t e n  c o m m u n i c a t i o n  1 9 7 6 ,  r e p o r t e d  

b y  W o l e r y ,  1 9 7 9 ) .  P r o g r a m s  o f  t h i s  t y p e  a r e  p r e s e n t l y  i n  u s e  b y  

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

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

t h e  p r o b l e m s  o f  d r i f t .  

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

w a s  t a k e n  b y  CI lo le ry  ( 1 9 7 9 )  i n  E Q 6 .  T h i s  p r o g r a m  i s  a c o m b i n a t i o n  o f  

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

d i f f e r e n t i a l  p a t h - f o l l o w i n g  c o n c e p t  o f  P A T H I .  W h i l e  r e a c t i o n  p a t h s  

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

H e l g e s o n ' s  T a y l o r ' s  s e r i e s ,  t h e  c o m p o s i t . i o n s  . a t  p o i n t s  a r e  r e -  c a l c u -  

l a t e d  d i r e c t . 1 ~  b y  a p p l y i n g  a m a s s  t r a n s f e r  a p p r o a c h  l i k e  t h a t  d e s -  , 

c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n .  A n y  d r i f t  i n t r o d u c e d .  i n t o  t h e  p r o h -  

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

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

E v e n  E Q 6  e x e c u t e s  c o n s i d e r a b l y  more  s l o w l y  t h a n  a d i r e c t  m a s s  

t r a n s f e r  p r o g r a m  s u c h  a s  PHREEQE.  G e n ' e r a l l y ,  t h e  g e o c h e m i c a l  u n d e r -  

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

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

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

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

2 Y  b e  s i m p l e r  t o  u s e  t h e  r e a c t i o n  p a t h  c o d e  E Q 6 ,  b e c a u s e  o f  t h e  c o n -  . 
----___ - _ _  

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

l a t i o n s  w i t h  P H R E E Q E .  
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3 T H E R M O D Y N A M I C  D A T A  R E Q U I R E M E N T S  

E Q 3 / E Q 6  and P H R E E Q E ,  like all'other geochemical codes, are based 

o n  the principles of chemical thermodynamics. To simulate the aqueous 
speciation within a solution or to model a reaction path requires a 

value for the equilibrium constant for .each mass action equation 

(2.1.2) at a temperature of interest as-w.e-l-l-a-s--a-vZlue f o r  the acti- 

v i t y-c.o.e-f-f-i-c-i-e-n-t3-( e q . 
system. 

2 . I . 3 f o r e a c h 1 i s s o  1 v e d s p e c i e s i n t h e  -- 
A geochemical code cannot be used without a thermodynamic data 

base, s o  the authors O E  such codes customarily supply some thermo- 
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be o f  assistance to future users o f  these codes. in assemhlina 

thermodynamic data bases for their specific applications. 

The second section describes equations used by these codes to 

calculate activity coef€icients and presents several comparisons of 

their results. The activity coefficient expressions included in the 

codes are intended for use in relatively dilute solutions and become 

l-e-s-s-v-a-l-i-d-a-s-t-h-e-t-o-t-a-l-s.o~l-i~d~s-c~o.n.t.e.n.t-o-f_t_he s o 1 u t i o n  s i n c re a s e s . 
The illustrations in this section show the departure .from realitv of 

these expressions as the dissolved solids content of the solution ' .  

increases. Thus, they form guides to potential c o d e  users as to the 

range of applicability of these codes. 

I 

3.1 EQUILIBRIUM C O N S T A N T S  

Both EQ3/EQ6 and PHREEQE require temperature corrected values f o r  - 
the equilibrium constants of each reaction described by mass action 

equations (2.1.2) and €or each d r s s o l u t i o n / p r e c i ~ i t a t i o n  reaction 

( 2 . 1 . 9 ) .  Both programs are structured s o  that the number actually 

required is the logarithm base 10 of the equilibrium constant 

d 

( l o g  K). 

I .  Log K values are functions of temperature and the codes include 

several expressions which describe this temperature dependerlce. 

EQ3IEQh expresses log, K values using a polynomial expression: 

log K(t) = a + bt + ct2 + d t 3  + et 4 (3.1.1) 

where l o g  K(t) = base 10 logarithm of the equilibrium constant 

K at temperature t ;  
\ 

t = temperature, in Celsius; and 

a,h,c,d,e = polynomial coefficients. 

The data set used wLth-EQ3/E(76 includes log K .values at a number o f  

temperatures-generally, 0, 2 5 ,  6 0 ,  1 0 0 ,  150, 2 0 0 ,  2 5 0 ,  and 3 0 0  

Celsius. Polynomials of the form o f  eqoation (-3.l.i)--are--f-it t o  t-h----- ese 

data and their coefficients a ,  5 ,  c ,  d ,  e; rather than the data them- 

selves, are input to EQ3/EQ6. 

- ~ - ~ - ~~~ 

_ _  .. 



T w o  expressions f o r  the temperature dependence o f  1 0 4  !( are used 

l n  P H , R E E Q E .  One i s  a polynomial expression of the f o r - :  

(3.1.2) 2 
l o g  K(T) = a l  + b T + c l / T  + dlT + e l / T  1 

with the temperature, T ,  in Kelvin ( t  + 273.15), and the oth-e-r-L_t-e.m.s--.-..- 

a s  before. 

P H R E E Q E  also uses the van't R o f f  equat.ion, usually written: 

d l n K  - A H '  

d T  R T ~  
- -  

or, in another form 

(3.1.3) 

( 3 . 1 . 4 )  

in which: In K = natural logarithm of the equilibrium constant; 

R = g a s  constant = 8.3143 Joules/mol-Kelvin 

T = Temperature., in K e l v i n ;  and 

A H o  = standard enthalpy o f  the reaction, (Joules/mol). 

P H R E E Q E  includes equation( 3.1.4) written a s  

--- 

i 

(3.1.5) 

which calculates the value of log K at temperature T from log Y and 

A H o  values at a reference temperature T , ,  of 2 5  C (298.15 K). 

P H R E E Q E  accepts thermochemical data for a given reaction either 

as l o g  K 2 5  c and AH025 c values o r  as a set of values of 

the polynomial coefficients ai, b l ,  c 1 ,  dl and el. T h e  mod-- 

ified S C E P T E R  version o f  P H R E E Q E ,  c a n  also use expression (3.1.1) and 

accepts values o f  the polynomial coeffLcLents a ,  b ,  c ,  d ,  and e gener- 
- . .  

a - t  ed f r o ?   the EQ3/_E~Q)-d.a.t~a._b_a.s.e.s~.~~~~~------ ~- ~----- 

The development o f  thermodvnaqic d a t a  bases suitable for p e r f o r m -  

ance assessment tasks will n o t  be a trivial undertaking. It will b e  
necessary, first, to identily the chemical elements which will b e  
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i m p o r t a n t  t o  t h e  s y s t e m  h e i n g  a n a l y s e d .  I t  i s  i m p o r t a n t  t h a t  t h e  d a t a  

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

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

p r e s e n t  i n  m a j o r  or i n  t r a c e  a m 0 u n t . s  w h i c h  m a y  c o n t r o l  t h e  w a t e r  a n d  

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

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

i d e n t i f y 

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

i m p o r t a n t  i n  t h e  s y s t e m .  H a v i n g  i d e n t i f i e d  t h e  e l e m e n t s ,  s o l u t i o n ;  

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

w r i t t e n  r e a c t i o n s  a m o n g  t h e m ,  i t  i s  n e c e s s a r y  t o  h a v e  a v a i l a b l e  l o g  K 

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

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

~ - -  - 
t h e a q u e o u s s p e c I, e s a n d i o n c-0-m-p-1-e-x-e-s-1-n-wh-i-c-h-t-h-e-e-1-em e-n-t-s 

R o b i n s o n ,  S c h a f e r  a n d  H a a s  ( 1 9 8 1 )  h a v e  r e c e n t l y  c o m p l e t e d  a s t u d y  

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

r o c k  t y p e s  o f  p r e s e n t  i n t e r e s t  t o  r e p o s i t o r y  d e s i g n e r s .  W h i l e  t h e y  

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

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

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

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

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

c ' h e m i c a l  d a t a .  

.- 

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

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

s p e c i f i c  b r o b l e m .  S o m e  o f  t h e s e  s o u r c e s  w i l l  b e  l i s t e d  b r i e f l y  h e r e  

t o  a s s i s t  p o t e n t i a l  u s e r s .  

I n  t h e  ,G!ATEQ g r o u p  o f  m o d e l s  ( T a b l e  1 - 1 1 ,  e a c h  r e a c t i o n  c o n -  

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

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

t h e m  a s  t h e y  c a n  w h e n  d i s c u s s i n %  t h e  P H R E E Q E  a n d  E ( ) 3 / E Q 6  c o d e s .  D a t a  

a c c o m p a n y i n g  t h c  "ATE0 c o d e s - c o n s i s t  o f  l o g  K 2 5  c a n d  

AH(;, d a t a  f o r  t h e  r e a c t i o n s  f o r  u s e  w i t h  e q u a t i o n s  l i k e  

( 3 . 1 . 5 )  .or o f  p o l - y n o m i a l  c o e f f i c i e n t  v a l u e s  f o r  u s e  w i t h  e x p r e s s i o n s  

l i k e  ( 3 . 1 . 2 ) .  A c c o r d i n g  t o  t h e  a u t h o r s  o f  t h e  KATEQ c o d e s ,  t h e  d a t a  

a r e  a c c e p t e d  o n l y  a f t e r  e v a l u a t i o n  O E  € a c t o r s  i n c l u d i n g  t h e  t y p e  o f  

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

~ --__ - - _ _ _  ~ ~- _____ -~ ~ 
~~.~ ~~ 

~~ ~~ 
- -~ ~ . _ ~  - 
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o t h e r  d a t a  i n  t h e  d a t a  s e t .  T h u s ,  t h e  W A T E Q  d a t a  s h o u l d  f o r m  a r e a -  

s o n a b l y  c o n s i s t e n t  g e n e r a l  d a t a  s e t  a n d  t h e  WAT502 d a t a  h a v e ,  i n  f a c t ,  

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

d a t a  s e t  s u p p l i e d  w i t h . t h a t  c o d e .  

T h e  d a t a  s u p p l i e d  w i t h  t h e  E 0 3 / E Q 6  c o d e s  b y  K o l e r y  a l s o  p r e s u m -  

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

o f  t h e  t e s t  p r o b l e m s  d e s c r i b e d  i n  C h a p t e r  4 s h o w ,  h o w e v e r ,  d i f f e r e n c e s  
__ -- 

b e t w e e n  t h e  E Q 3 / E Q 6  a n d  WATEQ2/ PHREEQE d a t a  s e t s  d o  e x i s t  a n d  l e a d  t o  

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

s e t s  a r ' e  a p p l i e d  t o  c e r t a i n  p r o b l e m s .  T h i s  i s  n o t  t o  s a y  t h a t  e i t h e r  

t h e  VATEQ2/PHREEQE d a t a  or t h e  E Q 3 / E Q h  d a t a  i s  m o r e  c o r r e c t  t h a &  t h e  

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

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

e n c e s  e x e m p l i f y  t h e ' n e e d  f o r  c a r e f u l  d a t a  b a s e  c o m p i l a t i o n  b e f o r e  

a p p l y i n g  e i t h e r  PHREEQE or E Q 3 / E Q 6  t o  a r e a l  p e r f o r m a n c e  a s s e s s m e n t  

p r o b l e m .  

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

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

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

R o b l e ,  H e r n i n g w a y  a n d  F i s h e r ,  ( 1 9 7 8 ) ;  a n d  b y  H e l g e s o n  a n d  o t h . e r s ,  

( 1 9 7 8 ) .  T h e s e  two  a r e  o f  i n t e r e s t  b e c a u s e  t h e y  i n c l u d e  d a t a  n o t  onlv 

a t  t h e  r e f e r e n c e  t e m p e r a t u r e  2 5  C y  b u t  a l s o  a t  t e m p e r a t u r e s  a t  L e a s t  

a s  h i g h  a s  a f e w  h u n d r e d  d e g r e e s  C ,  a s  w i l l  b e  n ' e e d e d  €or g e o c h e m i c a l  

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

c o m p i l a t i o n  i s  t h e  " S e l e c t e d  V a l u e s  o f  C h e m i c a l  T h e r m o d y n a m i c  Pro- 

p e r t i e s l '  p u b l i s h e d  b y  t h e  U. S. N a t i o n a l  R u r e a u  o f  S t a n d a r d s  i n  t h e i r  

T e c h n i c a l  N o t e  2 7 0  s e r i e s .  T h i s  c o m p i l a t i o n  i s .  l i m i t e d ,  i n  t h a t :  

F i r s t ,  o n l y  d a t a  a t  2 5  C a r e  r e p o r t e d  s o  t h a t  t h e y  c a n  b e  u s e d  o n l v  

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

H o f f  e x p r e s s i o n  ( . 3 . 1 . . 5 )  i s  v a l i d ;  a n d ,  s e c o n d ,  t h e  s o u r c e s  o f  t h e  d a t a  

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

/ 

C 

R q c e n t l y  a n u m b e ' r  o f  c o m p i l a t i o n s  o f  d a t a  o f  t h e  s o r t  u s e f u l  € o r  

m o d ._- e . 1 .~ i.-n_g- n.uc-1.e.a r.. IJ a:s t-e--c h-e-m-i c-a  1 ~ ~ t-r-a-n-s-p o-r-t- p r-o-b-1-em s- - h-a v e- -b-e-Fn- - 

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

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

- ~ -  __- 



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

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

c a r e .  R e p o r t s  b y  Ames a n d  R a i ,  1 9 7 8 ;  R e n s o n  a n d  T e a g u e ,  1 9 8 0 ;  R a i  a n d  

I S e r n e ,  1 9 7 8  a r e  i n  t h i s  c a t e g o r y .  
<_ 1 

I 
3 . 2  A C T I V I T Y  C O E F F I C I E N T S  

I 

K n o w l e d g e  o f  t h e  a c t i v i t y  c o e f f i c i e n t s  ( Y ; )  o f  e a c h  s o l u t i o n  

s p e c i e s  a n d  o f  t h e  s o l v e n t  i s  r e q u i r e d  b y  e q u a t i o n s  ( 2 . 1 . 3 )  t o  c o u d e  

t h e  s e t  o f  m a s s  b a l a n c e  e q u a t i o n s  ( 2 . 1 . 1 1 ,  w r i t t e n  i n  t e r m s  o f  s p e c i e s  

m o l a l i t i e s ,  w i t h  t h e  s e t  o f  m a s s  a c t i o n  e q u a t i o n s  ( 2 . 1 . 2 1 ,  w r i t t e n  i n  

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

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

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

e x p r e s s i o n s  i n  E Q 3 / E Q 6 ,  w h i l e  P H ! l E E O E  u s e r s  h a v e  s e v e r a l  ? p t i o n s  f o r  

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

I-n-E Q-3-/-E-Q 6T-t-h-e-s-u-p~p o-r-t-i-n-g--e-l-e-: -t-r~o-l-y-t-e,-e,i-s-t-~-lc-e-n-t-o--h e-N-a-E-17-s-o 

t h a t  Ue = 2 a n d  me = I, i s  t h e  s t o i c h i o m e t r i c  i o n i c  

s t r e n g t h  o f  a n  N a C l  s o l u t i o n .  

- 

CpOOQ34 

3 . 2 . 1  A c t i v i t y  O f  L i q u i d  W a t e r  

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

a n d  t h e  t o t a l  c o n c e n t r a t i o n  o f  s o l u t e s .  T h e  E Q 3 / E Q 6  e x p r e s s i o n  f o r  

w a t e r  a c t i v i t y  i s  b a s e d  o n  t h a t  ~ i v e n  b y  H e l g e s o n ,  a n d  o t h e r s ,  

( 3 . 2 . 1 )  

i n  w h i c h :  0 . 0 1 3  M o l e c u l a r  W e i g h t  H 2 0 / 1 0  3 .  , 

v = n u m b e r  o f  m o l e s  o f  i o n s  i n  f o r m u l a  f o r  
= 2 .  V C a C 1 2  = 3 ) ;  e - e l e c t r o l y t e  e ,  ( e . % . ,  v NaC1 ' - 

m = m o l a l i t y  o f  e l e c t r o l y t e  - e ;  a n d  
e - 

+e=  m o l a l  o s m o t i c  c o e f f i c i e n t  f o r  e l e c t r o l y t e  - e .  
- 
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T h e  expression f o r  t h e  o s m o t i c  c o e f f i c i e n t ,  $&, i n c l u d e s  

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

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

b y  R o b i n s o n  a n d  S t o k e s  ( 1 9 7 0 ,  A p p e n d i c e s  8 . 3  a n d  8 . 8 ) .  V a l u e s  o f  

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

s u p p o r t i n g  E Q 3 / E Q 6 .  

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

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

a n d  C h r i s t  ( 1 9 6 5 ,  p .  5 4 ) .  G a r r e l s  a n d  C h r i s t  p o i n t  o u t  t h a t  t h e  

c h a n g e  o f  w a t e r  a c t i v i t y  w i t h  t e m p e r a t u r e  i n  t h e  r a n g e  o f  0 '  t o  1 0 0 ° C  

L S  n o t  a p p r e c i a b l e  u p  t o  m o d e r a t e  d i s s o l v e d  e l e c t r o l y t e  c o n c ' e n -  

t r a t i o n s .  T h u s  t h e y  w r i t e :  

a = 1 - 0 . 0 1 8  V m e e  Z 0  _ -  
( 3 . 2 . 2 )  

E q u a t i o n  ( 3 . 2 . 1 )  a n d  ( 3 . 2 . 2 )  b e c o m e  e q u i v a l e n t  i n  t h e  l i m i t  o f  d i l u t e  

s o l u t i o n s .  

When t h e  m e a s u r e d  a c t i v i t y  o f  w a t e r  i s  p l o t t e d  a g a i n s t  V~ me 

for v a r i o u s  e l e c t r o l y t e s ,  t h e  a c t i v i t y  c u r v e s  c o n y e r g e '  o n  a. s t r a i g h t  

l i n e  w i t h  a s l o p e  o f  0 . 0 1 7  i n  t h e  r a n g e  o f  vein, v a l u e s  o f  4 t o  3 

a n d  b e l o w ,  ( c f .  G a r r e l s  a n d  C h r i s t ,  1 9 6 5 ,  f i g .  2 . 1 6 ) .  

T h e  e m p i r i c a l  e x p r e s s i o n  u s e d  i n  PHREEQE f r o m  C a r r e l s  a n d  C h r i s t  

1 s :  

a = 1 - 0 . 0 i 7  E m .  
1 H 2 °  - 

( 3 . 2 . 3 )  

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

c a t i o n s ,  a n d  n e u t r a l  s p e c i e s .  

T a b l e  3-1 c o m p a r e s  m e a s u r e d  a H 2 0  v a l u e s  a t  2 5  C w i t h  t h o s e  

c a l c u l a t e d  u s i n g  e q u a t i o n s  3 . 2 . 1  a n d  3 . 2 . 3 .  T h e  m e a s u r e d  a n d  c a l c u -  

l a t e d  v a l u e s  a g r e e  w i t h i n  0 .1% u p  t o  c o n c e n t r a t i o n s  o f  2 m o l a l  WaCl 

( 1 ,  = 2 ) .  T h o s e  c a l c u l a t e d  u s i n g  t h e  E Q 3 / E Q 6  e x p r e s s i o n  a l s o  a q c e e  

w i t h i n  0 . 1 %  t h r o u g h  4 . 0  m o l a l  a't  a l l  t h r e e  t e m p e r a t u r e s ,  w h i l e  t h e  

PHREEQE i x p r e s s i o n  ( 3 . 2 . 3 )  p r e d i c t s  a n  a H 2 0  n e a r l y  3 %  h i g h e r  t h a n  

t h a t  m e a s u r e d  a t  6 . 0  m o l a l  a t  2 5  C. N e i t h e r  PHREEQE n o r  E Q 3 / E Q 6  i s  

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

0 '- 

T h u s ,  a t  l e a s t  a t  t e m p e r a t u r e s  b e l o w  10.0 C ,  t h e r e  i s  l i t t l e  t o  
r e c o m m e n d  t h e  u s e  o f  t h e  more  c o m p l i c a t e d  E Q 3 / E Q 6  e x p r e s s i o n  o v e r  t h e  
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3 2  

s i m p l e r  e q u a t i o n  u s e d  i n  PHREEQE. 

3 . 2 . 2  N e u t r a l  S o l u t e  S p e c i e s  

E x p r e s s i o n s  f o r  t h e  a c t i v i t y  c o e f f i c i e n t s  o f  n e l ~ t r a l  ( u n c h a r g e d )  

s p e c i e s  r e s t  m a i n l y  o n  m e a s u r e d  a c t i v i t y  c o e f f i c i e n t s  o f  C O 2  d i s -  

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

Y C 0 2 ,  E Q 3 I E Q h  u s e s  t h e  e x p r e s s i o n :  

4 
( 3 . 2 . 4 )  13-g Y c o 2  

w h e r e  I i s  t h e  i o n i c  s t r e n g t h  a n d  c 1  t h r o u g h  , c4  a r e  t e m p e r a t u r e  

d e p e n d e n t  c o n s t a n t s  d e r i v e d  f r o m  E i t t i n g  e q u a t i o n  3 . 2 . 4  t o  e x p e r i m e n -  

t a l - d a . t a  ( C f .  H e l g e s o n ,  1 9 6 9 ) .  T h e s e  c o n s t a n t s  a r e  i n c l u d e d  i n  t h e  

d a t a  s e t  s u p p o r t i n g  E Q 3 f E Q f i .  

F e w  o t h e r  d a t a  e x i s t  f r o m  w h i c h  a , c t i v i t y  c o e f f i c i e n t s  a s  p t e c i s e  

a s  t h o s e  *known f o r  C 0 2  c a n  b e  f o u n d .  T h e  a v a i l a b l e  d a t a  d o  s u g g e s t  

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

s a l t  s o l u t i o n  a r e  s i m i l a r  ( H e l g e s o n ,  1 9 6 9 1 ,  a n d  s o  a c t i v i t y  c o e f f i -  

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

o f  C 0 2  i n  t h e  s a m e  s o l u t i o n .  T h i s  o p , t i o n  i s  a v a i l a b l e  i n  E Q 3 / E 0 6 .  

A m u c h  s i m p l e r  e m p i r i c a l  e q u a t i o n  t h a n  3 . 2 . 4  was s u g g e s t e d  b y  

G a r r e l s  a n d  C h r i s t  ( 1 9 6 5 ,  p .  6 9 )  a n d  H e l g e s o n  ( 1 9 6 9 ) :  

log y = ‘0 I ( 3 . 2 . 5 )  

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

a b l e  i n  E C ) 3 / E Q 6  w i t h  c o  t a k e n  a s  e q u a l  t o  t h e  D e b y e - l l u c k e l  R D O T  

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

’ 
T h e  a c t i v i t y  c o e - f f i c i e n t s  o f  a l l  n e u t r a l  s p e c i e s  e x c e p t  t h e  d i s -  

s o l v e d  g a s e s  i n  E Q 3 f E Q 6  a r e  t a k e n  a s  1 b y  s e t t i n q  Cg i n  e q u a t i o n  

3 . 2 . 5  t o  z e r o ,  i n  a c c o r d a n c e  w i t h  t h e ’ s u g q e s t i o n  of H e l g e s ‘ o n  a n d  

o t h e r s  ( 1 9 7 0 ,  p . 5 7 4 )  f o r  m o d e r a t e l y  p o l a r ,  n e u t r a l  s p e c i e s .  

- 

PHREEQE u s e s  a s i n g l 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  for a l l  

n e u t r a l  s p e c i e s ,  w h i c h  i s  s i m p l y  3 . 2 . 5  w i t h  Cg = 0 . 1 .  T h i s  e x ~ r e s -  

s i 0 n i s a 1 s o  u s e d  i.n-t.h e-p-r-e d-e-c-e s-s-o-r-p-r-o-g-r-am-s-t-0- -P H-R.EF,-Q-E,--WATEO 

( T r u e s d e l l  a n d  J o n e s ,  1 9 7 4 1 ,  a n d  WATEQF ( P l u m m e r ,  . J o n e s  a n d  T r u e s d e l l ,  

1 9 7 6 1 ,  b u t  no  s o u r c e  f o r  i t  i s  r e f e r r e d  t o  in t h e  d e s c r i p t i o n s  o f  a n y  

o f  t h e  t h r e e  c o d e s .  

. ; ( P ~ O ~  4 0 



3 3  

T a b l e  3 - 2  c o m p a r e s  t h e  v a l u e s  o f  a c t i v i t y  C 0 e f f ; c i e n t . s  c a l c u l a t e d  
u s i n g  t h e s e  e x p r e s s i o n s .  V a l u e s  f r o m  ' t h e  s i m p l e  P H R E E O E  e x p r e s s i o n  
a r e  w i t h i n  a f e w  p e r c e n t  o f  t h e  m e a s u r e d  v a l u e s  f o r  YCO2 a s  s m o o t h e d  
b y  e q u a t i o n  3 . 2 . 4  t o  a n  i o n i c  s t r e n g t h  o f  a b o u t  5 m o l a r .  V a l u e s  f r o m  
e q u a t i o n  3 . 2 . 5  w i t h  C o  = BDOT s h o w  p o o r e r  a g r e e m e n t ,  h o w e v e r .  A t  

t e m p e r a t u r e s  o f  6 0  a n d  1 0 0  C y  a g r e e m e n t  b e t w e e n  v a l u e s  f r o m  e q u a t i o n s  
3 . 2 . 5  a n d  3 . 2 . 6  w i t h . C o  = BDOT i s  s t i l l  p o o r ,  a n d  i t  a p p e a r s  t h a t  
3 . 2 . 5  w i t h  C. = 0 . 1 ,  i n  s p i t e  o f  i t s  i n d e p e n d e n c e  o f  t e m p e r a t u r e ,  i s  
s t i l l  a d e q u a t e  t h o u g h  t o  l o w e r  i o n i c  s t r e n g t h s .  

1 

-------O 

3 . 2 . 3  C h a r g e d  S o l u t e  S p e c i e s  

A c t i v i t y  c o e f f i c i e n t s  o f  i o n i c  ( c h a r g e d )  s o l u t e s  a r e  c a l c u l a t e d  
u s i n g  t h e  e x t e n d e d  D e b y . e - H u c k e l  e x p r e s s i o n ,  or s o m e  v a r i a n t  o f  i t .  
T h i s  e x p r e s s i o n  a s  i t  a p p e a r s  i n  b o t h  E @ 3 / E q 6  a n d  P Y R E F O E  i s  w r i t t e n :  

( 3 . 2 . 6 1  

w h e r e :  A ,  R = D e b y e - H u c k e l  c o n s t a n t s ,  f u n c t i o n s  o f  t e m D e r a t u r e  
a n d  d i e l e c t r i c  c o n s t a n t  of t h e  s o l v e n t  (Robinson 
a n d  S t o k e s ,  1 9 7 0 ,  p .  2 3 0 ;  T r u e s d e l l  a n d  J o n e s ,  
1 9 7 4 ,  p .  2 4 1 )  

z .  = c h a r g e  o n  i o n  - 1 - 

I = I o n i c  s t r e n g t h  o f  s o l u t i o n  
2 

= 1 1 2  z m .  z 
1 1  - -  

V a l u e s  o f  A a n d  B a t  v a r i o u s  t e m p e r a t u r e s  a r e  g i v e n  i n  t h e  d a t a  
s u p p o r t i n g  E Q 3 I E Q h .  I n  PHREEOE, t h e  f u l l  e q u a t i o n s  for A a n d  R 

( T r u e s d e l l  a n d  J o n e s ,  1 9 7 4 )  a p p e a r  a n d  A a n d  R a r e  c a l c u l a t e d  f r o m  
t h e m .  

T h e  e x t e n d e d  D e b y e - H u c k e l  a s  o r i g i n a l l y  p r o p o s e d  i n c l u d e d  o n l y  
t h e  f i r s t  t e r m  o n  t h e  r i g h t  i n  e q u a t i o n  3 . 2 . 6 ,  w i t h  a i  e q u a l  t o  
a i ,  a n  i o n  s i z e  p a r a m e t e r .  v a l u e s  of a: c a l c u l a t e d  
b y  K i e l l a n d ,  ( 1 9 3 7 )  a r e  a c c e p t e d  i n  t h e  d a t a  s e t s  of b 0 t . h  E 0 3 / E 0 6  a n d  
P H R E E Q E .  

0 

W h i l e  t h e  e x t e n d e d  D e b y e - H u c k e l  e q u a t i o n  a d e q u a t e l y  a c c o u n t s  for 
. .  . .  

- - d . e c  r e ~ a s _ i . n g a c t ~ v _ r t . y _ _ c _ o _ e f f ~ c l e n t s  w i t h  i n c r c a s j - n q -  i_oni.c s t r e n g t h s  a t  
l o w  i o n i c  s t r e n g t h s  ( < 0 . 1 ) ,  i t  d o e s  n o t  r e p r o d u c e  t h e  i n c r e a s e  of 
a c t i v i t y  c o e f f i c i e n t s  a t  h i g h e r  i o n i c  s t r e n g t h s .  T h i s  r e v e r s a l  h a s  
l e d  t o  t h e  i n c l u s i o n  of t h e  s e c o n d  t e r m  o n  t h e  r i - q h t  e q u a t i o n  3 . 2 . 6 .  
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I n  E Q 3 / E Q 6 ,  h ,  i s  t h e  s a m e  for a l l  i o n s ,  a n d  1 s  e q u a l  t o  t h e  

d e v i a t i o n  f u n c t i o n  B (RDOT)  d e s c r i b e d  b y  H e l g e s o n ,  ( 1 9 7 0 ,  n . 7 4 8 1 ,  

f o l l o w i n g  L e v i s  a n d  R a n d a l l ,  ( 1 9 6 1 ) .  RDOT i s  t a k e n  a s  i n d e p e n d e n t  o €  

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

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

for E Q 3 / E Q 6 .  

S e v e r a l  e x p r e s s i o n s  f o r  c a l c u l a t i n g  i o n i c  a c t i v i t y  c o e f f i c i e n t s  -I-----.- a r e i n c 1 u d e d 1 n P-H-R'EX-Q-Q'ETTh e 0 n e  u s e d-f-o-r-a-n-y-g-i-v-e-n-i-o.n-i-s-s-e-l-e.~-t-e-d 

b y  ' t h e  u s e r .  T h e  P H R E E Q E  e x p r e s s i o n s  i n c l u d e :  

i )  T h e  e x t e n d e d  D e b y e - H u c k e l  e x p r e s s i o n ;  

i i )  T h e  D a v i e s  e q u a t i o n ,  w h i c h  a p p e a r s  i n  PHREEQE a s :  

= - A 2 2  ( fi - d I )  ( 3 . 2 . 7 )  
'i 1 1 +$- 

L 0-g 

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

. -- -_ .. 

I 

t o  b y  R o b i n s o n  a n d  S t o k e s  ( 1 9 7 0 ,  p . 2 3 2 )  w h e r e  d = 0 . 1 .  

S t u m m  a n d  M o r g a n  ( 1 9 8 1 ,  t a b  3 . 3 )  g i v e ' d  = 0 . 3 ,  a n d  t h e  

l a t t e r  v a l u e  i s  u s e d  i n  PHREEOE. f 
i i i )  An e x p r e s s i o n  c a l l e d  t h e  VATEQ D e b y e - H , u c k e l  e q u a t i o n  c a n  

a l s o  b e  u s e d .  T h i s  e q u a t i o n  i s  i d e n t i c a l  w i t h  3 . 2 . 6 ,  b u t  

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

e q u a t i o n  i s  u s e d  i n  E Q 3 / E 0 6 .  T h e s e  c o e f f i c i e n t s  i n  t h e  

VATEQ D e b y e - H u c k e l  r e s u l t  f r o m  f i t t i n g  t h e  e q u a t i o n  t o  

i 

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

T r u e s d e l l  a n d  J o n e s  ( 1 9 7 4 ) .  T h e s e  c o e f f i c i e n t s  a r e  g i v e n  i n  

t h e  PHREEQE d a t a  s e t  o n l y  for t h e  i o n s :  

- + 2  ' + + - - 2  - 2  
Ca , ~ g + ~ ,  Na , K , H C O ~ ,  c o 3  , s o 4  , a n d  C I  

i 
T h e  S C E P T E R  v e r s i o n  o f  PHREEQE c o n t a i n s  a l l  t h e  a c t i v i t y  c o e f f i - '  

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

a l s o  u s e  t h e  E Q 3 / E Q 6  form of t h e  D e b y e - H u c k e l  e x p r e s s i o n  w L t h  b i  = 

BDOT. 

A c t i v i t y  coefficient v a l u e s  c a l c u l a t e d  u s i n g  t h e s e  v a r i o u s  e x -  

----_____ ~-r-e-s-s-i-~-n-s--~- r-e-s-h-o.w n. -i-'"Lr- . i-g-u-r-e-s-3---t-a-n-d-3-2-.---~ ' o tn p-a-r-i s 0.n.s-f-o r--a--u.n.i-v-a - 
l e n t  c a t i o n  ( N a ' )  a n d  a n i o n  ( C 1 - 1  a n d  a d i v a l e n t  c a t i o n  

( C a + 2 )  a n d  a n i o n  ( S O i 2 )  a r e  g i v e n .  a t  2 5  a n d  6 0  C .  
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~ x p e r i m e n t a l  a c t i v i t y  c o e f f i c i e n t s  d e r i v e d  f r o m  q e a n  s a l t  d a t a  

( T r u e s d e l l  a n d  J o n e s ,  1 9 7 4 ,  T a b .  3 )  a r e  a l s o  g i v e n .  For p e r s o e c t i v e  1. 
w h e n  u s i n g  t h e s e  p l o t s  i t  i s  u s e f u l  t o  k e e p  i n  m i n d  t h a t  t h e  i o n i c  

s t r e n g t h  o f  s e a  w a t e r  i s  a b o u t  0 . 7  m o l a l ,  w h i l e  t h a t  o f  a s a t u r a t e d  

h a l i t e  ( N a C 1 )  s o l u t i o n  i s  a b o u t  6 . 2  mol a t  2 5  C a n d  6 . 3  m o l  a t  6 0  C 

( G e v a n t r n a n ,  1 9 8 1 ) .  
I 

F i g u r e s  3-1 a n d  3 - 2  s h o w  t h a t  t h e  experimenta1m.e.a-n=s-a-1-t-d-a-t-a a r e  

b.e.s.t-r-e-p-r-o.d-uc-e-d-b~~h e WATEQ deb ye.-Huc k e  1 e x p r e s s  i o n  . Th i s  i s  n o t  

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

b y  f l t t i n g  e q u a t i o n  3 . 2 . 6  t o  t h e s e  s a m e  m e a n - s a l t  d a t a  ( T r u e s d e l l  a n d  

J o n e s ,  1 9 7 4 ) .  I n  s p i t e  o f  i t s  a b i l i t v  t o  r e p r o d u c e  e x p e r i m e n t a l  
\ \ 

a c t i v i t y  c o e f f i c i e n t  d a t a ,  t h e  WATEQ D e b y e - Y u c k e l  a p p r o a c h  w i l l  h a v e  

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

t h e ' g e n e r a l  l a c k  o f .  a c t i v i t y  c o e f f i c i e n t  d a t a  f o r  t h e  u n u s u a l  e l e m e n t s  

w h i c h  m u s t  b e  c o n s i d e r e d  i n  t ' h e s e  a p p l i c a t i o n s .  T h e  VATEQ D e b y e -  

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

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

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

b e  c o n s i d e r e d  f o r  w h i c h  WATEQ D e b y e - U u c k e l  c o e f € i c i e n t  v a l u e s  a r e  

a v a i l a b l e .  

A t  i o n i c  s t r e n g t h s  b e l o w  0 . 1  i n o l a r  t h e  r e s u l t s  o f  t h e  v a r i o u s  

e x p r e s s i o n s  g r o u p  n i c e l y  e x c e p t  f o r  t h e  D a v i e s . e x p r e s s i o n  w i t h - d = 0 . 1  

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

C a + 2  ( f i g u r e  3 - 2 ) .  A t  h i g h e r  i o n i c  s t r e n g t h s  t h e  c o n v e n t i o n a l  

D e b y e - H u c k e l  e x p r e s s i o n  d o e s  n o t  r e p r o d u c e  t h e  i n f l e c t i o n  a t  i o n i c  

s t r e n g t h s  o f  a b o u t  1 m o l a r  b e c a u s e  i t  c o n t a i n s  n o  t e r m  d i r e c t l y  d e p e n -  

d e n t  o n  i o n i c  s t r e n g t h .  T h e  D a v i e s  e q u a t i o n  a n d  t h e  D e b y e - H u c k e l  w i t h  . 

b i  e q u a l  t o  RDOT f o l l o w  t h i s  i n f l e c t i o n  w i t h  v a r y i n e  d e g r e e s  o f  s u c -  

c e s s .  T h e  D a v i e s  e q u a t i o n s  w i t h  d = O . 3  p r e d i c t s  a c t i v i t y  c o e f f i c i e n t s  

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

ionic s t r e n g t h s  of 9 . 5  a n d  a b o v e . ,  

A s  a l l  t h e  f i g u r e s  s h o w ,  t h e r e  i s  l i k e l y  t o  b e  c o n s i d e r a b l e  

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

t h e e x p r e s s i o n s a v a i 1 a b 1 e i-n-P-H-R-E-E-Q E-o-K-ET-~-/~E-~-~ f o r w a t e r s KJ i t h 1 o n 1 c 
_- 
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s t r e n g t h s  i n  e x c e s s  o f  a b o u t  1 m o l a r .  For t h i s  r e a s o n  n e i t h e r  c o d e  i s  

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

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

u s e d  w i t h  t h e  V A T E Q  D e b y e - Y u c k e l  e x p r e s s i o n  s h o u l d  h e  a d e < q u a t e .  
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4 C O D E  COMPARISON A N D  V E R I F I C A T I O N  P R O R L E M S  

F i v e  t e s t  p r o b l e m s  w e r e  r u n  u s i n g  b o t h  t h e  PHREEQE a n d  E Q 3 / E 0 6  

c o d e s .  T h e  p r o b l e m s  were  d e s i g n e d  t o :  

0 P r o v i d e  c o d e  v e r i f i c a t i o n  b v  m e a n s  o f  c o d e - t o - c o d e  a n d  c o d e  

- t o - h a n d  c a l c u l a t i o n  c o m p a r i s o n ;  a n d  

0 T o  i l l u s t r a t e  a n d  t e s t  t h e  v a r i o u s  operat_i_ng_o-p.t_i-o.n-s 

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

V e r i f i c a t i o n  b y  c o d e - t o - c o d e  c o m p a r i s o n  i s  d e m o n s t r a t e d  b y  t h e  

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

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

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

t h a t  t h e  t h e r m o d y n a m i c  d a t a  b a s e  u s e d  a l s o  b e  t h e  s a m e .  Two. t h e r m o - '  

d y n a m i c  d a t a  s e t s  w e r e  a v a i l a b l e .  O n e  was t h e  p r e l i m i n a r y  PHREEOE 

d a t a  s e t  i n c l u d e d  i n  t h e  ' p u b l i s h e d  c o d e  d e s c r i p t i o n  ( P a r k h u r s t ,  

T h o r s t e n s o n  a n d  P l u m m e r ,  1 9 8 0 )  . a n d  r e f e r r e d  t o  h e r e  a s  t h e  PREPYR 

s e t .  T h e  s e c o n d  w a s  t h e  d a t a  f i l e  s e t  D E Q P A K ?  w h i c h  a c c o m p a n i e d  v e r -  

s i o n  3 0 1 5 5  o f  E Q 3  a n d  E Q 6 .  T h e  PR'EPHR d a t a  s e t  i s  s t r u c t u r e d  s o  a s  

t o  b e  r e a d  d i r e c t l y  b y  PHREEQE. T h e  D E O P A K 7  d a t a  t h o u g h ,  r e a u i r e s  

m a n i p u l a t i o n  b y  a c o d e  E Q T L ,  w h i c h  i s  s u p p l i e d  a s  p a r t  o f  t h e  E 0 3 / E c ) 6  

s o f t w a r e  p a c k a g e ,  b e f o r e  i t  c a n  b e  u s e d  b y  t h o s e  c o d e s .  

To t e s t  e a c h  c o d e  w i t h  b o t h  d a t a  . b a s e s  r e q u i r e d  t h e  m o d i f i c a t i o n  

a n d  d e v e l o p m e n t  o f  d a t a  h a n d l i n g  c o d e s .  .4n e x t e n s i v e l v  m o d i € i e d  v e r -  

s i o n  o f  EQTL i s  u s e d  t o  w r i t e  DEQPAK7 d a t a  i n  a f o r m  r e a d a b l e  b v  

P H R Z E E Q E .  T h i s  m o d i E i e d  E Q T L  w h i c h  i s  c a l l e d  PHTL i s  d e s c r i b e d  w i t h  

t h e  SCEPTER PHREEQE d o c u m e n t a t i o n  ( I N T E R A ,  l f ) 8 2 a ) .  C e r t a i n  m i n o r  

modifications t o  P H R E E Q E  w e r e  a l s o  r e q u i r e d  s o  t h a t  i t  c o u l d  u s e  PHTJ, 

o u t p u t .  T h e s e  m o d i f i c a t i o n s  a r e  a l s o  d e s c r i b e d  b y  I N T E R A ,  1 9 9 2 a .  

I t  w a s  a l s o  i m p o r t a n t  t h a t  t h e  PREPHR d a t a  b e  a v a i l a b l e  €or I J S ~  

b y  E Q 3 / E q 6  a n d  s o  c o d e  PQTL w a s  a s s e m b l e d  t o  m a k e  t h i s  p o s s i b l e .  

T h i s  c o d e  L S  d e s c r i b e d  a s  p a r t  o f  t h e  F q 3 / E r ? 6  d o c u m e n t a t i o n  ( T N T E R A ,  

1 9 9 2 b ) .  

__- 
T h e  f a c t  t h a t  m o s t  o f  t h e  p r o b l e m s  were  r u n  u s i n g  t w o  d a t a  ~ . e t ~  

I__- a 1-s-o-rn a k-e-s-E h~em-o-f-~i-n-t-e-r-e-s-t-a~-i-I--l u s t r a t i n g t h e d i s p a r i t i e s i n 
r e s u l t s  w h i c h  m a y  c o m e  a b o u t  f r o m  d i f f e r e n c e s  i n  t h e  t h e r m o d y n a m i c  

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



4 . 1  T E S T  P R O B L E M  1 :  S P E C I A T E  M A J O R  t O N S  O F  SEA V A T E R  

. 

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

G a r r e l s  a n d  T h o a p s o n  ( 1 9 5 2 )  w h o  u s e d  i t  t o  d e s c r i b e  t h e  m a j o r  i o n  

c h e m i s t r y  o f  s e a  w a t e r .  S u m m a r i z i n g  t h e i r  w o r k  h e r e  s e r v e s  t o :  

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

d.e.s.c-r-i-b.e.d-i.n-S.~.c. t -1-0.n-2 ...- L - ; a n  d 

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

b o t h  P H R E E O E  a n d  EQ3/EQ6 b y  c o m p a r i n g  t h e i r  o u t p u t  v L t h . . t . h e  

r e s u 1 t s h a n d - c a 1 c u 1 a t e d h e r e'. 

4 . 1'. 1 I n p u t  

T h e  m a j o r  i o n  c o m p o s i t i o n  o f  s e a  w a t e r  is d o m i n a t e d  b y  s e v e n  

e l e m e n t s .  T h e i r  c o n c e n t r a t i o n s ,  i n  m o l a l i t y  ( m o l e s  p e r  kg H20) a s  

g i v e n  b y  N o r d s t r o m  a n d  o t h e r s  ( 1 9 7 9 ,  t a b  1 1 1 )  a r e :  

S o d  i um ( N a + >  0 . 4 8 5 4  

P o t a s s i u m  ( K  ) 0 . 0 1 0 6  

C a l c i u m  ( C a  ) 0 . 0 1 0 7  

M a g n e s i u m  (Mg ) 0 . 0 5 5 1  

+ 

+ 2  

+ 2  

f 

C h l o r i n e  ( C l - )  0 . 5 6 5 5  
I - 2  
S u l f u r  ( s o 4  1 0 . 0 ' 2 9 3  

(HCO;) 0 . 0 0 1 5 6  
C a r b o n  - 2  

( C O 3  ) O . r ) 0 0 2 2  

S u l f u r  a n d  c a r b o n  c a n  o c c u r  i n  s e v ' e r a l  o x i d a t i o n  s t a t e s  i n  t h e  r a n g e  

o f  c o n d i t i o n s  w h i c h  o c c u r  n a t u r a l l y  a t  o r  n e a r  t h e  e a r t h ' s  s u r f a c e .  

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

r 3 p r e s e n t e d  b y  s u l f a t e  ( S O 4  1,. a n d  c a r b o n  c o r n r ~ o n l y  p r e s e n t  

a s  b i c a r b o n a t e  (HCO;) a n d  c a r b o n a t e  ( C O 3 ) .  

f 
- 2  

- 2  

< .  C o n c e n t r a t i o n s  o f  t h e  l a t t e r  i o n s  a r e  r e p o r t e d  s e p a r a t e l y  s o  i n d i v i -  

d u a l  a n a l y z e d  v a l u e s  € o r  t h e m  a r e  g i v e n  i n .  t h e  t a b l e .  

! 
A t o t a l  o f  2 0  ion p a i r  c o m p l e x e s  a r e  t h e o r e t i c a l l y  p o s s i b l e  f r o m  

f 
5 t h e  h y d r o x i d e  a n i o n  ( O H - )  w h i s h  c o m m o n l y  f o r m s  i o n  p a i r s .  V o w - .  

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

-- ~ ~ ~~ -- ~ ~ ~ 
~ ~ ~ _ _  ~~ ~ _ _  - ~- ~ _ _  

e v e r ,  s o m e  o f  t h e s e  2 0  a r e  e i t h e r  u n k n o w n  or a r e  s o  v e a k l ~ a ~ S o ~ c l - a - t - ~ a - - - .  

t h a t  t h e y  c a n  b e  n e g l e c t e d .  C h l o r i d e  ( C l - 1  a n d  h y d r o x i d e  (OH-) a 
f 

. ,. 



complrlxcs were considered by Garrets and Thompson (1962) to be s o  weak 

a t  2 5  C that they were not included i n  their treatment o f  sea water. 

~ 0 . g  K values f o r  these ion pair reactions a r e  given i n  Table 4 - 1 .  

Values contained i n  the P R E P H R  and.D-EQPAK7 data sets are included. T h e  

P R E P H R  values were used.Ln the hand calculations. 

The meaning o f  these constants c a n  be illustrated using the 

C;ii-S-O‘z-ion pair. This pair associates according to the 

i f o r  which the mass action equation ( 2 . 1 . 2 )  can be written: 
/ 

a = K  * a  * a  
‘CaS04 CaS04 Ca 0 0 + 2  

From Table 4-1 l o g  K = 2 . 3 1  
..CaSO‘ 4 

( 4 . 1 . 1 1  

Given the analyzed species concentrations and the identities o f  

the solution complexes to be considered, the mass balance equations 

( 2 . 1 . 1 )  can now be written. There are nine such equations, one for 

each o f  the eight analyzed species and o n e  for OH-. F o r  

C a + 2 ,  f o r  example; one writes: 

( 6 . 1 . 2 )  + + i n  + m  + i n  + m  + 2  + 0 0 
m = r n  + 2  
T ,Ca Ca CaHC03 , CaC03 CaSC14 CaOH 

F o r  each i o n  pair concentration term i n  the mass balance equa- 

tions, o n e  mass action equation exists. Equation 4 . 1 . 1  corresponds to 

t.he “CaSOt: term i n  4 . 1 . 2 ,  f o r ’  example. To combine them 

requires va.111es f o r  the activity coefficients of the free and complexed 
ions (Equation 2 . 1 . 3 ) .  T h e  evaluation of activity coefficients was 

discussed at length i n  Section 3 . 2 ,  but f o r  the purposes o f  this test 

problem i t  is expedient to adopt the set of published values for sea 
water activity coefficients given i n  Table 4 - 2 .  The ionic strength,of 

-s.e a-w a-t-e-r-i-s-a-b-o-u-t-0~7.Th~luesi n t h i s t ab 1 e a r e w e  1 1 w i t h i n t h e 

range o f  values calculated by the several procedures available within 

PHREEOE and EQ3/6 and given i n  Figures 3-1 and 3 - 2  for water of a n  

equivalent ionic strength. 

06)0350 
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~ a b l r  & - I :  L o g  A s s o c i a t i o n  C o n s t a n t s  o f  I o n  P a i r s  a t  2 5  c i n  s i p n l e  
S e a  W a t e r  T e s t  P r o b l e m .  V a l u e s  Contained in t h e  P q E D p q  a n d  

D E q P A K 7  D a t a  R a s e s  a r e  G i v e n .  ? Q E p Y R  V a l u e s  w e r e  r l s e d  i n  

! l a n d  C a l c u l a t i o n s .  

. 

D A T A  
SET CATION 

P R E P H R  

D E Q P A K 7  

+ 
N a  

K +  
P R E P H R  

D E O P A K 7  

P R E P H R  + 2  
C a  

D E O P A K 7  

H C O i  

A N I O N  

O Y -  

- 0 . 2 5  

- - - - -  

----e 

1 . 0 2  

1 . 2 5  

1 . 0 7  

1 . 0 8  

1 . 2 7  

0 . 9 6  

3 . 1 5  

3 . 2 0  

2 . 9 8  

2 . 9 8  

0 . 7 0  

0 . 7 2  

0 . 8 5  

0 . 8 5  

2 .  3 1  

2 .  31 

2 . 2 5  

2 . 2 5  

- - - - -  

- 0 . 9 1  

2 

_ _ - - -  

- - e - -  

- 0 . 6 8  

1 . 4 0  

1 . 4 0  

2 . 2 0  

2 . 2 1  



4 4  

4.1.2 Results: 
i 

Hand CalculatLons: To make ..and-calculations of sea-water 

speciation tractable, Carrels and Thompson ( 1 9 6 2 )  assumed that 

because chloride i s  the dominant anion in sea water, yet is not oart 

’ j  o f  any complexes bein3 considered here, a reasonable first step in . 
i 

solving the mass bTlance and mass action equations woul-d-be t o  

+ m  + m  o 0 
3 CaC03 x g c o  

i neglect the effect of complexing o n  cation concentrations and assume 
I 
i that, €or example, m ~ a + 2  = T , c ~ + ~ .  T h e  free anion 

concentrations c,an now be found directly a s  follows, using 

c0j2 as an example. 
i 
I I 

CO;’ mass balance: 

m rn + m  
T%2 = co;’ NaC0; 

Substltutinq Y a n d  Y v a l u e s  from tables 4 - 1  and 4-2 and 

assuming rn + = m  + 
Na T , N a  

- -  rn - 1.8077 * m - 2  3 C D 3  
NaCO 

~ -~ 

NaCO; mass action: 



4 s  

T a b l e  4 - 2 :  A c t i v i t y  C o e f f i c i e n t s  o f  M a j . o r  F r e e  I o n s  a n d  I o n  P a i r s  

i n  S e a  W a t e r .  Data  f r o m  H o l l a n d  ( 1 9 7 8 ,  T a b l e  5 - 4 1 ,  

+ 
N a  

K +  

+ 2  
C a  

F r e e  
I o n s  

. 6 8  

. 6 2  

. 2 2  

. 2 5  

HCO; co;’ so42 C 1 -  

. 1 8  0 . 6 2  

. 6 8  1 . 1 3  

. 6 8  . 2 0  

1 . 1 3  . 6 8  

-- 
. 6 8  

. 6 8  

- -  

1 . 1 3  

1 . 1 3  

. 6 5  

1 . 1 3  

1 . 1 3  
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J 

I 1 
c 
f 
?- .I f r 

1 

j I 
i 
1 
i I 
1 

= 2 . 3 2 8 3  * rn m C K 2  
? 4 g C O 3  0 

3 

S u b s t i t u t i n g  i n  
C 0 3  -2 m a s s  b a l a n c e :  

m = m  ( 1  + 1 . 8 0 7 7  + 0 . 5 8 8 5  + 2 . 3 2 8 3 )  
T ,  CO;' 

= 0 . 0 0 0 2 2 / 5 . 7 2 4 5  = 3...8-4E-O5 m 

= 1 7 %  of rn \ 

T , C 0 j 2  

S u b s t i t u t i n ,g in m a s s  a c t  i o n  eqcla t i o n s :  

= 3 . 8 4 E - 0 5  * 1 . 8 0 7 7  = 5 . 9 4 E - 0 5  ( 3 2 % )  m NaC3; 

= 3 . 5 4 E - 0 5  * 0 . 5 8 8 5  = 2 . 2 6 E - 0 5  ( 1 0 % )  m C a C O O  

3 L 

= 3 . 8 4 E - 0 5  * 2 . 3 2 8 3  = 8 . 9 5 E - 0 5  ( 4 1 % )  m MgCO; 

T h e  p e r c e n t a g e s  a r e  t h o s e  o €  t h e  i o n  p a i r s  w i t h  r e s p e c t  t o  

, t h e  t o t a l  C 0 3  -2 c o n c e n t r a t i o n .  I 
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- - 2  
Similar c a l c u l a t ~ o n s  for H C 0 3  a n d  S O 4  itad to: 

= 1 . 4 3 E - 0 3  ( 7 7 % )  + 1 . 5 3 E - 0 2  ( 5 2 7 1  

= 1 . 6 0 E - 0 4  ( 9 x 1  = 6 . 6 9 E - 0 3  ( 2 3 % )  

m = 1.17E-03 (4%.) 2.32B-04 ( 1 2 % )  0 
CaS04 

m 0 = 5 . 9 6 s - 0 3  ( 2 0 % )  
MgS04 

Concentrations f o r  all complexes are now available and it. remains 
to calculate the' free cation concentrations from the cation m a s s  
balance equations. F o r  example: 

= 4.854E-01 - 1 . 6 0 E - 0 4  - 6 . 9 4 E - 0 5  - 6 . 6 9 E - 0 3  

1 = 0 . 5 7 8 5  ( =  9 9 %  m + 
T , N a  

Similarly: 

n = 0 . 0 1 0 4  ( 9 8 % )  

= 0 . 0 0 9 5  ( 8 8 % )  

=. 0 . 0 4 8 8  ( 8 9 % )  

K+ 

+2 m 
C a -  

T h e  assumption made i n  this set o f  calculations - that the 

K', but i s  l e s s  adequate f o r  CaC2 and Y q ' 2 .  

c-a-n-.b.s_-r_e.E_i_n_ed~y_ iterating throuah i t  once m o r e ,  this time using. the 
free cation concentrations just calculated in place o€-the-t-o-t-a-l 
cation concentrations used i n  the Eirst iteration. The results of 
such a second iteration are shown i n  Table 4 - 3 .  

T h e  calculation 

- 

I. (B80!T3ZS 

- 
6 1 9 0  



. 

w 

- 6 7 9 0  
4 8  

T a b l e  L - 3 :  P e r c e n t s  o f  T o t ' a 1  C o n c e n t r a t i o n s  f o r  F r e e  I o n s  a n d  

I m p o r t a n t  I o n  P a i r s  i n  S i m p l e  S e a  W a t e r ,  a s  C a l c u l a t e d  b y  

N a n d  a n d  b y  P H R E E O E  a n d  E03. 

- 2  - 
F r e e  H C O  3 co;' 504 
I o n  P a i r  P a i r  P a i r .  

0 . 0  1 . 4  
2 ) .  9 8 . 6  0 . 0  0 . 9  1 : 3 
3 )  9 6 . 0  0 . 0  1 . 2 ( + 2 . 7 %  v a C 1 )  - - -  

1 . 8  
1 . 6  
I . 7  

0.2 1 9 . 6  
0 . 2  1 0 . 8  

0 . 2  1 0 . 7  
0 . 2  1 0 . 9  

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

- - -  --- 
- - -  
--- \ -_-  

- - -  3 )  9 5 . 3  

3 )  88  .O 0 . 6  0 . 3  1 1  . 2  

+ 2  

I o n  ' P a i r  P a i r  P a i r  

1 . 6  
1 . 7  
3 . 2  

9 . 5  
1 0 . 4  
1 3 . 3  

9 . 6  3 . 5  
2 )  . 5 3 . 1  ' 2 1 . 8  0 . 6  4 . 0  

' 0 . 6  4 . 1  

F r e e  Na K +  C a  
+ 

---  
- -_  

-- - - -  
--- 
- - -  
- - -  

1 )  H a n d  c a l c u l a t e d ;  a s  a b o v e ,  w i t h  P R E P Y R  d a t a  
-7 

P H R  d a t a  b a s e .  

+ 2  
Ye,  
P a i r  

1 1 . 3  
1 1 . 5  
1 5 . 4  

3 8 . 6  
4 1 . 7  
5 3 . 4  

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

3 )  EQ3 r e s u l t s ,  w i t h  D E Q P A K 7  d a t a  b a s e .  
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T h e  f r e e  i o n  c o n c e n t r a t i o n s  d i f f e r  b y  o n l v  a p e r c e n t  o r  l e s s  f r C j m  

t h o s e  c a l c u l a t e d  b y  t h e  f i r s t  i t e r a t i o n .  T h i s  s i i g 2 c s t s  t h a t  l i t t l e  

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

c a t i o n  c o n c e n t r a t i o n s  f r o m  t h e  s e c o n d  i t e r a t i o n ,  S O  t h e  h a n d  c a l c u l a -  

t i o n s  s t o p p e d  h e r e .  

P H R E E Q E  a n d  EQ3 C a l c u l a t i o n s :  T h e  s o l u t i o n  c o m ~ o s i t i o n  d a t a  u s e d  
~, 

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

T h e  e q u i l i b r i u m  c o n s t a n t  v a l u e s  u s e d  w e r e  t h o s e  f o r  t ' h e  d a t a  s e t s . s u ~ -  

' p l i e d  w i t h  t h e  c o d e s .  T h a t  i s , . P R E P H R  d a t a  w e r e  u s e d  i n  t h e  P Y R E E 6 Y  

c a l c u l a t i o n s  a n d  D E Q P A K 7  f o r  t h e  E Q 3  c a l c u l a t L o n s  ( T a b l e  4 - 1 ) .  

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

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

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

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

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

T a b l e  4 - 3 .  

4 . 1 . 3  D i s c u s s  i o n  

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

I 
4 - 3 .  W h i l e  t h e  a g r e e m e n t  a m o n g  t h e m  i s  a e n e r a l l v  e o o d ,  t h e r e  a r e  s o m e  

p o i n t s  o f  d i f f e r e n c e  w h i c h  r e q u i r e  f u r t h e r  discussion. 
/ 

T h e  P H R E E Q E  a n d  h a n d  c a l c u l a t i o n s  w e r e  m a d e  u s i n g  t h e  s a m e  s e t  o f  

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

a g r e e  c l o s e l y ,  a s  t h e y  d o .  T h e  EQ3 r e s u l t s  us in^ t h e  D E n P A K 7  d a t a  s h o w  

s o m e  d i f f e r e n c e s  f r o m  t h e  o t h e r  . t w o  s e t s .  T h e  r e s u l t s  f o r  N a + ,  for 

e x a m p l e ,  a r e  d i f f e r e n t  b e c a u s e  o f  t h e  i n c l u s i o n  i n  t h e  D E 9 P A K 7  d a t a  s e t  

o f  a n  N a C l  i o n  p a i r  a n d  t h e  a b s e n c e  o f  a n  WailC0-j p a i r .  

S i m i l a r l y ,  t h e  P H K E E Q E  a n d  h a n d - c a l c u l a t e d  r e s u l t s  f o r  t h e  

H C O ;  i o n  a n d  i t s  p a i r s  a g r e e  w e l l  w h i l e  t h e  E Q 3  r e s u l t s  

s u g g e s t  l a r g e r  p e r c e n t a g e s  b o t h  o f  f r e e  Y C O 3  i s n s  a n d  o f  c a l -  

c i u m  a n d  m a g n e s i u m  p a i r s  b e c a u s e  o f  t h e  - a b s e n c e  i n  t h e  D E O P A K 7  d a t a  s e t  

o f L t h s - r a _ t _ h  e r s t r o n  g 

0 

- 

0 
Y a H C 0 3-p a i c . _ ~ _  

O n  a n  o v e r a l l  b a s i s  t h o u g h ,  t h e  r e s u l t s  c o m ~ a r e  c l o s e l y  e n o u g h  t o  

s h o w  t h a t  t h e  a l g o r i t h m s  a r e  c o d e d  c o r r e c t ' l y  b y  v i r t u e  oE. t h e i r  a b i l i t y  

t o  r e p r o d u c e  t h e  h a n d - c a l c u l a t e d  r e s u l t s .  
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4 - 2  T E S ' ~  P R O F J ] . E ~ ~  2 :  S P E C I A T E  F U L L  S E A - L ' A T E f l  A N A L Y S ' I S  

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

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

S u c h  a c o m p l e x ,  v ~ . l l - k n o w n  s o l u t i o n  1 s  i d e a l  f o r  d e m o n s t r a t i n R  a n d  

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

b e e n  u s e d  € o r  t h a t  p u r p o s e  b y  m a n y  a u t h o r s .  I n c l . u d i n q  a s e a - w a t e r  

p r o b l e m  h e r e  i s  u s e f u l  t o  c o m p a r e  t h e  a b i l i t y  oE t h e  t w o  c ' o d e s  t o  

h a n d l e  c o m p l e x  s o l u t i o n s ,  t o  c o m p a r ' e  t h e  o u t p u t  o €  e a c h  w i t h  t h e  p u b -  

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

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

c o d e s .  

- 

~ 

I 

I 
~ 4 . 2 . 1  I n p u t  

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

t h e r m o d y n a m i c  d a t a .  B o t h  t h e  P R . E P q R  a n d  D E Q P A K 7 ' d a t a  s e t s  d e s c r i b e d  

i n  C h a p t e r  3 w e r e  u s e d .  
I 

I , T h e  a n a l y t i c a l  d a t a  u s e d  a r e  p , i v e n  i n  T a b l e s  4 - 4  an ,d  4 - 5 .  T O  
-. 

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

a n d  o t h e x s  ( 1 9 7 9 1 ,  t h e  c o n c e n t r a t i o n s  g i v e n  i n  t h e i r  T a b l e  11.1 were  

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

s e n t e d  i n  t h e  DEQPAK7 d a t a  b a s s  w e r e  n o t  g i v e n  b y  N o r d s t r o m  a n d  

o t h e r s ,  m i n o r  e l e m e n t  c o n c e n t r a t i o n s  r e p o r t e d  b y  H o l l a n d  ( 1 9 7 8 ,  T a b l e  

5 - 2 1  a r e  a l s o  ~ i v e n  in T a b l e  4 - 5 ,  a n d  were  u s e d  w h e r e  n e e d e d  i n  t h e  

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

u 
i 

\ 

T a b l e s  4 - 4  a n d  4 - 5  a l s o  i n d i c a t e  t h e  d a t a  . s e t s  i n  w h i c h  t h e  c o n -  

s t i t u e n t  i s  i n c l u d e d .  I n  a d d i t i o n  t o  t h e  P R E P H R  d a t a  s u p p l i e d  w i t h  

P H R E E Q E  a n d  DEQPAK7 w i t h  EQ3/EQ6, a c o m p r e h e n s i v e  t h e r m o d v n a m i c  d a t a  

s e t  h a s  r e c e n t l y  b e e n  p u b l i s h e d  b y  R a l l ,  N o r d s t r o m  a n d  J e n n e  ( 1 9 8 9 )  

f o r  u s e  w i t h . W A T E Q 2  ( s e e  T a b l e  1 - 1 1 .  T h e  i n c l u s i o n  o f  a c o n s t i t u e n t  

i n  t h e  CIATEOZ d a t a  s e t  i s  a l s o  s h o w n  i n  T a b l e s  4 - 4  a n d  4 - 5 .  

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

0 f t h e s e o p-t-i 0 . n ~ ~ -  .a.r e -g.i-v.e~n -i-n---t-h-e de-s-c- r 1-p t--i-o-n-s-- -0 f --t-h-e---c-o d e-s--t-h  em^-- 

s e l v e s  a n d  w i l l  n o t  b e  r e p e a t e d  h e r e .  F o r  d o c u m e n t a t i o n  o €  t h e s e  

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

~ ~ __  

CpOOO~$ 
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Table 4-4: Major Dissolved Ion Content of Sea Vater and Values 
of Other Parameters. From Nordstrom and Others 
(1979. Table 111). 

Concentration Included In 
in DEOPAK7 (D), PREPYQ 

milligram/kg s o l o .  (P) and WATE02 (U) 
,CONSTITUENT (-iqzii) DZtTSPt s 

+ 
Sodium Na 

+2 

+2 
Magne s i um % 
Calcium Ca 

Pot ass ium K+ 
' +2 Sr S t r on t i urn 

SLlM CATIONS (meq/kg) 

Ch lo r ide c1- 
Sulfate so-; 
Alkalinity - I/ as HCO, 

-I - 
Bromide Sr 

F 1  uor ide F 

SUM ANIONS (meq/kg) 

- 

Si 1 ica S io2 
Boron R 
SUM DISSOLVED SOLIDS (ppm) 

OTHES PARAMETERS : 

PH 
pE (0.500 volts) . 

Density (gm/cc> 

Te'm pe c a t u r e ( C 

10768. 

1291.8 

412.3 

399.1 

8.14 

605.448 

19353. 

2712. 

141.682 

67.3 

1.39 

605.581 

4.28 

4.45 
3 3 5 .  x 10 

8.22 

8.45 

1.02336 

25. 

D,P,W 

D,P,V 

D , P , V  

P,V 

D , P , c !  

I /  Total carbonate as HCO = 123.377 pprn.. ( S e e  Table 4.2.3) 3 - 
\ 
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T a b l e  4 - 5 :  Minor C o n s t i t u e n t s  o f  Sea Water .  
( 1 9 7 9 ,  T a b l e  1 I I ) a n d  from Hol l and  ( 1 9 7 8 ,  T a b l e  5 - 2 ) .  - 

From Nords t rom and O t h e r s  
- - 

Conc.entrat  i o n  i n  

Micrograms/kg s o l n .  ( p p b )  I n c l u d e d  I n  
DEQPAK7 ( D ) .  PREPHR 
( P )  and WATEQ2 ( W )  

Ho-l-lXiid Data se t  ELEMENT EO RM No r d  s t-rom 

,. ^ ^ ^  AQ S i l v e r  

A r s e n i c  

bar ium 

Cadmium 

Cesium 

Copper  

I r o n  

Mercury 

I o d i n e  

L i t h i u m  

Ma ng a n e  s e 

N i t r o g e n  

Nitrate 

Ba 

Cd 

cs 
c u  

Fe 

Hg 
I 

L i  

Eln 

NO 3 
N i t r i t e  NO; 

Ammonium 

N i c k e l  

N H ~  

N i  
- 7  

2 0 .  

0.1 

0 . 4  

0.7 

2 .  

0.03 

6 2 .  

181. 

0.2 

2 0 .  

0.1 

0.4 

0 . 3  

2 .  

0.02 

6 0 .  

180. 

0 . 2  
r 

290. 

2 0 .  

30.  

1 . 7  0.6  

W 

I 
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input c o n c e n t r a t i o n s :  Y o l a l i t v  ( m ) ,  t h e  n r i m h e r  o f  m o l e s  o f  a 

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

E Q 3 / E Q 6  a n d  P ! i R E E Q E  i n  t h e i r  c a l c u l a t i o n s .  V a t e r  a n a l v t i c a l  d a t a  of 

. t h e  s o r t  l i k e l y  t o  b e  i - n p u t  t o  e i t h e r  p r o g r a m  o n l y  r a r e l y  a r e  ~ i v e n  

. a s  m o l a l i t i e s  a n d '  S O  f o r  c o n v e n i e n c e ,  b o t h  c o d e s  i n c l u d e  r o u t i n e s  f o r  

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

i t y .  

A n a l y z e d  s o l u t e  c o n c e n t r a t i o n s  a r e  u s i i a l l y  e x p r e s s e 4  a s  m a s s e s  

o f  s o l u t e  p e r  m a s s  o r  v o l u m e  o f  s o l u t i o n ,  i n ,  f o r  e x a m p l e :  

m i l l i g r a m s  s o l u t e  ; o r  
mg'' = l i t e r  s o l u t i o n  

m e .  - m i l l i g r a m  s o l u t e  
k g  k i l o g r a m  s o l u t i o n  ' 

ppm = - - 

I t  i s  a l s o  n o t  u n c o m m o n  t o  f i n d  s o l u t i o n  c o m p o s i t i o n  g i v e n  a s :  

H o l e s  s o l u t e  
1 i t  e r s M o l a r i t y  = s o  1 u t i b n -  

C o n v e r s i o n  o f  t! ie u n i t s  e n t e r e d  t o  m o l a l i t y  r e a u i r e s  v a l u e s  f o r  

t h e  s o l u t i o n  d e n s i t y  ( P )  a n d  f o r  i t s  t o t a l  d i s s o l v e d  s o l i d s  c o n t e n t  

(TDS). B o t h  c o d e s  r e q u i r e  t h e  e n t r y - o f  a d e n s i t y  v a l u e  ( o r  a s s i g n  i t  

a d e f a u l t  v a l u e  of 1 ) .  E O 3  a l s o  r e q u i r e s  t h a t  T D S ,  i n  m z / k  o r  p p m ,  

b e  e n t e r e d ,  w h i l e  P H R E E Q E  c a l c u l a t e s  T D S  f r o m  t h e  s o l u t i o n  c o m o o s i -  

t i o n  e n t e r e d .  

T h e  i ~ n L t s  ~ ~ n v t : r s r s n  i s  a s t r a i g h t f o r w a r d  c o m b i n a t i o n  o f  t h e  

e x p  r e s s i o n  s : 

l o 3  
l n o l s  = m Z l  * - 

1 C, F k' 

w i t h  t h e  d e f i n i t i o n : ;  o t  p a r t i c u l a r  u n i t s  a s  e i v e n  a b o v e .  

____- - 
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I n p u t s  € o r  t h i s  p r o b l e m  w e r e  i n  m i l l i e r a m s  p e r  k i l o g r a a n  s o l u t i o n  

( p p m )  a s  g i v e n  ~n t a b l e s  4 - 4  a n d  4 - 5 .  T h e  s o l i l t i o n  d e n s i t y  i n p u t  a n d  

t h e  t o t a l  d i s s o l v e d  s o l i d s  r e q u i r e d  b y  E 9 3  a r e  a l s o  i n  t a b l e  I r - 5 .  

O x i d a t i o n  p o t e n t i a l :  E Q 3  a c c e p t s  a n u m b e r  o f  m e a s u r e s  o f  o x i d a -  

t i o n  p o t e n t i a l ,  i n c l u d i n g  o x v g e n  f u g a c i t y ,  Eh ( v o l t s ) ,  

p e , o r a s d e  t e r m i n e  d b y  a s P e c i f i e d-r_e~.o.x_r-e.a.c_t-i.o.n-c.o.u-o-l-e-.-. 

p e  i s  d e f i n e d :  

p e  = - l o g  a - \ e 

1 * Eh ( v o l t s )  F a  r . a d  a y  
[ I n  1 0  * G a s  C o n s t a n t  * A b s .  T e m p  

- - 

= 1 6 . 9 0  * Eh ( v o l t s )  @ 2 5  C .  

P H R E E Q E  a c c e p t s  o n l y  p e ,  s o  f o r  c o r n p a r a b i l i t v ,  t h e  D e  g i v e n  i n  T a b l e  

4 - 4  w a s  i n p u t  t o  b o t h  : o d e s .  
.--. -- . 

A l k a l i n i t y  a n d  c a r b o n a t e  s p e c i e s :  A l k a l i n i t y  i s  t h e  c a ~ a c i t v  o f  

a n  a q u e o u s  s o l u t i o n  t o  n e u t r a l i z e  s t r o n g  a c i d s .  T h e  d i s s o l v e d  c a r b o -  

n a t e  s p e c i e s  C 0 3 2  a n d  Y C O j  a r e  t h . e  d o m i n a n t  c o n t r i b u t o r s  

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

r e a c t i o n s :  , 

+ 
H C Q S  + !l 

A d d i n g  H +  t o  a s o l u t i o n  d r i v e s  t h e s e  r e a c t i o n s  to t h e  r i z h t  u n t i l  

a t  a pH o f  a b o u t  4.5, t h e y  a r e  e s s e n t i a l l y  c o m p l e t e .  T h e  n u m b e r  o f  

e q u i v a l e n t s  o f  H + - r e q u i r e d  e q u a l s  e q u i v a l e n t s  of ! - l C O j  p l u s  

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

~ a 1 k a  l i  n i t - y - i s -  _an o-p_tj_o_n.a.l_ inpu~t--t .o--EQ-3~. ~~ - ~ ___-- 
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: l l k ; ~ t i n i t y  c a n  a l s o  i n c l u d e  ~ o n t t - i h u t i o n s  f r o m  v t h t r  s p e c i e s  

i o n .  
- 

w i t h  a c a p a c i t y  t o  n e u t r a l i z e  H +  
w i t h  t i f  t o  f o r m  

H S i 0 4 ,  a n d  b o t h  a d d  t o  t h e  t i t r a t i o n  a l k a 1 , i n i t y .  

F(23 a c c e p . t  t i t r a t i o n  a l k a l i n i t y  a s  i n p u t ,  an .d  c o r r e c t  i t  f o r  t h e  

p r e s e n c e  o f  n o n - c a r b o n a t e ,  H r e a c t i v e  s p e c i e s  t o  . r e a c h  a c a r b o n a t e  

v-a-1-u-e . 

S u c h  S . P C C ~ ? S  3 s  A 1 ( O F 1 1 4  r e a c t  

or A l ( O H ) * ,  € o r  e x a m p l e ,  w h i l e  H S i 0  r e a c t s  t o  
- t 

3 4  
R o t h  P Y Y E E Q E  a n d  

4 

+ 

S o m e  a n a l y s e s  r e p o r t  t o t a l  d i s s o l v e d  c a r b o n a t e  ( C O  + H C 0 3  + 
2 , a q  

C 0 i 2 )  i n s t e a d  o f  a l k a l i n i t y ,  a n d  P H R E E Q F  a n d  5 0 3  c a n  a c c s o t  t h i s ' .  

i n . p u t  a s  w e l l .  

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

c a r b o n a t e  i n p u t  o p t i o n s ,  e a c h  was  r u n  w i t h  b o t h  t i t r a t i o n  a l k a l i n i t v  

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

E l e c t r i c a l  N e u t r a l i t v :  R o t h  c o d e s  h a v e  t w o  o p t i o n s  t o  a d i u s t  

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

o p t i o n , ,  t o  i g n o r e  e l e c t r o - n e u t r a l i t y .  E l e c t r i c a l  b a l a n c e  c a n  b e  

a c h i e v e d  b y  a d d i n g  a s p e c i f i e d  a n i o n  ( g e n e r a l l y  C l ' )  o r  c a t i o n  

( Y a +  o r  K'! or b y  c h a n g i n g  t h e  p % .  F o r  t h i s  t e s t  p r o b l e m ,  

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

A c t i v i t y  c o e f f i c i e n t s :  T h e  a c t i v i t v  c o e f f i c e n t  o p t i o n s  a r e  

d e s c r i b e d  a t  L e n g t h  i n  S e c t i o n  3 - . 2 .  S e v e r a l  w e r e  u s e d  f o r  t h i s  

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

w i t ' h  t h e  p u b l i s h e d  r e s u l t s  o f  o t h e r  c o d e s . ,  T h e  o p t i o n s  u s e d  a r e  

s h o w n  i n  T a b l e  . 4 - 7 .  

4 . 2 . 2  R e s u l t s  a n d  D i s c u s s i o n  

T h e  r e s u l t s  o f  r u n n i n q  P H R E E Q E  a n d  E Q 3  w i t h  b o t h  t h e  P R E P H R .  a n d  

D E Q P A K l  . d a t a  s e ' t s  a r e  g i v e n  i n  T a b l e s  5 - 6  t h r o u g h  4 - 1 0 ,  a n d  d i s c u s s e d  

in t h i s  s e c t i o n .  

A l k a l i n i t y  a n d  c a r b o n a t e  s ~ e c i e s :  T a b l e  4 - 6 '  s h o w s  t h e  c a r b o n a t e  

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

t h e r m o d  yn  am 1 c d-ZtY?-? b e t - s -- a nd-b-o-t-h-t-h-e-t-o-t-a-1-a-1-k a-1-i-n-1-t-v-a-n d L t . o L a _ l  

d i s s u l v e d  c a r b o n a t e  i n p u t  o p t i o n s .  C a l c u l a t e d  v a t u e s  o f  l o g  P C n 2  

~ 

- _  

a r c  s e n s i t i v e  t o  c a r b o n a t e  s p e c i e s  i o n  a c t i v i t i e s , a r e  a l s o  s h o w n .  
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A n a l y t i c a l  d a t a  f r o m  N o r d s t r o m  a n d  o t h e r s  ( 1 9 7 9 ,  T a b .  1 1 1 )  a r e  

g i v e n  i n  t h e  f i r s t  t w o  c o l ~ i m n s  o f  T a b l e  4 - 6 .  A c c o r d i n n  t o  P l u m m e r  

( w r i t t e n  c o m m u n i c a t i o n ,  N o v .  1 9 8 1 )  t h e  t o t a l  c a r h o n a t e  a n d  c a r b o n a t e  

s p e c i e s  c o n c e n t r a t i o n s  were c a l c u l a t e d  f r o m  a n a l y z e d  t i t r a t i o n  a l k a -  

l i n i t y  a n d  p H  v a l u e s  for s e a  w a t e r ,  u s i n g  a p p a r e n t  c o n s t a n t s  for t h e  

c a r b o n a t e  s y s t e m  i n .  s e a  w a t e r  a s  i s  common p r a c t i c e  a m o n g  m a r i n e  

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

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

a n d  o t h e r s .  L i k e w i s e ,  w h e n  t h e  N o r d s t r o m  a n d  o t h e r s  t o t a l  c a r b o n a t e  

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

w i t h  t h e  a n a l v z e d  v a l u e .  T h i s  i s  b e c a u s e  n e i t h e r  t h e  P R E P H Q  n o r  t h e  

D E Q P A K 7  d a t a  b a s e s  i n c l u d e  c a r b o n a t e  s y s t e m  e q u i l i b r i u m  c o n s t a n t s  

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

t r a t i o n s  g i v e n  b y  N o r d s t r o m  a n d  o t h e r s .  , 

A s i m i l a r  c o m p a r i s o n  o b t a i n e d - u " s i n g  WATEQF i s  a l s o  g i v e n  b v  

N o r d s t r o m  a n d  o t h e r s  ( 1 9 7 9 ,  T a b .  XII). T h e  r e s u l t s  q i v e n  b y  t h e m  a r e  

t h e  s a m e  a s  o b t a i n e d  h e r e  u s i n g  t h e  P H R E E Q E  a n d  t h e  P R E P H R  d a t a  b a s e ,  

a s  t h e v  s h o u l d  b e  b e c a u s e  t h e  P R E P H R  a n d  WATEQF d a t a  b a s e s  a r e  

c l o s e l y  s i m i l a r .  

T h e  r e s u l t s  o f  t h e  l a s t  t w o  p a i r s  o f  c o l u m ~ ~ s  i n  T a b l e  4 - 6  w e r e  

o b t a i n e d  u s i n g  D E Q P A K 7  d a t a  w i t h  b o t h  c o d e s .  T h e  r e s r i l t s  from t h e  

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

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

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

A q u e o u s  s p e c i e s  d i s t r i b u t i o n  a n d  m i n e r a l  s a t u r a t i o n  1 n d i c . e ~ :  4 

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

c a l c u l a t e d  b y  e a c h  c o d e  w i t h  t h e  t w o  d a t a  s e t s ,  a n d  for c o m p a r i s o r ~  

w i t h  d i s t r i b u t i o n s  c a l c u l a t e d  b y  o t h e r  c o d e s  a n d  ~ i i b l i s h e r l  b y  

N o r d s t r o m ,  a n d  o t h e r s  ( 1 9 7 9 ,  , T a b .  V I  a n d  V I L ) .  T h e  distribution of 

s e l e c t e d  m a j o r  i o n  s p e c i e s  i s  g i v e n  i n  T a b l e  6 - 8 ,  a n d  o f  s e l e c t e d  
. .  

-t"-l. n.o-r-~u.n.-s.p.e~c~~~e.s.~l~n.~~.~. 9,b-o-t-h-p~r-e-s-e-n-t-e d-a-s -n-e-g-a t-i-v-e--l o g -m o-1-a-1-i-t-1-e-s, ~ 

S a t u r a t i o n  i n d i c e s  ( S I m i n e r a l  = l o g  ( I A P / K T ) )  o f  s e l e c t e d  

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

a r e  g i v e n  i n  T a b l e  6 - 1 0 . .  T h e  s o u r c e s  o f  d a t a  i n  t h e  n u m b e r e d  c o l u m n s  

a r c  d e s c ' r i b e d  i n  T a b l e  4 - 7 .  0 0 0 ~ ~ ~ 4  
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T h e  i m p o r c a n t  f a c t o r s  g i v i n z  r i s e  t o  t h e  d i f f e r 2 n c e s  a r n o n q  t h e  

comparison r e s u l t s  i n  c o l u m n s  3 t h r o u e . h  7 a r e :  

0 T h e  c o d e  u s e d ,  w h e t h e r  P N R E S Q E  or E O 3  

o T h e  t h e r m o d y n a m i c  d a t a  b a s e  u s e d ,  w h e t h e r  P R E P I P R  o r  

D E Q P A K 7 ;  a n d  

0 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  u s e d .  

T h e  r e s u l t s  i n  c o l u m n  3 w e r e  o b t a i n e d  u s i n g  t o t a l  a l k a l i n i t y ,  r a t h e r  

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

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

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

n e g l i g i b l e .  T h e  r e s u l t s  i n  c o l u m n  3 w e r e  f r o m  r u n n i n g  PHQEFr3E a s  

d e s c r i b e d  i n  T a b ' l e  4 - 7 .  , T h e y  a r e  i d e n t i c a l  w i t h  t h e  r e s u l t s  o f  T e s t  

P r o b l e m  1 o f  t h e  o r i g i n . a l  P H R E E Q E  d o c u m e n t a t i o n  ( P a r k h u r s t ,  

T h o r s t e n s e n  a n d  P l u m m e r ,  1 9 8 0 ) .  

T h e  n u m b e r  o f  d i g i t s  s h o w n  i n  t h e  r e s u l t s  i n  T a b l e s  4 - 8 ,  4 - 9 ,  

a n d  4 - 1 0  a n d  s i m i l a r  t a b l e s  in s u c c e e 4 i n q  t e s t   robl lens w a s  c h o s e n  

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

n i f i c a n c e .  T h e  l o g  m o l a l i t i e s  i n  T a b l e s  4 - 8  a n d  4 - 9 ,  f o r  e x a r n D l e ,  

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

' d i f f e r e n c e s  b e t w e e n  t h e  c o d e s ,  d u e  t o  a c t i v i t y  c o e € f i c i . e n t  c o n v e n -  

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

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

D i f f e r e n c e s  b e t w e e n  c o l u m n s  5 a n d  7 o f  T a b l c s  4 - 8 ,  4 - 9 ,  a n d  

4 - 1 0 ,  r e s u l t  o n l y  f r o m  t h e  c o d e  u s e d ,  w h e t h e r  PHQEEQE o r  E 0 3 .  w i t h  a 

f e w  e x c e p t i o n s ,  v a l u e s  i n  c o l u m n s  5 a n d  7 a g r e e  w i t h i n  0 . 0 0 1  o r  0 . 0 9 2  

l o g  u n i ' t s .  H o r e  s i g n i f i c a n t  ' d i f f e r e n c e s  r e s u l t  f r o m  t h e  4 i f f e ' r e n t  

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

i t s  p r o d u c t s  H +  a n d  OY-, a s  d e s c r i h e d  i n  s e c t i o n  3 . 2 . 1 .  , T h i s  

g i v e s  r i s e  t o  t h e  d i f f e r e n c e s  'in H +  a n d  OH- m o l a l i t i e s  i n  T a h l e  

4 - 9 ,  a n d  b e c a u s e  o f  t h e  i m p o r t a n c e  o f  OH- t o  i t s  o v e r a l l  h e h a v i o r ,  

t o  t h e  A l + 3  m o l a l i t y  i n  T a b l e  4 - 9  a n d  t o  t h e  ~ i h h s i t e  a n d  

k a o l i n i t e  s a t u r a t i o n  i n d i c e s  i n  T a b l e  4 - 1 0 .  

i 

--D_i .E E.e.r-e.n c.e s-b.e.t-w.e-e.n- c-0-1-u m-n-s--6-a-n d--7-a-t- e--d-u e-- -0-n-l-y - t-o--d -1--€- €-e-r-e~n c-e-s--- 

b e t w e e n  t h e  PREPHR a n d  D E Q P A K 7  d a t a  s e t s ,  b e c a u s e  t h e  r e s u l t s  i n  b o t h  

c o l u m n s  were  r e a c h e d  us in^ t h e  s a m e  c o d e  a n d  t h e  s a m e  d i s s o l v e d  i o n  

000mEi 
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Table h - 7 :  S o u r c e s  of Information in Columns 2 through 7 of 

Tablts 4 - 8 ,  4 - 9 ,  and 4 - 1 0 .  

Published VATEQF (upper) and 
L'ATEQ2 ( l o w r )  results from 
Nordstrom, and others. (1979); 
Tab. V I :  Yajur species, 
Tab. V I [ :  ! i i n o r  species, and 
Tab. X :  Saturation indiccs 

_____ 
Original published PHREEQE 
results with PR€PHR data: 
(Parkhurst. Thorsrenson, and 
Plummer 1980. Test Problem 1 )  

PHREEQE Code - PREPHR Data 

PHREEQE Code - PW-PHC Data 

------ 

PHREEQE Code - DEQPAK7 Data 

EQ3 Code - P U P H R  Data 

EQ3 Cod2 - DEQPAK7 Data 

Ac r i v i t  y 

Exprtssion 

number in 
chis report) 

-Coef.f ic ienc- 

(equation 

Davies 

( 3 . 2 . 7  ) 

d - 0.3 

Davics 

( 3.2.7 ) 

d - 0 . 3  

Davies 

( 3 . 2 . 7  1 

d - 0 . 3  

VATEQ Debye- 
. Hu:kel 
( 3 . 2 . 6  

Debye-Huckel 

( 3 . 2 . 6  1 

Debye-Huckel 

( 3 . 2 . 6  ) 

D i s so 1 ved 
-C a r-b.oxts- - 

Input as: 

' 

Tocal 

A I,ka 1 i n i t y 

--- 
Total 

Alkalinity 

Tot a I 

Alkalinity 

Total 

Carbonate 

Total 

Carbonate 

Total 

Car bona t c' 

Total 

C a r  bond tc 

Results in 
column of 
Tables 4-8, 
4-9 and 
6- IO 

2 

3 

4 

5 

6 



6 0  

a c t i v i t y  c o e E f i c L e n t  e x p r e s s i o n .  A S  T a b l e  4 - 8  s l i o w s ,  e a c h  d a t a  s e t  

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

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

l a t e d  s p e c i e s  m o l a l i t y  d i E f e r e n c e s  m o s t  o f  w h i c h  a r e  l e s s  t h a n  0 . 0 6  

1 0 0 ,  u n i t s .  T h i s  r e f l e c t s  t h e  e s s e n t i a l  a g r e e m e n t  w h i c h  e x i s t s  w i t h i n  

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

m a j o r  i o n  p a i r s .  

T a b l e  4 - 9  s h o w s  t h a t  t h e  d a t a  s e t  s i m i l a r i t y  d o e s  n o t  e x t e n d  t o  

t h e  m i n o r  i o n  s p e c i e s .  T h e  DEQPAK7 d a t a  s e t  w a s  i n t e n d e d  f o r  u s e  i n  

h y d r o t h e r m a l  O K S  d e p o s i t  w o r k  a n d  s o  c o n t a i n s  m a n y  m o r e  m e t a l l i c  e l e -  I 
m e n t s  a n d  h i g h e r  t e m p e r a t u r e  ( c h l o r i d e )  i o n  c o m p l e x e s  t h a n  d o e s  

PREPHR,  w h i c h  i s  i n t e n d e d  for n o r m a l  g r o u n d - w a t e r  g e o c h e m i c a l  

s t u d i e s .  E v e n  w h e r e  t h e  same e l e m e n t s  a n d  s p e c i e s  a p p e a r  i n  b o t h  

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

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

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

! 

i 
! 

I 

C o l u m n s  i a n d  5 ,  a n d  6 a n d  7 of T a b l e  4 - 1 0  s h o w  t h a t  t h e  m i n e r a l  

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

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

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

s n c e s  i n  T a b l e s  4 - 5  a n d  4 - 9 .  Y o r e  o f  t h e  d i f f e r e n c e  i s  d u e  t o  

d i f f e r e n t  m i n e r a l  i . q u I . l i . b r i u m  c o n s t a n t   lo^ Y) v a l u e s  i n  t h e  t w o  d a t a  

s e t s .  T h i s  i s  i n -  k e e p i n g  w i t h  t h e  ? e n s r a l l y  a c k n o w l e d e e d  f a c t  t h a t  

m i n e r a l  e q u ; l i b r I . u n  c o n s t a n t s  a r e  a m o n g  t h e  l e a s t  w e l l  k n o w n  q e o c h e r n -  

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

m o r e  d e t a i l  i n  S c c t i o n s  h . 3  a n d  4 . 5 ,  b e l o w .  

D i f f e r e n c e s  a m o n g  v a , l u e s  i n  c o l u m n s  3 ,  4 ,  a n d  h o f  T a b l e s  11-8 ,  

4 - 9 ,  a u d  4 - 1 0  s h o w  t h e  e f E e c t s  o f  z h o o s i n ~  v a r i o u s  a c t i v i t v  

c o e E f i c j e r i t  * x p r e s s i d n s .  A s  F i g u r e s  3 . 2 . 1  a n d  3 . 2 . 2  s h o w ,  d i s a g r e e -  

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

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

m o r e  c o n c e n t r a t e d  t h a n  s e a  w a t e r  a n d  w i l l  d e c r e a s e  i n  m o r e  d i l u t e  
~ s -  I-u-t'l-o-ns-~ ~ ~~ ~. ~ ~ - ~~~ ---- 

9 . .  
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T a b l e  6 - 8 :  N e g a t i v e   LO^ X o l a l i t i e s  ( o m )  of S e l e c t e d  Y a i o r  S p e c i e s  

i n  F u l l  S e a  W a t e r  T e s t  P r o b l e m .  F o r  n e t a l l e n  C o l u m n  

H e a d i n g  I n f o r m a t i o n  S e e  T a b l e  4 - 7 .  

OR I G I N A I .  NEW 
VATEQF/ PHssF.QE PHWESQF. cn 3 
wArEQ2 

PREPllR nEOPAK7 P R E P Y R  ')F.nPAK 7 
SPEC 1 E S  ( 2 )  ( 3 )  ( 4 )  ( 5 )  ( 6 )  ( 7 1  

Ca*2 

CaSOE 

taco; 
ng.2 

HRSOZ 

HgCO; 

CaHCO' 3 

r 

HgHCO- 3 

+ 
N.3 

NaS04 

NaHCO(; 

NaCO- 

K +  

3 

KSOL 

c1- 

s o i t  

co;' 

3 
IICO 

F 

XgF 
- 2  Sr 

H S i O L  
L 

)I' 

011- 

I o n i c  S t r e n g t h  

A c t i v i t y  H 0 
2 

2.024 

2.939 

4 .481 
4.649 

L .649  
4.616 

1 . 3 1 2  

2 . 2 3 5  
2 . 2 2 2  

2 .655 
3.62L 

L . O L 5  
4 . O I L  

0 .320  

2.118 
2.195 

3 . 7 8 5  
3 . 7 5 2  
----- 

1 .983  

3.767 

0.247 

I .AI0 

2 .825  
2.836 

L.L22 
4 .  566 

&.&IO 
4 , L L ?  

k . 0 1 6  

& . ' I 4 5  

A.093 

5.660 

0.680 

- - - - -  

2.024 

2 .938  

4 . L 8 2  

0 . 6 5 0  

I .  3 1 2  

2 . 2 2 2  

3 . 6 5 9  

[r . 04R 

0 . m  

2.195 

3 . 7 0 5  

4 . 1 R 3  

1 .983  

3 . 7 5 3  

0.247 

I .408 

2 .  R2h 

4.f.22 

L . L l c l  

L . L 4 t  

6.016 

L . I L S  

8 . 0 9 3  

5.660 

0 . 6 8 0  

o.wns  

2 . 0 2 4  

2.93R 

4.491 

4 . 6 5 8  

1 . 1 1 2  

2 . 2 2 2  

3.667 

4.056 

0. 32n 

2.195 

3.194 

6.191 

I . a 8 3  

3 . 7 6 3  

0.247 

1.9nu 

2.834 

4.431 

L .  36.3 

4 . 0 9 1  

4 . 0 1 6  

4 . 1 4 5  

8 .098  

r .s jn  
0.680 

0 .9805  

2.02R 

2 .925  

L.22L 

4 . 5 3 1  

I. 321-1 

2 . 1 7 2  

3 . 5 4 4  

3.931 

0.332 

2 . 2 1 7  

----- 

4 .613  

1.983 

3 . 7 L 4  

0 .258  

1.921 

2.8217 

4.362 

4 .415  

L . L S 3  

4 . r ) l h  

0 . 1 5 9  

8.009 

5.610 

n. 6 ~ .  

n. 9R04 

2.021 

2.979 

4.281 

4 .  u n  

I .  314 

2 . 2 2 2  

3 . L 1 7  

4.012 

0.322 

2.066 

3 .  snR 

4 . 0 1 Q  

I .  9Rh 

3.605 

0 . 2 c 7  

1 . 8 7 7  

2.995 

L . L L 1  

~ . 5 ~ n  

L .  3 3 7  

L . 0 1 6  

& . I S ?  

R. 126 

I. 600 

0.675 

n . 3 R I A  

2 . 0 2 R  

2.923 

L . 2 2 1  
. .  

L.520 

3 . 5 L 3  

1 . 0 2 9  

n .  I12 

2.216 

4 .472  

I .983 
3 . 7 L 3  

9.259 

1.922 

2,9211 

L .  15L 
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T a b l e  4 - 9 :  N e g a t i v e  L o g  M o l a l i t i e s  ( p m )  o f  S e l e c t e d  U i n o r  S n e c i e s  ~n 

F u l l  S e a  W a t e r  'rest F u l l  S e a  W a t e r  T e s t  P r o b l e m .  F o r  

C o l u m n  H e a d i n g  I n f o r m a t i o n  S e e  T a b l e  A - 7 .  

OR I C I N A L  YFV 

P N  SccnF Fn 3 V4ZEOF/ PHSF.EOF 
'JATEQ2 

PREPHR ncnp.4.L: 1 P9EPY9 nF.npql(7 
s P EC I ES ( 2 )  ( 3 )  ( L )  ( 5 )  (6) ( 1 )  

8.654 

R. 8Rn 
-_--- 

17.897 
- - - - -  

9 .071  

7.664 

10.153 

7.985 

9.010 

4.394 

9.686 

7 . 5 4 7  

----- 
7.896 

15.956 
16.091 
--_-- 
7.h65 

7 . 1 1 5  
7.259 

1 1 . 3 3 5  

- _ _ _ _  
11.017 

9.141 

-____  

----- 
----- 

1 n . m  

8 . 7 2 8  

8 . 7 9 3  

1R.196 

9.12n 

I 

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

1 . 1 7 5  1.114 

11.750 

PSCI+ 

PbCl; 

PbCny 

uo; * 
UO2 tco3 1;' 

-4 uo2 (CO] l 3  

PO; 

1 7 . 1 7 1  

17.623 

9. n n 2  

1 4 . 4 8 4  

9.512 

7.851 

9.7R5 

9 .566  

7 . 9 5 1  



1 

T a b l c  4-10: S a t u r a t i o n  Z n d l c e s  (log(IAP/KT)) u f  S e l e c t e d  M i n e r a l s  

~n F u l l  S e a  W a t e r  T e s t  P r o b l e m .  F o r  D e t a ~ l e d  -- C o l u m n  

H e a d i n P  Z n f o r m a t l o n  S e e  T a b l e  4-7. 

C a l c i t e  CaCO, 

no 1 omi c e CaHe(C03 )2 

S i d e r i t e  FeC03 

Rhodoc h r os i t e t4nC03 

CaS04 2H 0 2 Cypsum 

Celestite 5 c SO4 

H y d r o x y a p a t  i c e  Ca5(  PO4 )3nH 

F l u o r i c e  CaFZ 

Hemat i c e  

I 

Fe203 

G l b b a  i t c  A I  OH)^ 

. Quartz S 1 0 2  

+ 0.14 
+ 0 . 1 4  

+ 2.33 
+ 2.39 

- 9 . 0 0  - 8.97 
- 3 . 1 3  - 3.10 

- 0 . 4 4  
- 0.35 

- 0 . 6 1  

+ 0.60 
+ 0.67  

- 0 . 1 4  

*15.23 

- 1.64 
- 1 . 4 2  

- 0 . 9 5  

+ 0 . 1 4  

2.33 

- 9 . 0 1  

- 3.88  

- 0 . 3 5  

- 0.61  

+ 0 . 6 1  

- 0.14 

* 1 5 . 7 . 2  

- 1.24 

- f l .05 

- 2 . 1 3  

+ I . 0 L  

-20.213 

+ 0 . 1 3  

+ 2 . 1 1  

- 9 . 0 2  

- 3.97 

- 0 . 3 5  

- 0 .82  

+ 0.4u 

- n . 8 4  

+ l 5 . 2 2  

- 1 . 7 4  

- n.ns 

- 2 . 1 3  

+ 1.00 

-20. I 8 

+ 0 . m  a n.67  

+ 3.42 \ + 2 . 2 7 .  

- 6 . G 1  

- 4 . 4 6  

- 0 . 4 0  

- 0 . 5 1  

-____  

- n.49 

+ 1 6 . 0 0  

- 0.20 

- 0 . 1 6  

- n . i n  

2 . L 2  

- 2 n .  ? I  

- 9 . 3 3  

- 4 - 1 0  

- 0 . 6 5  

- 0.89 
+ 0.nL 

- 1 . 1 3  

+ l L . ? L  

- 1 . L G  

- n . 1 3  

1 . 1 7  

n . w  

- - - -  



F ~ n a l l y ,  c o m p a r i s o n  o f  c o l u m n  2 o f  T a b l e s  4 - 8 ,  4 - 0 ,  a n t i  L - l Q ,  

w i t h  t h c  r e m a i n i n g  c o l u m n s  illustrates h o w  r e s u l t s  t ) f  P N R S E O F ,  a n d  E n 3  

r u n s  w i t h  b o t h  d a t a  s e t s  a n d  v a r i o u s  a c t i v i t v  c o e f f i c i e n t  ~ x p r e s s i o n s  

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

a r e  f r o m  t h e  c o d e s  WATEQF a n d  VATEQ2.  VATEOF i s  o n e  o f  t h e  m o r e  

w i d e l y  u s e d  a q u e o u s  s p e c i a t i o n  c o d e s ,  a n d  i n  some w a y s  i s  a 

p r e d e c e s s o r t o P H R E  E Q E . 
l a n g u a g e  a n d  s o  l e s s  w i d e l y  u s e f u l  t h a n  VATEOF, h a s  a s s o c i a t e d  w i t h  

G! AT-~_Q~2_,_a-l-t.h.~-u.~-h-w~r-i-t-t-e-n-i-~-t-h-e-~.L---l 
I 

I i t  a r e l a t i v e l y  l a r g e  d a t a  b a s e .  
> 

A g r e e m e n t  b e t w e e n  VATSQF/WATEQZ r e s u l t s  w i t h  t h o s e  m a d e  u s i n g  

t h e  PREPHR d a t a  b a s e  i s  g e n e r a l l v  g o o d ,  w h i c h  i s , - n o t  s u r ~ r i s i n ~  a s  

m u c h  o f  t h e  PREPHR d a t a  w e r e  t a k e n  f r o m  t h e  !)!ATEOF a n d  I$.ATF02 d a t a  

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

b e t w e e n  KATEQF/WATEQZ m i n o r  e l e m e n t  s p e c i e s  r e s u l t s  a n d  t h o s e  of t h ' e  

DEQPAK7 r u n s ,  h o w e v e r .  A s  m e n t i o n e d  a b o v e ,  t h i s  i s  a n  h o n e s t  

r e f l e c t i o n  o f  t h e  l a z k  o f  g e o c h e m i c a l  k , n o w l e d q c  o €  n o t  o n l v  t h e  

s t r e n g t h  b u t  e v e n  o f  . t h e  i d e n t i t y  o f  miirlor i o n  a q u e o u s  s ~ e c i e s .  



T h e  p o t a s s i u r l l  f e l ' r i s p a r  n i c r o c l i n e  ( Y A l S 1 7 9 8 )  i s  a c o m m o n  

r o c k - f o r m i n g  m i n e r a l  w h i c h  d i s s o l v e s  i n c o n e r u e n t l v  i n  p u r e  w a t e r  a n 4  

d i l u t e  a c i d s  a t  2 5  C .  Y i n t r a l s  w h i c h  m a y  ~ r e ~ i ~ i t a t e  d u r i n e  t h e  

c o u r s e  o f  m i c r o c l i n e  d i s s o l u t i o n  i n c l u d e  p , i b b s i t e  (Al(OH)3), 
k-a-o-l-i-n-1-t-e-(-A-1-2-$-i-2-0.5-(-O.H-)-~-)-a-".d-m J u-,+-. . o-v-i-t-e 

( K A 1 3 S i 3 0 1 0 ( 0 H ) 2 ) .  

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

( p H = 4 )  HC1 i n  o r d e r  t o  i l l u s t r a t e  a n d  c o m p a r e  t h e  r e a c t i o n  p a t h  m o d e l -  

i n g  a n d  p h a s e  b o r i n d s r y  l o c a t i n g  c a p a b i l i t i e s  o f  P H R E E Q E  a n d  E Q 3 / E 0 6 .  

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

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

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

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

t i o n  p u r p o s e s .  

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

t h e  o p e r a t i o n  o f  t h e  c o d e s ,  i n d e ~ e n d e n t  o f  t h e  d a t a  b a s e s ,  t h e  

p r o b l e m  w a s  r u n  u s i n g  9EQPAK7 d a t a  w i t h  b o t h  t h e  P Y R E E 9 E . a n d  T 0 7 / F T ) 6  

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

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

t . h e  P H R E E O E  c o d e .  

4 . 3 . 1  I n p u t  

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

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

f i x i n g  p H = 4  a n d  r e q u i r i n g  t h a t  t h e  c o d e s  a d d  C 1 -  f o r  e l e c t r i c a l  

n e u t r a ' l i t y .  3 0 t h  P H R E Z C E  a n d  E Q 3  c a l c u l a t e d  a f i n a l  C 1 -  m o l a ! i t v  o f  

1 . . 0 1 1 5 E - 0 3 ,  t h a s  v e r i f y i n g  t h e  p r o p e r  o p e r a t i o n  of t h e  r o u t i n e s  i n  

e a c h  w h i c h  a c h i e v e  e l e c t r o - n e u t r a l i t y  b v  i o n  a d d i t i o n  o r  s i i h t r a c t i ~ n  

T h e  d i s s o l u t i . o n  o f  m i c r o c l i n e  i n v o l v e s  no  o x i d a t i b n - r e d u c t i o n  

/ r e a c t i o n s .  T h u s  c o n s i d e r a t i o n  o f  r e d o x  r e a c t i o n s  w a s  s u ~ p r t s s c d  i n  
- - - __- - ------ 

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

T h e  p r o h l e m  s p e c i f i e s  c o n s i d e r a t i o n  o f  o n l y  q i h b s i t e ,  k a o ! i n i t e ,  

a n d  m u s c o v i t e ,  i n  a d r l ! t i o n  t o  r n i c r o : l i n e .  T h a s  q u a r t z  ( S i n ? ;  -7n 
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a d d i t i o n a l  p o s s i b l e  m i n e r a l  p r o d u c t  o f  microcline d i s s o l u t i o n ,  W;IS 

s u p p r ? s s e d  i n  t h e  E O 6  i n p u t  a n d  n o t  i n c l u d e d  i n  t h e  Y I N E R A 1 , S  i n p u t  t o  

P H P E E Q E .  

T h e  o p e r a t i o n  o f  E06 i s  s t r a i g h t f o r w a r d .  G i v e n  t h e  i n i t i a l  s o l u -  

t i o n  c o m p o s i t i o n  a s  c a l c u l a t e d  b y  E Q 3 ,  i t  i n c r e m e n t a l l y  a d d s  m i c r o -  

c l i n e .  A f t e r  e a c h  i n c r e m e n t ,  i t  c h e c k s  f o r  s o l u t i o n  s a t u r a t i o n  w i t h  

r e s p e c t  t o  e a c h  a c t i v e  ( n o t  s u p p r e s s e d ,  a s  w a s  q u a r t z !  m i n e r a l  i n  i t s  

d a t a  b a s e .  When a s u p e r s a t u r a t e d  m i n e r ’ a l  o r  m i n e r a l s  a r e  n o t e d ,  t h e  _ _ _ _  

l a s t  i n c r e m e n t  s i z e  i s  r e d u c e d  S O  a s  t o  b e t t e r  d e f i n e  t h e  t o t a l  q u a n -  

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

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

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

d i r e c t l y  ’ b y  s o l u t i o n  o f  t h a t  m a t r i x .  F r o m  t h a t  p o i n t ,  i n c r e m e n t a l  

a d d i t i o n  r e s u m e s  u n t i l  e i t h e r  a n o t h e r  ~ h a s e  b o u n d a r y  i s  r e a c h e d  or t h e  

r e a c t i n g  m i n e r a l  ( h e r e  m i c r o c l i n e )  s a t u r a t e s  o r ,  is e x h a u s t e d .  T h u s  

E Q 4  b o t h  d e f i n e s  a n d  l o c a t e s  p h a s e  c h a n g e s  w h i c h  o c c u r  d u r i n r !  a 

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

d * t i n e d  b y  t h e  u s e r .  

P I I R E E Q E ,  o n  t h e  o t h e r  h a n d ,  r e q u i r e s  g r e a t e r  u s e r  i n p u t  t o  p e r -  

fc?rrn a r e a c t i o n  p a t h  s i m u l a t i o n :  L i k e  E Q 6 ,  PHREEQE c a l c u l a t e s  t h e  

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

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

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

p h a s e  b o u n d a r y .  U n l i k e  E Q 6 ,  t h o u g h ,  PHSEEQE d o e s  n o t  i t s e l f  determine 

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

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

t h e s e  a s s e m b l a g e s .  

T e s t  p r o b l e m  5 i n  t h e  PHREEQE d o c u m e n t a t i o n  ( P a r k h u r s t  , 
T h o r s t e n s e n ,  a n d  P l u m m e r ,  1 9 8 0 )  i s  a s i m u l a t i o n  o f  microcline .!is- 

s o l u t i o n  i n  ij n e u t r a l  ( p H = 7 )  p u r e  w a t e r ,  a n d  v e r y  c l o s e l v  r e s e n h l ? ! :  

t h i s  t e s t  p r o b l e m .  T h e  d e t a i l e d  p r o c e d u r e  b y  w h i c h  PHREEc)F i s  a s 2 4  

f o r  r e a c t i o n  D a t h  s i m u l a t i o n s  i s  d e s c r i b e d  t h e r e  a n d  t h e r e f o r e .  i s  nqt 

r e p e a t e d  h e r e .  

4 . 3 . 2  R e s u l t s  and D i s c u s s i o n  
1 

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

s o n s ,  a n d  t h e  r e s u l t s  o f  e a c h  w i l l  b e  d i s c u s s e d .  
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C o d e  C o m p a r i s o n :  T h e  r e s u l t s  o f  P H R F : F . n E  a n d  E 0 6  s i m u l a t i o n s  r i s i n e  

D E Q P A K 7  d a t a  a r e  g i v e n  i n  t a b l e  4 - 1 1 .  T h e  o u t p u t  v a l i i e s  l i s t e d  for 
c o m p a r i s o n  p u r p o s e s  i n c l u d e  v a r i o u s  i o n  m o l a l i t i e s ,  a c t i v i t i e s  a n d  
a c t i v i t y  r a t i o . s ,  m i n e r a l  s a t u r a t i o n  i n d i c e s ,  t h e  e x t e n t  of r e a c t i o n  
p r o g r e s s  ( m o l e s  o f  m i c r o c l i n e  d i s s o l v e d )  a n d  t h e  q u a n t i t v  o f  o t h e r  
m i n e r a l s  p r e c i p i t a t e d  d u r i - n g  t h e  i n c o n R r u e n t  d i s s o l u t i o n .  P H R E S O F ,  c a l -  
c u l a t i o n s  w e r e  m a d e  o n l y  f o r  t h e  p h a s e  b o u n d a r i e s  s o  o n l v  E O 6  r e s u - l t s  

f o r  t h e  i n t e r m e d i a t e  p o i n t s  a t  e v e n  v a l u e s  o f  r e a c t i o n  p r o g r e s s  a r e  
g-1-v-e-n . 

m i c r o - c l i n e  d i s s o l v e  c o n g r u e n t l y ,  t h e  s y s t e m  b e c o m e s  s a t u r a t e d  w i t h  ._ 

r e s p e c t  t o  g i b b s i t e  a t  p o i n t  ( A ) .  M i c r o c l i n e  d i s s o l u t i o n  i s  now 
i n c o n g r u e n t :  

I .  

T h e  s i m u l a t i o n  p r e d i c t s  t h a t  a f t e r  1 4 . 4  m i c r o m o l e s  ( v r n o l )  o f  

( 4 . ? . l j  K A 1 S i 3 0 8  + H 2 0  + H +  = A 1 ( O H ) 3  +'K+ + 3 S i 0  2 ( a q ) .  

) 

a n d  p r o c e e d s  u n t i l  a t o t a l  o f  1 8 . 9  p m o l s  m i c r o c l i n e  h a v e  d i s s o l v e d ,  
a n d  t h e  s y s t e m  b e c o m e s  s a t u r a t e d  w i t h  k a o l i n i t e  a t  p o i n t  ( 8 ) .  

I n c o n g r u e n t  d i s s o l u t i o n  c o n t i n u e s ,  b y  t h e  o v e r a l l  r e a c t i o n :  

( 4 . 3 . 2 )  
+ 

K A 1 S i 3 0 8  + 2 A l ( 0 H I 3  4 H = 2 A 1 2 S L  0 ( O H ) 4  + K +  + 1 H 0 
2 - 2 ' ( a q )  2 2 5  

u n t i l ,  w h e n  a t o t a l  o f  2 2 . 1 5  v m o l s  m i c r o c l i n e  h a v e  b e e n  d i s s o l v e d ,  
g i b b s i t e  i s  n o  l o n g e r  s a t u r a t e d  (C). T h e  c o n t i n u i n c  r e a c t i o n  i s  n o w  
i n c o n g r u e n t  o n l y  w i t h  r e s p e c t  t o  k a o l i n i t e :  

I 

+ + 
( 4 . 3 . 3 )  

2 ( a C l )  KA1SL3O8 + - 1 H 2 0  + 9 = - 1 
2 2 

A 1 2 S i 2 0 5 ( 0 H ) 4  + K + 2 - S i O  I 
A f t e r  a t o t a l  o f  1 0 2 . 8  l ~ m o l s  m i c r o c l i n e  d i s s o l u t i o n ,  t h e  s o l u t i o n  
b e c o m e s  s a t u r a t e d  a l s o  w i t h  m u s c o v i t e  (F),. T h e  r e a c t i o n  t h e n  
p r o c e e d s :  

+ Y 2 0  
2 ( a q )  KA1.51 0 + A 1 2 S i  0 (OH)4 = K A 1 3 S i  0 + 2 C 1 0  3 8  2 5  3 10 

( 4 . 3 . 4 )  

u n t i l  a t o t a l  o f  1 5 0 . 0  p m o l s  m i c r o c l i n e  h a v e  d i s s o l v e d ,  a n d  t h e  
s y s t e m  r e a c h e s  e q u i l i b r i u m  w i t h  t h e  r e a c t a n t  m i c r o c l i n e  ( F ) .  
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Table b - 1 1 :  PHREEOE and EO6 Results f o r  Test Problem 3 V i t h  

DEOPAK7 Data .  

a 

K* M i c r o c l i n e  lug Tutal Y I J l a l 1 t y  
pH log - 

I d is s o l v e d  
A I  * 3  s102 H* i C O D E  SYSTEfl STATE - (p moles) K +  I /  

_ _ _ _ _ ~ _ _ _ _ _ _ _  
i 
1 .  

EQ6 

. €46 Reach 
G i b b s i c e  ( A )  

T H R E E Q E  Sacurat ion 

EQ6 Rcach Kaolinite 

P H R E E Q E  Saturation 
C o n c i n u e  Cibbsice ( 5 )  

EQ6 End Cibbsite, 

PHREEQE Sacurat ion 
C o n t i n u e  Kaolinite (C) 

EQ6 Cont. K a o l i n i c c  S a c n  ( 0 )  

EQ6 Reach Muscovite. 

PHREEQE S a t u r a t i o n  
C o n t i n u e  Kaolinite ( E >  

EQb Rea:h Hisroc I ine, 

P H a E Q E  Saturation 
Y u s c o v i t e ,  Kaolinite (F) 

I .ooo 

10 .ooo 

1 4 . 4 4 3  

14 .365  

18 .932  

18.931 

22.129 

22.176 

100 .ooo 

102 . a 2 7  

102 .  a20 

1 4 9 . 9 5 8  

109 .950  

-6.0000 -6 .OOOO 

-5.0000 -5.0000 

-4  . 840 3 -+ . 840 3 

- 4 .  6550 -6 .9017 

-4 .6541 -4 .9051  

-4  .oooo -9 .02a6 

-3.9879 -8.3070 

-3 .9879 -8.3958 
- 

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

- 3 . 9 8 5 2  - 8 . 5 5 2 :  

-5 .5228  4.0169 

- 4 .  5229 L .203a 

I 

-6 .3632 4 .3305  

-4 .3556  4.3292 

- 4 . 2 4 5 7  4.3432 

-4.2L57 6 .3621  

-3 .6990 5 .9243  

-3.6859 7 .4137  

-3 .6869  7 . 4 1 3 8  

- 3 . 5 2 3 0  7 .0110  

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

I /  Lccccr Identifies p o i n t  dn Figure 4 - 1 .  - 

-1 .9882  

-0.8019 

-0.5 1 5 7  

-0 .5196 

-0.3851. 

-0.3866 

-0 .3080  

-0.3081 

I 
I . 9193  

3 .6207 

3.4108 

3 . 4 2 0 ?  

3 . 4 2 0 7  



65, 

Table 4 - 1 1 :  ( C o n t i n u e d )  - 

a S a t u r a r i o n  I n d i c e s  Precipirated 

Miner a I ! p  mo I C  s ) s io2 

5 .9317  - 5 . 5 2 2 8  

1 0 %  - ~ l * ~  log a I 
/ H a *  

C i b b s i t e  Kaolinire Huscovice C i b b s i t e  K a o l i n i t e  Muscovice H l c r o c l L n c  

- -_ - - -  --- - 2 . 0 2 8 6  - 6 . 6 1 1 5  - 1 5 . 3 2 6 1  - 1 2 . 7 0 8 2  

7 . L 5 3 2  

7 . 9 6 0 3  

1 . 9 6 0 2  

7 . 3 6 0 3  

i . 9 6 0 3  

7 . 9 4 0 3  

7 .%03 

7 . 5 1 3 7  

7.2045 

7 . L O O 7  

7 .  ?LO6 

; . 2 ~ 0 a  

- 4 . 5 2 2 9  

- 4 .  3632 

- 4 . 3 6 5 6  

- 4 . 2 4 5 7  

- 4  .2457 

-4.?G56 

- 4 . 2 L 5 7  

-3.6991 

- 3 . 6 8 9 9  

- 3 . 6 0 9 9  

- - -  

0.000 

0 .ooo 

5 . 6 0 3  

5.691 

0 . 0 0 0  

0.000 

--- 

--- 

--- 

--- - 3 . 5 2 6 0  

-3 .5261 - - _  

- - -  

- - -  

- - -  

0.002 

0.000 

G .  79G 

 am 

so.  000 

51 . G I 1  

S I  . Loa  

5 . 2 %  

5 . 2 L 5  

- 0 . 5 0 1  I 

0.0000 

0.0090 

0.0000 

0 .oooo 

0.0001 

0.0000 

-0 .5466  

-0.5558 

-0.5558 

- 0 . 7  197 

- 0 . 7  I96 

- I  .5685 

- 0 . 2  3 50 

- 0 . 2 3 9 7  

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0 .OOO@ 

0.0000 

0.0000 

-6 .5753  -1.0005 

- 4 . 2 8 9 0  

-(r . 2 9 9 7  

- 3 . 8 0 6 1  

- 3 . 8 0 7 3  

- 3 .  7288 

- 3 .  7288 

- I  .SOIL 

0,0000 

-5.728) 

-5 .1390  

- 5 . 2 6 %  

- 5 . 2 O 5 5  

-s.i6ao 

-5.1681 

- 1 . 0 L 7 5  

- 0 . 3 2 7 7  

o.oooo - 0 . 3 2 7 8  

0.0000 0.0000 

0.0000 c .0030 
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T h e  a g r r j e r n e n t  b i . t w e c n  t h e  t w o  s e t s  o f  r e s i i ' l t s  i n  t a h l c  4 - 1 1  i s  

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

g ~ v i n g  t h e  s a m e  r e s u l t s  w h e n  u s e d  . w i t h  t h e  s a m e  d a t a  b a s e .  T h e  

l a r g e s t  d i f f e r e n c e s  e v i d e n t  a r e  b e t w e e n  t h e  . 4 1 + 3  t o t a l  m o l a l i t v  

v a l u e s .  A s  i n  t h e  p r e v i o u s ,  s e a  w a t e r ,  t e s t  p r o b l e m ,  t h e s e  d i € f e r -  

e n c e s  c a n  b e  a t t r i b u t e d  t o  t h e  d i E f e r i n g  e x p r e s s i o n s  f o r  w a t e r  

a c t i v i t y  i n  t h e  t w o  c o d e a - ;  

\ 

D a t a - b a s e  C o m p a r i s o n :  T h e  p h a s e  r e l a t i o n s h i p s  i n  s v s t e m s  s u c h  

a s  t h a t  . b e i n ; :  m o d e l e d  i n  t h i s  p r o b l e m  c a n  b e  c o n v e n i e n t l y  d i s n l a v e d  

i n  a c t i v i t y - a c t i v i t y  d i a g r a m s '  ( H e l g e s o n ,  R r o w n ,  a n d  L e e p e r ,  1 9 6 9 ) .  

F i g u r e  4 - 1  s h o w s  s t a b i l i t v  E i e l d s  o €  t h e  m i n e r a l s  c o n s i d e r e d  i n  t h i s  

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

f r o m  b o t h  t h e  P R E P H R  ( d a s h e d  l i n e s )  a n d  D E Q P A K 7  ( s o l i d  l i n e s )  d a t a  

b a s e s .  T h i s  f i g u r e  s h o w s  t h a t  t h e r e  a r e  s i ~ n i € i c a n t  d i € f e r e n c e s  

b e t w e e n  t h e  d a t a  b a s e s  f o r  t h e s e  m i n e r a l s ,  ar?d t h a t  t h e  P R K P Y R  d a t a  

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

d o e s  t h e  D E Q P A K 7  d a t a .  - 
T h e  p o s i t i 0 n . s  o f  t h e  s e v e r a l  p o i n t s  c a l c u l a t e d  d u r l n a  t h e .  

r e a c t i o n  p a t h  s i m u l a t i o n s  a r e  a l s o  s h o w n  on f i g u r e  4 - 1 .  T h e  p o i n t s  

l a b e l e d  A t h r o u g h  F w e r e  c a l c u l a t e d  b y  t h e  P H R X E Q E  a n d  EC?h s i r n u l a -  

t i o n s  u s i . n g  D E . Q P A K 7  d a t a  a n d  a r e  g i v e n  i n  t a b l e  4 - 1 1 .  T h e  c o i n c i -  i 
d e n c e  o f  p o i n t s  B a n d  C v i t h  t h e  h a n d - c a l c u l a t e d  g i b b s i t e - k a o l i n i t e  

p h a s e  b o u n d a r y ,  o f  E ' w i t h  t h e  k a o l i n i t e - m u s c o v i t e  b o u n d a r y ,  a n d  o f  F 

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

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

o p e r a  t i n g  c o r r e c t  l y  . 
T h e  d i f f e r e n c e s  b e t w e e n  P R E P H R  a n d  D E q P A K 7  d a t a  w h i c h  g i v e  r i s e  

t o  t h e  t w o  s e t s  o f  p h a s e  b o u n d a r i e s  i n  f i g u r e  4 - 1  a l s o  c a u s e  d L € -  

f e r e n c e s  i n  t h e  a m o u n t  o f  r e a c t i o n  p r o g r e s s  a n d  m a s s  t r a n s f e r  c a l 2 u -  

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

t i n a  m i c r o c l i n e  d i s s o l u t i o n  i ~ s i n c  

PHREEQE a n d  PREPHR d a t a ,  a r e  g i v e n  i n  t a b l e  4 - 1 2  a n d  a r e  c o n s i d e r a h l v  

PHREEQE a n d d  D S O P A K 7  d a t a  s h o w n  i n  _-- - ~ -~--- _ _  .~~~ ----- ~ - - 
~ ~ ~ _ ~ _  ----t-a-b-l e 4--1-1------ , a n d ~ r - e p e a t e d  i n  p a r t  i n  t a b l e  4 - 1 2 .  

I n  t h e  PREPHR b a s e d  s i m u l a t i o n ,  t h e  s v s t e m  n e v e r  b e c o m e s  s a t u r -  

a t e d  w i t h  g i b b s i t c ,  b u t  i n s t e a d  r e a c h e s  k a o l i n i t e  s a t u r a t i o n  a E t e r  

9 . 2  u m o l s  m i c r o c l i n e  h a v e  d i s s o l v e d  a t  p o i n t  ( 1 ) .  I n c o n g r u e n t  solu- 
4p000"/8 

- 
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Figure 4-1: Variation of Iron and Uranium Chemistry with Reactions Proqress in 

Test Problem 4 .  Letters Correspond to Points Descrihed in Table 4-15. 
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t i o n  b e g i n s  a c c o r d i n g  t o  r e a c t i o n  b . 3 . 3  a n d  c o n t i n u e s  u n t i l ,  ' a f t e r  

1 0 9 . 6  U m o l s  m i c r o c l i n e  h a v e  d i s s o l v e d ,  t h e  s o l u t i o n  b e c o m e s  s a t . u r a t e d  

w i t h  m u s c - o v ~ t e  a s  w e l l  p o i n t  ( 2 ) .  T h i s  i s ' t h e  s a m e  s t a p e  o f  r e a c t i o n  

p r o g r e s s  a s  p o i n t  ( E )  oE t h e  D E Q P A K 7  b a s e d  s i m u l a t i o n ,  a l t h o u g h  

. b e c a u s e  o E  t h e  d a t a  b a s e  d i f f e r e n c e ,  E w a s  r e a c h e d  a f t e r  1 9 2 . 8  p m o l  

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

c o m p o s i t i o n ,  a s  s h o w n  i n  T a b l e  4 - 1 2  a n d  F i g u r e  4 - 1 .  

F r o m  p o i n t  ( 2 ) ,  i n c o n g r u e n t  d i s s o l u t i o n  c o n t i n u e s  a c c o r d i n q  t o  

r e a c t i o n  4 . 3 . 4 ,  u n t i l ,  w h e n  1 6 5 . 8  p m o l  m i c r o c l i n e  h a v e  d i s s o l v e d , : .  

k a o l i n i t e  i s  n o  l o n g e r  s a t u r a t e d  ( 3 ) .  T h i s  i s  a s i a n i f i c a n t  

d e p a r t u r e  from t h e  D E Q P A K 7  b a s e d  s i m u l a t i o n  i n  w h i c h  t h e  r e a c t i o n  

e n d e d  a t  s a t u r a t i o n  a f t e r  d i s s o l u t i o n  o f  o n l y  1 5 0 . 0  p m o l  m i c r o c l i n e .  

D i s s o l u t i o n  i n c o n g r u e n t  w i t h  r e s p e c t  t o  m u s c o v i t e  c o n t i n i l e s  f r o m  
. .  

p o i n t  3 :  

K A 1 S i 3 O 8  + - 2 H +  
3 

1 
3 
- + 2 

3 
- K +  + 2 

u n t i l  a t o t a l  o f  2 1 6 . 8  pmol m i c r o c l i n e  h a v e  d i s s o l v e d  a t  w h i c h  p o i n t  

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

r e a c t i o n  s t o p s  a t  p o i n t  ( 4 ) .  

A s  T a b l e  5 - 1 2  s h o w s ,  t h e  c o m p o s i t i o n s  o f  t h e  a q u e o l i s  p h a s e  r a l -  

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

d i f f e r e n t .  T h e  d i f f e r e n c e  i s  a l s o  s h o w n  o n  F i c u r e  6 - 1  w h e r e  h o t h  . 

s e t s  o f  r e a c t i o n  s i m u l a t i o n  ~ o i n t s  a r e  ~ l o t t t d  on t h e  ~ h a s e  d i a ~ r a m .  
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4 . 4   EST PROSLEM L :  K E D U C E  A N  o x Y c E ! v A T E n ,  C A I . C [ T E  A N D  Y E Y A ' r r r E  

SATURATED SOL!JTIO?I R Y  A D D I V C  Y E ' T Y . 4 N F .  

The previous test problem illustrated the abilitv of each code 

to simulate an incongruent mineral dissolution path whi-ch did not 

involve redox reactions. Redox reactions are particularly difficult 

to simulate because of the occurrence of very large changes i n  
- 

-o-x-i--d-a-t-i-o-n-s-t-a-t-e-(-d-e-s-c-r-i-b~das€ 0 o r p e , . f o r e x a TI D 1 e ) a s o n e 

redox spec.it.s gains dominance over another. 

This problem has been designed to demonstrate the ability of 

each code to simulate reaction paths which include redox reactions, 

and was chosen less € o r  its resemblance to any real problem the codes 

might face than for thi'radical oxidation state changes i t  demands. 

T he problem is in several steps: 

0 Simulate a starting solution saturated with respect to 

calcite'(CaCO3) and hematite (Fe2031, and with fixed 

sodium, uranium, sullate, a n d  chloride concentrations. 

This solution is open t o  a gas phase with €ixed partial 

pressures of 0 2  and C02. 

0 The starting, solution, now'no longer open to the 0 2  and 

C02 containing gas phase, is reduced by the addition of 

methane ( C H 4 )  to i t .  'luring this reduction, the 'solution 

maintains saturation with calcite. The system is assumed 

to contain 0 . 1  rnrnol hematite p e r  kilogram water, and the 

solution stays in equilibrium wi.th that hematite until i t  

has entirely dissolved. Finally, i t  is assumed that the 

minerals uraninite ( 0 0 2 )  and pyrite (FeS2) will 

precipitate should the solution become supersaturated with 

I respect to them. 
1 

4 . 4 . 1  Input: Starting Soliition 

T h e  initial solution was speci€ied b y  combining fixed input 
. .  mo 1 a 1 i t i e s o f s ome d i s s o ! v e d s pe~c-i e s w i t 11-m~1.n.e r-a-l --e-a-u-1- 1-1 b-r-i-a- c-o n t r-o--l--- - 

on others and g a s  partial-pressure specifications o n  the remainder. 

The solution pH w a s  also calculated to satisfy &l.ectroneutralitv. 

- ~ 

~ ~~ ~ __-_ ~ ~- 

I I 

. i  
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L i i p i ~ t  i n  t h i s  f o r m  illustrates t h e  a b i l i t y  o f  t h e  s o l u t i o n  s p e c i a t i o n  

r o u t i n e  i n  P H R E E Q E  a n d  i n  E Q n  t o  a c c e p t  v a r i o u s  t v ~ e s  o f  i n p u t  d a t a .  

. T a b l e  4 - 1 3  s h o w s  t h e  i n p u t  d a t a  u s e d  a n d  r e l a t e s  t h e  m i n e r a l  a n d  

g a s  e q u i l i b r i a , t o  t h e  s p e c i e s  t h e y  d e f i n e .  For E q 3 ,  o n l y  t h e s e  l a t a  

( p l u s  a s t a r t i n g  e s t i m a t e d  p H ' o f  7.4) were  r e q u i r e d  t o  d i r e c t l y  

s i m u 1 a t . e  t h e  s t a r t i n g  s o l u t i o n .  V i t h  P H R E E Q E ,  a d d i t i o n a l  r e q u i r e d  

s t a r t i n g  e s t i m a t e s  w e r e  t a k e n  a s :  ~ H ~ 7 . 4 ;  p e = 1 3 . 2 ;  c a l c i u m = 1 . 5  E - 0 3  

a n d  t o t a l  c a r b o n a t e = 3 . 0  E - 0 3 .  
- ~ _ _  

4 . 4 . 2  

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

g i v e n  i n  T a b l e  4 - 1 4 ,  a n d  o t h e r  p r o p e r t i e s  o f  t h i s  s o l u t i o n  i n  t h e  

f i r s t  t w o  l i n e s  o f  T a b l e  6 - 1 5 .  No d i f f e r e n c e s  b e t w e e n  t h e i r  r e s u l t s  

e x c e e d  0 . 0 0 4  l o g  u n i t s ,  a n  e r r o r  f a r  s m a l l e r  t h a n  l i k e l y  t o  b e  

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

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

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

c o n s t r a i n t s ,  a n d  t o  a d j u s t  pH f o r  e l e c t r o n e u t r a l i t y .  

r g . 4 . 3  I n p u t :  R e a c t i o n  S i m u l a t i o n  

R e a c t i o n  p a t h  s i m u l a t i o n  u s i n g  P H R E E Q E  r e q u i r e s  t h a t  p o i n t s  o f  

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

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

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

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

T h e  s t a r ' t i n g  s o l u t i o n  i s  o x i d i z i n ~ ,  b y  v i r t u e  o f  i t s  e x p o s u r e  t o  

a n  o x y g e n - b e a r i n g  % a s  p h a s e .  T h e  r e a c t a n t ,  m e t h a n e ,  i s  r e d u c i n q  a n d  

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

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

o t h e r  s p e z i e s  i n  s o l u t i o n  c a n  h e  w r i t t e n :  
, 
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T a b l e  4 - 1 3 :  I n i t i a l  S o l u t i o n  for T e s t  P r o b l e m  4 .  

S p e c i e s  

S o d i u m  

Ca I C  i u m  

I r o n  

U r a n i u m  

C a r b o n a t e  

S u l E a t e  

C h l o r i d e  

H y d r o g e n  ( p H )  

O x y g e n  ( p E )  

S p e c i E i e d  b v :  

I n p u t  a t  7 . 0 -  ~ - 0 3  m o l a l  

Ca I c  i t e  ( C a C 0 3 )  s a t  u r a  t i o n  

H e m a t i t e  ( F e 2 0 3 )  s a t u r a t i o n  

I n p u t  a t  4 . 0  E - 0 5  m o l a l  

I n p u t  P c 0 2  o f  0 . 0 1  a t m o s p h e r e  

I n p u t  a t  1 . 0  E - 0 3  m o l a l  

I n p u t  a t  5 . 0  E - 0 3  m o l a l  

,So 1 u t  i o n  e 1 e c  t t o n e  11 t r a 1 i t v 

I n p u t  Po o f  0 . 2  a t m o s p h e r e  
2 

. .. 
, ..... . '.,'. ;4 ...: ... .._... . - c , : ,  ._ 



Table 6-14: Calculated Compositions of Initial 

Sodium* (log molati.ty) 

Ca IC ium ( l o g  molatitv) 

1,ron (log molality) 

U r  a n i  urn* (log molality) 

Carbonate (tog molality) 

Su 1 fat e* ( l o o ,  molality) 

Chloride" (log molality) 

PH ( 11 n i t s ) 

Pt' ( u n i t s )  

.Ionic Strength (mol a 1 i t  y )  

P *  (atmospheres) 

* (atmospheres! 

(log molality) 

c02 

p02 

2 
Dissolved 0 

Solution for Test Problem 4 usine. YQ3 

EQ3 P H R E E Q E  

- 2.155 - 2.155 

- 2 . 7 5 2  - 2.748 

-1 6.304 - 15.304 

. - 4 , 3 9 8  - 4 . 3 9 8  

- 2 . 4 1 5  - '  2.411 

- 3.900 - .  3.000 

- 2.301 - 2.301 

7.312 7.316 

13.289 13.285 

0.0128 0 . 9 1 ? 8  

0 . 0 1 0  0.010 

0.200 0.200 

- 3.599 - 3.598 / 

and P H R E E Q E  with OEOPAY7 nata. 

* Values fixed b y  i n p u t .  

~ - ~~~ 



I n  a d d i t i o n  t o  d i s s o l v e d  ox 

- 
3 e  

' q e n ,  t h e  s o l u t i o n  c o n t a i n s  u r a n i u m ,  

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

r a n g e  o f  c o n d L t i o n s  f o u n d  i n  n a t u r a l  w a t e r s .  

p a t h ,  i t  i s  n e c e s s a r y  t o  d e c i d e :  

T o  s p e c i f y  t h e  r e a c t i o n  

i ) ' t-h-e-o-r-d-e-r-1-n-w h-i-c-h-d-i-s~lTi5d?l ern e n t s w i 1 1 b e r e d u c e Ij h y _ _ _ _ _ ~  

t h e  a d d e d  m e t h a n e ;  a n d  

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

will b e c o m e  s a t u r a t e d  w h i c h ,  b y  t h e i r  p r e c i p i t a t i o n ,  will 

c o n s t r a i ' n  t h e  c o n c e n t r a t i o n  o f  t h e  s o l u t i o n .  

1 1 )  

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

u r a n i u m  a r e :  

+ - 
O 2  + 4H + 4 e  = 2 H 2 0  

S O i 2  + 8H+ + 8 e  - = s - 2  + 4 H 2 0  

+ 3  - + 2  
F e  + e '  = 0, 

U O + 2  + 4H + - +4 
+ 2 e  = + 2 H 2 0  2 

( 4 . 4 . 2 )  

( 4 . 4 . 3 )  

( h . 4 . 4 )  

( 4 . 4 . 5 )  

U r a n i n i t e  ( U 0 2 ) ,  f o r  w h i c h  p r e c i p i t a t i o n  r e a c t i o n s  c a n  b e  

w r i t t e n :  

U+' + 2 H  0 = U 0 2  + 4 3  + 
2 

( 4 . 4 . 6 )  

( 4 . 4 . 7 )  

P y r i t e  ( F e S 2 ) ,  f o r  w h i c h  p r e c i p i t a t i o n  r e a c t i o n s  c a n  b e  

w r i t t e n :  

. F e  + 2 S 0 L 2  + 16H + + 1 5 e  - = F e S  + R H 2 0  
+ .3 

2 
- 

+ 2  - 2  + 
F e S 2  +'!w + 16H + 1 4 e  = 

F e  + 2 s 0 4  
( 4 . 4 . 9 )  



6 7 9 0  
79 

s o ! u t L o n ,  e x c e p t  f o r  i t s  m u c h  l o w e r  d i s s o l v e d  o x y g e n  c o n t e n t .  

A d d i t i o n  o f  l e s s  t h a n  m o l  m e t h a n e  t o  t h i s  s o l ~ t i o n  w i l l  

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

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

h . 4 . 6  o r  4 . 4 . 8 .  

I 

B e c a u s e  t h e  u r a n i n i t e  s a t u r a t i o n  i n d e x  ( - 2 2 ,  T a b l e  4 - 1 5 )  i s  

d i s s o l v e d  o x y g e n ,  b e c a u s e  w i t h  i t  i s  a s s o c i a t e d  t h e  h i g h e s t  o x i d a t i o n  

p o t e n t i a l  o f  a n y  o f  t h e  r e a c t i o n s  4 . 4 . 2  t h r o u g h  4 . 4 . 9 .  ( S t u m m  a n d  

M o r g a n ,  1 9 8 1 ,  C h a p t .  7 ;  G a r r e l s  a n d  C h r i s t ,  1 9 6 5 ) .  R e f o r e  t h e  o x i d a -  

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

r e a c t i o n s  c a n  b e c o m e  a c t i v e ,  t h e  i n i t i a l  9 . 2 5 2  m m o l s  o f  d i s s o l v e d  

02 p r e s e n t  ( t a b l e  4 - 1 5 )  m u s t  b e  r e d u c e d .  A c c o r d i n e  t o  r e a c t i o n  

4 . 4 . 2 ,  t h i s  w i l l  r e q u i r e  4 * 0 . 2 5 2 = 1 . 0 0 8  mmol  e - ,  w h i c h  w o u l d  b e  

s l i p p l i e d  b y  t h e  o x i d a t i o n  o f  1 . 0 0 8 / 8 = 0 . 1 2 6  m m o l  o f  m e t h a n e  b y  " .  
r e a c t i o n  4 . 4 . 1 .  , 

I 

T h e  f i r s t  r e a c t i o n  s t e p  w i t h  t h e  P Y R E E Q E  s i m u l a t i o n  w a s  

t h e r e f o r e  t o  a d d  0 . 1 2 6  m n o l  m e t h a n e  t o  t h e  i n i t i a l   solutio^. 

P r o p e r t i e s  o f  t h e  r e s u l t i n g  s o l u t i o n  a r e  s h o w n  i n  T a b l e  4 - 1 5  a n d  i n  

F i g u r e  4 - 2 .  T h i s  s o l u t i o n  i s  v e r y  1 i . t t l e  d i f f e r e n t  f r o m  t h e  i n i t i a l  

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

c a l c u l a t e  t h e  a m o u n t ' o f  m e t h a n e  a d d i t i o n  r e a u i r e d  t o  r e a c h  u r a n i n i t e  

s a t u r a t i o n .  T h i s  r e q u i r e d  1 . 3 E - 0 7  m o l e s  o f  m e t h a n e ,  f o r ' a  t o t a l  o f  

I 0 . 1 2 6 1 8  m m o l  m e t h a n e  t o  r e d u c e  t h e  i n i t i a l  s o l u t i o n  t o  t h e  p o i n t  o f  

u r a n i n i t e  s a t u r a t i o n .  

P r o p e r t i e s  o f  t h e  s o l u t i o n  a t ' t h e  E i r s t  p o i n t  o f  u r a n i n i t e  
i 

s a t u r a t i o n  ( A )  a r e  g i v e n  i n  T a b l e  4 -1 .5  a n d  i n  c i p . u r e  4 - 2 .  C o r n p a r i -  

s o n ' o f  t h e s e  r e s u l t s  w i t h  t h o s e  o f  t h e  p r e l r i o u s  p o i n t  o n  t h e  r e a c t i o n  

p a t h  i l l u s t r a t e  t h e  l a r g e  c h a n g e s  i n  s o l u t i o n  p r o p e r t y  v a l u e s  w h i c h  
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~ J o $ * . / r j + ~  r a t i o  o f  b v  r e a c , t i o n  L . h . 5 ,  a ~ y r i t e  

s a t u r a t i o n  i n d e x  c h a n e e  o f  + 1 6 7 ,  a n d  S O  E o r t h .  T h e  a h i l i t v  of 

P H K E E Q E  t o  t r a c k  v e r y  s h a r p  c h a n g e s  i n  s o l u t i o n  s t a t e  i s  t h u s  

d e m o n s t r a t e d .  

T h e  a s s u m p t i o n  t h a t  u r a n i n i t e  s a t u r a t e s  a t  a l o w e r  v a l u e  o E -  1: 
r e a c t i o n  p r o g r e s s  t h a n  p y r i t e  i s  a l s o  j u s t i f i e d  b y  t h e  r e s u l t s  a t  

t h i s  s t e p .  A s  s h o w n  i n  t a b l e  4 - 1 5 ,  a t  t h e  f i r s t  p o i n t  of u r a n i n i t e  

1, 

1 .  I s-a-t-u-ra-t-Con, p y r i - t e  r e m a i n s  u n d e r s a t u r a t e d ,  w i t h  a s a t u r a t i o n  i n d e x  o f  

- 7 2 .  

W i t h  c o n t i n u i n g  m e t h a n e  a d d i t i o n ,  t h e  s o l u t i o n  w i l l  b e c o m e  more  

r e d u c i n g  a n d  t h e  n e x t  c h a n g e  i n  r e a c t i o n  p a t h  will o c c u r  a t  t h e  p o i n t  

o f  p y r i t e  s a t u r a t i o n .  A s  t h e  n e x t  s t e p  i n  t h e  s i m u l a t i o n ,  t h e  a m o u n t  

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

p o i n t  o f  p y r i t e  s a t u r a t i o n  w a s  c a l c u l a t e d .  1 . 0 0  E - 0 5  m o l e s  a r e  

r e q u i r e d  for a t o t a l  o f  0 , 1 3 6 2  m m o l  m e t h a n e  a d d e d  s o  f a r  i n  t h e  

s i i n u  1 a t  i o n .  

T h e  s o l u t i o n  p r o p e r t i e s  a t  t h e  f i r s t  p o i n t  o f  p v r i t e  s a t u r a t i o n  

( B )  a r e  s ' hown  i n  T a b l e  4 - 1 5  a n d  F i q u r e  4 - 2 .  T h e  s o l u t i o n  h e r e  h a s  a 

,lower o x i d a t i o n  p o t e n t i a l  ( ? e  = - 3 . 2 )  t h a n  a t  t h e  p r e v i o u s l y  

s i m i i l a t e d  p o i n t  o f  f i r s t  u r a n i n i t e  p r e c i p i t a t i o n  ( ~ e  = 1 . 5 ) ,  a n d  s o  

, t h e  e q u i l i b r i u m  p r o p o r t i o n s  o f  t h e  r e d o x  r e a c t i o n s  4 . 4 . 1  t h r o u q h  

l r . 4 . 5  h a v e  s h i € t e d  t o w a r d  t h e  r e d u c e d  s p e c i e s  w i t h  t h e  r e s u l t i n q  

l o % e , r i n g  i n  t h e  r a t i o s  o € . o x i d i z e d  t o  r e d u c e d  s p e c i e s  g i v e n  i o  T a b l e  

4 . 4 . 3 .  W i t h  t h e  c h a n p , e  i n  d o m i n a n t  u r a n i u m  s p e c i e s  f r o m  o x i d i z e d  t c  

r e d u c e d ,  t h e  t o t a l  d i s s o l v e d  u r a n i u m  c o n t e n t  4 e c r e a s e s  a s  u r a n i n i t e  

p r e c i p i t a t e s .  L i k e w i s e ,  t h e  t o t a l  i r o n  c o n t e n t  i n c r e a s e s  b e c a u s e  o f  

t h e  i n c r e a s i n g  a b i l i t y  o f  h e m a t i t e  t o '  d i s s o l v e :  

- + 
+ SH + 2 e  - - 2 F e + 2  + 3H20 ( 4 . 4 . 1 9 )  F e 2 0 3  

+ 2  a s  F e  s t a b i l i t y  i n  t h e  s o l u t i o n  i n c r e a s e s .  S e c a u s e  p y r i t e  i s  a n  

F e + 2 - b s a r i n g  s o l i d ,  h o w e v e r ,  t h e  t o t a l  i r o n  d i s s o ' l v e d  c o n t e n t  s t o p s  

i n c r e a s i n g  w h e n  p y r i t e  s a t u r a t e s .  

The '  s y s t e m  i s  n o w  p o i s e d  a t  t h e  p o i n t  w h e r e ,  a s  m e t h a n e  is. ~- 
~- ~ ~ -~~ ~~. - - ~~~- ~~ 

._- - ~ - ~- 
a d d e d ,  h e m a t i t e  d i s s o l v e s  b y  s u c h  a r e a c t i o n  a s  4 . 4 . 1 0 ,  w h i l e  ~ ~ r i t e  

p r e c i p i t . a t e s  b y  s u c h  a r e a c t i o n  a s  4 . 4 . 9 .  T h i s  p r o c e s s  w i l !  c o i l t i n l i e  
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Table.4-15: Comparison of PHREEQE and EQ6 Results for T e s t  

Problem 4 .  

EQ3 . 

PI1 X.5 EQE 

PIIKEEQE 

Ptl KE E ( ) E  
EQ6 

E06 
PIIKE E Q E  

PH REEQE 

Kc)'.. 

EO', 
Y / I  RE k:Q E 

E Q f  
PtIR1'F.f)E 

! /  ._ 

Srarting solution: c a l c i t e  .ind -0-  
Hcrnat i tc  s a t u r a c c ' d  a t  
Pco2=0.01 a t m .  =0.02 a t m  -0- 

po2 

0.126 2 E x h a u s t  i n i t i a l  d i s s o l v e d  0 

Uraninite s a t u r a t e s ;  continuing 0.1262 
c a 1 c i t  e ,  hema t i t e  s a t  t i  r a t  1 on : A )  0.1285 

P y r i t e  sarurates; s a t u r a t r ' d  ( a )  0.1355 
c a l c i t e .  h e m a t i t e .  uraninite 0.1362 

I n t  ermcd I .?ce p o i  n t  0 .e362 

7.312 

7.316 

1.279 

7.279 
7.274 

1 .?69 
7. 2 7 2  

7.327 

.:. 31i: 

7 .]LO 
7.153 

I .  310 
7.3LL 

13.?69 

13.285 

12.h33 

I .608 
1 . 5 5 0  

- 1.?01 
- 3.205 

- I 295 

- 3 . 3 1 :  

- j.35L 
- 3 . 3 2 2  

- -.227 
- 2.236 

I 

- 3.599 

- 3.598 

- 5.356 

-50.4 
-50.7 

-69.7 
->60 

- ) b o  

-69.9 

-70.0 
->60 

- 7 3 .-b 
- > b @  

-16.3OL 

-16.304 

-16.299 

-'l 2 . 3 L  2 
-12.278 

- 7.511 
- 7.510 

- 7.5Q:. 

- 7.615 

- 7.9s2 
- 7.51; 

- 17.52.5 
-17.590 
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T a b l e  4-15: ( C o n t i n u e d ) .  

1 . a )  

. 1.80 

7 .10  

- 3 . 9 3  
- 5 . 0 2  

- 8 . 7 7  
- a .  78 

-3.50 

-3.68 

- 8 .  :0 
- 3  . h R  

- 9 . L b  
- 9  . L 5  

- L . 3 9 3  2 9 . 3 4  

29 .LO 

- 2 3  

- 2 3 .  

- 2 2 .  

0. 
0. 

0. 
9. 

0. 

U. 

0. 
0 . 

9 ) .  

0 .  

- 2 6 8  

- L , 3 9 8  ? 6 0  - 2 L R .  1 - 3 2  

- 2 3 8 .  33-1.5 - 4 . 3 9 8  29.00 > 6 0  > 6'3 

- L . 3 9 8  
- L . 5 2 9  
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u n t i l  t h e  0 . 1  m m o l  h e m a t i t e  p e r  k i l o g r a m  s o l u t i o n  s p e c i E i e d  i n  t h e  

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

e x h a u s t i o n  b e c o m e s  t h e  n e x t  o n e  O E  c h a n g e  o n  t h e ' r e a c t i o n  ~ a t h  (C). 

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

p y r i t e  p r e c i p i t a t i o n  c a n  b e  w r i t t e n  b y  c o m b i ~ ~ i n n  r e a c t i o n s  4 . 4 . 9  a n d  

4 . 4 . 1 0 :  
\ 

- + 
F e  0 + 4 S O i 2  + 3 3-H+3.0.e = 2-l!?-e-S-+-1-9H-O ( - 4 7 4 Y l T )  2-3 2 2 

T h u s ,  t o  d i s s o l v e  0 . 1  a m 0 1  h e m a t i t e  w i l l  r e q u i r e  3 . 0  m mol e'. I f  

t h e s e  a r e  s u p p l i e d  b y  r e a c t i o n  4 . 4 . 1 ,  3 . 0 / 8 = 0 . 3 7 5  m m o l  m e t h a n e  w i l l  

b e  n e e d e d .  

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

s o l u t i o n  c o m p o s i t i o n  r e s u l t i n g  f r o m  t h e  a d d i t i o n  o f  9 . 3 7 5  m m o l  

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

s o l u t i o n .  P r o p e r t i e s  of t h i s  s o l u t i o n  - t o  w h i c h  a t o t a l  o f  9 . 5 1 1 2  

m m o l  m e t h a n e  h a v e  b e e n  a d d e d  - a r e  q i x e n  i n  t a b l e  4 - 1 5 ,  a l o n g  w i t h  

t h e  p r o p e r t i e s  o f  a s o l u t i o n  t o  w h i c h  a n  i n t e r m e d i a t e  0 . 4 3 6 2  m m o l  

m e t h a n e  w e r e  a d d e d .  I n  s p i t e  o f  a r e l a t i v e l y  l a r g e  m e t h a n e  a d d i t i q n ,  

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

t h . e  r e d o x  p o i s i n g  e f f e c t  o f  t h e  h e m a t i t e - ~ v r i t e  m i : i e r a l  p a i r .  

. ,  

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

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

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

o x i d i z e d  t o  r e d u c e d  s p e c i e s  c o n c e n t r a t i o n s .  R e z . a u s e  ~f u r a n i n i t e  

s a t u r a t i o n ,  t h e  u r a n i u m  c o n t e n t  r e m a i n s  e s s e n t i a i l y  c o n ~ t a n t .  I n  t h e  

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

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

s - 2 )  c o n c e n t r a t i o n s .  

r 

~ 

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

r e q u i r e  t h e  d e f i n i t i o n  o f  e a c h  p o i n t  O E  i n t e r e s t  o n  t h e  r e a c t i o n  

p a t h ,  b u t  o n l y  o f  t h e  s t a r t i . n p :  s y s t e m  d e s c r i p t i o n .  T h a t  i s ,  t h e  T o 6  

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

! I  
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. 

the E Q 3  run previously described, the s p e c i f i c ~ t i o n  that calcite arid 

0 . 1  m m o l  hematite were available a s  reactants, a n d  that the r e a c t ~ o n  

path would consist o f  the addition o f  a total of 1 . 2  mmol methane. 

Vith this input, the code itself determines what phases saturate or 

become exhausted, and at what values of reaction proqress these 

system changes occur. 

4.4.4 Results: Reaction simulation. 

E Q 6  simulation results are %iven in T a b l e  4 - 1 5  and s h o w n  o n  

Figure 4 - 2 .  These results are in excellent agreement with those of 

the P H R E E Q E  simulation i n  terms both of the extents o f  methane 

addition required to reach the several phase boundaries, and of the 

calculated properties O E  the soll~tions at the boundaries and 

intermediate points. This agreement provides verification by 

code-to-code comparison o f  both the P H R E E O E  and E O 6  codes abilities 

to simulate reaction paths i n  systems i n c l u d i n g ' o x i d a t i o n - r e d u c t i o n  

reactions. 
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4.5 T E S T  PROBLEM 5 :  C A R B O N A T E  A Q [ I I F E R  DEnOLnH['TIZ,4TION R y  G Y P S U M  

SOLUTION WITH INCREASING TSYPESATURE. 

The water i n  carbonate (limestone) aquifers is frequentlv 

saturated with respect to the minerals calcite (CaCO3) and dolomite 

(CaMg(C03)2). Certain carbonate aquifers also contain 

disseminated gypsum (CaS04.2H20). A s  the gypsum dissolves in the 

calcite-and dolomite-saturated solutLon, calcite precipitates which i n  

turn leads to dolomite solution. A s  the dolomite originally present 

in the formation i s  replaced by calcite, the aquifer is said to have 

been dedolomitized. T h e  overall reaction b v  which this occurs can be 

writ ten: 

Gypsum + Dolomite = 2 Calcite + Solution 

(aq) CaS04-2H20 + CaMg(C0 +2 + = 2 CaC03+ Yg 3 2  

HZ 

(4.5.1) 

(4.5.2) 

Dedolomitization frequently occurs with increasing depth in 

carbonate .aquifers. As increasing d'epth i s  a c c o m ~ a n i e d  b v  increasing 

temperature, to simulate a natural dedolomitizinc system requires that 

both the gypsum solution reaction and the accompanyinR temperature 

increase be simulated. This problem illustrates and compares the 

temperature changing capabilities of P H R E E Q E  and E03/6 and a l s o  serves 

a s  an additional example o f  th'eir reaction simulation capacities. 

.Like Problem 4, this simulation i s  in two steps: 
Simulate a starting solution saturated with resnect to 

calcite and dolomite a n d  at a .  fixed partial preslure of 

C 0 2 ;  and 1 
0 Simulate the reactions which a c c o m ~ a n v  the addition of 

qypsum with a n  accompanying temperaturz increase t o  t h e  

-s.t-a-r~t-~-n-g--s-o-l-u~t-~-o n7----------------- -__-- - - - - _ _  
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T h r e e  s ~ ~ n a t a t ~ o n s  w e r e  r u n  a n d ' t h e  r e s u l t s  a r e  B i v e n  h e r e .  T h e  

E Q 3 / E @ h  c o d e s  a n d  P H R K E Q E  w e r e  r u n  w i t h  t h e  DEnPAK7 d a t a  s e t  t o  

i l l u s t r a t e  c o d e  c o t n p a r a b ~ l i t y .  I n  a d d i t i o n ,  PHREEOF. w a s  r u n  w i t h  t h e  

P R E P H R  d a t a  s e t  t o  illustrate t h e  e f f e c t s  o f  t h e r m o d v n a m i c  d a t a  h a s e  

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

4 T 5 T 1 - L  n p u t 

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

f i x e d  i n p u t  m o l a l i t i e s  o f  some d i s s o l v e d  s p e c i e s  w i t h . m i n e r a 1  e q u i -  

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

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

t o  s a t i s f y  e l e c t r o n e u t r a l i t y .  ' C a b l e  4 - 1 6  s h o w s  t h e  i n p i i t  d a t a  u s e d  

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

t h e y  d e f i n e .  

N O  o x i d a t i o n - r e d u c t i o n  r e a c t i o n s  a r e  i n v o l v e d  i n  t h e  g y p s u m  

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

i n  t h e  r e a c t i o n  s i i n u l a t i o n s  o f  - E Q 6  a n d  P H R E E Q E  w e r e  s u r p r e s s e d .  F o r  

p u r p o s e s  o f  c a l c u l a t i n g  t h e  i n i t i a l  s o l u t i o n ,  t h o u g h ,  a p e  o f  4 . 0  w a s  

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

v a l u e  7 . 9  w a s  u s e d  b o t h  f o r  E Q 3  a n d  P H R E E Q E .  

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

2 5  C a n d  c o n s i d e r e d  q y p s u m  d i s s o l u t i o n  a t  a r a t e  s u c h  t h a t  w h e n  1 0  

mmol  g y p s u m  h a d  d i s s o l v e d ,  a t e m p e r a t u r e  o f  7 5  C w o u l d  h a v e  b e e n  

r e a c h e d .  T h i s  w a s  s p e c i f i e d  d i r e c t l y  i n  t h e  i n p u t  t o  P H Q K E O E  b y  

m a k i n g  u s e  oE t h e  "STEPS" a n d  " T E M P "  i n p u t  o p t i o n s .  F o r  E 0 6  i t  w a s  

s p e c i f i e d  b y  m a k i n g  t e m p e r a t u r e  a f u n c t i o n  o f  r e a c t i o n  ~ r o ~ r e s s  (XI): 

t ( C e l s i u s )  = 2 5 . 0  + 5 . 0  E + O ~  * X I  ( m o l e s )  ( h . 5 . 3 )  

U s i n g  E Q 6 ,  t h e  s i m u l a t i o n  w a s  c o n t i n u e d  u s i n s  t h e  s a m e  t e m - p e r a -  

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

a n d - . ~ b e  y o n d - ~ o - _ d e  t e r m  + t h e  -~ t e m t e - r a f u r e  ~ a t 

( C a S O k )  w e r e  i n  e q u i l i b r i u m .  I n  P H R E E Q E ,  i t  i s  n o t  p o s s i b l e  t o  

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

t h a t  t h e  c o d e  c a n  b e  u s e d  t o  E i n d  a ' t e m p e r a t u r e  a t  w h i c h  a s p e c i f i e d  

wh i c h g y p s  um a n d  a n h  y d  r i t e 
~ - -  .- - - -  - ~. - . .- ~ - . - - - - - .~ -.-. _. 
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Table 4 - 1 6 :  Initial Solution for Test Problem 5. 

S P E C I Y S  

S o d  1 um 

Calcium 

Magnesium 

Carbonate 

Sulfate 

Chloride 

Hydrogen (pH) 

O x v F e n  ( ~ e )  

SPECIFIEn R Y  

Input a t  1 . 0  F - 0 3  molal 

Ca I C  i t e ( C ~ C O ~ )  

Dolomite (CaMg(CO3)2) saturation 

Input Pco2 = 0.01 atmosphere 

Input at 1.0 E-19 molal 

Input at 1 . 0  E - 0 3  molal 

So 1 ut i 011 e 1 s c t r o n  s 11 r r a 11 t v 

Input p e  = 4 . 0 .  Qedox reactions n o t  

sat l i r a  t ion 

considered durine r e a c t i o n  
simulation 



-- 

_____ 

i e q u i l i b r i u m  o c c u r s .  T h u s ,  E o L l o w L n ~  t h e  i n i t i a l  a d d i t i o n  o f  1 0  m m o l  

. y y p s u m  a n d  t e m p e r a t u r e  r i s e  t o  7 5  C, t h e  P H R F . E ( I E  s l m i i l a t i o n  c o n t i n u e d  

a t  a f i x e d  t e m p e r a t u r e  o f  7 5  C t o  g y p s u m  s a t u r a t i o n .  T h i s  p o r t i o n  o f  

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

E Q 6  a n d  P H R E E Q E  w e r e  u s e d  t o  s i m u l a t e  t h e  s o l u t i o n  o f  q v o s u m  

w i t h  a n  a c c o m p a n y i n g  t e m p e r a t u r e  r i s e  i n  t h l s  i n l t l a l  s o l u t i o n 7 A - s  

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

i n  t h e  f o l l o w i n g  s e c t i o n .  

4 7 5 7 2  R-e-s-u-1-t-s-a-n-d-D-1-s.c-u.s.s-i-0-n 

T h e  i n i t i a l  s o l u t i o n  c o m p o s i t i o n s  c a l c u l a t e d  f r o v  t h e  i n p u t ’ .  

d e s c r i b e d  i n  t h e  p r e c e e d i n g  s e c t i o n  a r e  g i v e n  i n  T a b l e  4 - 1 7 .  T h e  

f i r s t  t w o  c o l u m n s  o f  n u m b e r s  i n  t h i s  t a b l e  w e r e  c a l c u l a t e d  b y  E Q 3  a n d  

P H R E E O E  u s i n g  t h e  D E Q P A K 7  d a t a  s e t .  A s  w a s  t h e  c a s e  i n  t h e  e a r l i e r  

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

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

T h e  t h i r d  c o l u m n  c o n t a i n s  t h e  r e s u l t s  o f  P H R E E O E  c a l c u l a t i o n s  

u s i n g  t h e  P R E P H R  d a t a  b a s e .  T h e s e  r e s u l t s  d i f f e r  s i q n i f i c a n t l y  f r o m  

t h o s e  a c h i e v e d  u s i n g  t h e  D E Q P A K 7  d a t a  b a s e .  To e x p l o r e  t h e s e  

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

d i s s o 1 u t i o n ’ r e a c t i o n . s  o f  f o u r  m i n e r a l s  i m p . o r t a n t  i n  c o n t r o l l i n g  t h e  

s o l u t i o n  c o m p o s i t i o n  i n  t h i s  t e s t  p r o b l e m  a r e  s h o w n  i n  T a b l e  4 - 1 8 .  

T h e  m i n e r a l s  c o n t r o l l i n g  t h e  i n i t i a l  s o l u t i o n  c o r n ~ o s i t i o n  a r e  c a l c i t e  

a n d  d o l o m i t e .  A s  t h i s  t a b l e  s h o w s  t h e  v a l u e s . € o r  l o c  K c a l c - i t e  

d i € f e r  b y  o n l y  0 . 0 5  log u n i t s  a t  2 5  C ,  h u t  t h e  v a l u e s  f o r  l o g  

K d o l o m l t e  d i f f e r  b y  m o r e  t h a n  a f u l l  l o g  u n i t .  T h i s  i s  

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

t w o  d a t a  s e t s  a n d  s h o w n  i n  T a b l e  4 - 1 7 .  T h e  l a r g e s t  d i f f e r e n c e s  i n  

s o l u t l o n  : o m p o s i t i o n  b e t w e e n  t h e  D E g P A K 7  a n d  P R E P H R  r e s u l t s  a r e  i n  

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

e q u i l i b r i u m  c o n s t a n t  v a l u e s  f o r  d o l o m i t e .  C a l c i u m ,  c a r b o n a t e ,  a n d  D Y  

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

p a r a m e t e r s ,  t o o ,  d i f f e r  b e t w e e n  t h e  t w o  d a t a  s e t s ,  a l t h o u g h  n o t  3 s  

1 

1 m u c h  a s  t h e  m a g n e s i u m  d i f f e r e n c e .  
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T a b l e  4 - 1 7 :  Calculated Compositions o f  Initial 

Solutions for Test Problem 5 Using E Q 3  

with DEQPAK7 Data and Using PHREEQE 

with both DEQPAK7 and PREPHR Data. 

- 

~ 

- 
DATA SET: DEOPAK7 PREPNP 

C 0 N S T I T U E N T 

CODE : E Q 3  PYREEOE 

Sodium* ( l o g  molality) - 3.000 - 3.noo - 3 . 0 0 0  

Ca lc ium (log molality) - 2.822 - 2.822 ' -  2.946 

Ma gne s i urn (log molality) - 3.845 - 3.845 - 3.017 

Tot a 1 Carbonate. (log molality) - 2.442 - 2.442 - 2.346 

s u 1 f a t e *' (log molality) -10.000 -1n .ooo  - 1 ~ l . 0 0 0  

Chloride* (log molality) - 3 . 0 0 0  - 3.000 ,- 3.000 

PH (units) 7.307 7. 307 7 . 3 9 2  

Pe (units) 4.000 4.000 4.000 

Ionic Strength 

P *  

, 
(moles 1 0.0058 0.00 .58  0.0071 

0 . 0 1 0  

Gypsum Saturation Index - 8.336 - 8.337 - 8.4.93 

(atmospheres) 0 . 0 1 0  0.010 
c 0 2  

Anhydrite S a t u r a t ~ o n  Index - 8.921 - 8.922 - 8.704 

0 . 0 0 0  0.000 0 . 0 0 0  

0.000 0.000 0 . n o o  

C a l c i t e  Saturation Index* 

Dolomite Saturation Index* 

Temper at u re ( Ce 1 s 1 11s)  * 25.0 25.0 25.0 
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T a b l e  4 - 1 8 :  L o g  K V a l u e s  o f  M i n e r a l s  C o n t r o l 1 i n . q  

S o l u t i o n  C o m p o s i t i o n  i n  T e s t  P r o b l e m  5 .  

--I 

I 

M i n e r a l  
T e m p .  

(Ce 1 s i u s )  

G y p s u m  
( Ca SO4 2 H  2 0 )  

2 5  
7 5  

2 5  
7 5  

2 5  
7 5  

2 5  
7 5  

log K . d i s s o l u t i o n  

D E Q P A K 7  PREPqQ 

n a t a  D a t a  

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

- 1 8 . 0 6 1  - 1  7 .n .20  
- 1 9 . 4 9 7  - 1 7 . 5 9 3  

- 4 . 8 5 0  - 4 . 8 4 8  
- 4 . 9 8 4  - 4 . 8 2 0  

- 4 . 2 5 5  - 4 . 5 7 7  
- 4 . 9 5 4  - 5 . 0 3 4  
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Ta-b-1-e-4x1-9: C a l c u l a t e d  Mass T r a n s f e r  a n d  S o l u t i o n  C o m p o s i t i o n  f r o m  

Gypsum D i s s o l u t i o n  a n d  T e m p e r a t u r e  Rise f r o m  EQ6 w i t h  

DEQPAK7 Data  a n d  b y  PHREEQE w i t h  Both DEQPAK7 a n d  

PREPHR D a t a .  

Gypsum S a t u r a t i o n  U a s s  

0 1 s -  I n d e x  T r a n s f e r  Temper- 
s u l v r d  (-01) a t u r e  
frron0L) Gypsum Anhy-  c a : : 1 t c  0o:o-  

d r i t e  miti. ( C e l s i u s )  

0.0 
Initial S o l u t i t i n  0 .0  

I n i t i a l  Solution 0.0 

5.000 
5.000 

5.000 

10.000 
10.000 

10 .ooo 

G V ?  S u m  IO. 209 
S a r u r a t  ion !0.227 

A n h y d r l t c - C y p s u m  S a c ? .  lU.55: 

A n h v d r i t c  S a t u r a t i o n  14.355 

-8 .336  
-8.337 

-8 .493  

- 0 .  405 
- 0 . 4 0 5  

-0 .546  

-0 .019  
- 0 . 0 1 2  

- 0 . 4 7 0  

0 .  ooc 
3.000 

0 .  oon 

- O . ? I L  

- 8 . 9 2 1  .I . 
-8 .922  0 .  

-8 .  ?04  9 .  

-0 .716  - 1 . 0 2 4  
-0 .716 - 1.026 

-0.628 - L.300 

- 0 . O L 2  - 2.001 
- 0 . 0 5 2  - ? . 0 0 3  

- 0 . 2 5 1  - 1 :  . ? ' )e  

- i ) . 030  - 2 .0 -5  
-9 .030  - 2 .039  

0 . C O O  - 1 . 0 5 9  

0 .Cr )O  - 1 0 . 3 0 7  

0 .  
0. 

0. 

0 . 2 8 L  
0 .284  

1.931 

0 .  596 
0 .597  

5 . h l L  

0 .611  
0 . 6 1 3  

0 . 5 1 1  

9 . 2 3 9  

25.00 
25.00 

25.00 

50.00 
50.00 

50.00 

75.00  
75.00 

75.00 

76.05 
75.00 

77.18 

75.0C 
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i .  j 2 :  -2.822 -3.845 -2.442 -10.000 
:.:c.: - 2 . 9 2 2  -3.845 -2.442 -10.000 

- 2 . 9 L 5  -3.017 -2.346 -10.000 

6 . i i 5  -2.239 -3.370 -2.501 - 2.301 
6 . 7 1 5  -2.239 - 3 . 3 7 0  - 2 . 5 0 1  - 2.301 

5 . 5 2 3  - 2 . 4 2 1 ,  - 2 . 5 3 9  -2.390 - 2.301 

5 . 5 5 5  - ! . 9 9 6  - 3 . 1 3 1  -2.552 - 2.000 
5 .  > -  I:; -i.995 - 3 . 1 3 1  - 2 . 5 5 2  - 2.000 

- 2 . 3 2 3  - 2 . 1 8 2  - 2 . 4 2 6  - 2.000 

- I . O 8 S  -3.122 - 2 . 5 5 1 .  - 1.991 
5 . 2 5 ;  - i  , 9 8 7  - 3 . 1 2 1  - 2 . 5 5 2  .. 1.990 

- 1 . 9 9 1  - 3 . 1 ? 3  - 2 . 5 5 1  - 1.993 

5.i-f - 9 . 1 3 0  - 1 . 9 9 1 .  -2.:3:. - 1 . 7 8 1  

. . _ _  
3 . 3 T <  

. - -  
4 : . :  

. 
3 .  >>: 



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

a l l y i n g  t h e  d i s s b l u t i o n  o f  v a r v i n g  a m o i ~ n t s  o f  g y p s u m  t i j g e t h e r  w i t h  t h e  

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

s h o w n  i n  T a b l e  4 - 1 9 .  A s  b e f o r e ,  c a l c u l a t i o n s  w e r e  m a d e  us in^ t h e  

D E Q P A K 7  d a t a  b a s e  w i t h  b o t h  t h e  E Q 6  a n d  P H R E E O E  c o d e s  a n d  w i t h  t h e  

P R E P H R  d a t a  b a s e  a n d  t h e  P H R E E Q E  c o d e .  Whe_n_u.s.e.d-w-i-th-t-h-e-D-E.O-P-A-K-7- 

d a t a  s e t ,  b o t h  ' c o d e s  g i v e  e s s e n t i a l l y  i d e n t i c a l  r e s u l t s  a t  t h e  p o i n t s  

i w h e r e  5 a n d  10 m m o l  o f  g y p s u m  h a v e  b e e n  d i s s o l v e d  a n d  s h o w ,  f o r  

e x a m p l e ,  t h a t  1 0  rnmol o f  g y p s u m  s o l u t i o n  a r e  a c c o m p a n i e d  b y  2 . 0  m m o l  

o f  c a l c i t e  p r e c i p i t a t i o n  a n d  0 . 5  m m o l  o f  d o l o m i t e  d i s s o l u t i o n .  A t  

1 t h i s  p o i n t  a l s o ,  t h e  g y p s u m  s a t u r a t i o n  i n d e x  i s  l e s s  t h a n  - 0 . 0 2  

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

T h e  r e s u l t s  o f  t h e  P H R E E Q E  s i m u l a t i o n  u s i n g  t h e  P R E P H R  d a t a  b a s e  

t o  t h e  s a m e  p o i n t  o f  10  m m o l  o f  g y p s u m  s o l u t i o n  g i v e  q u i t e  d i f € e r e n t  

r e s u l t s ,  A s  T a b l e  4 - 1 9  s h o w s ,  t h e  s i m u l a t i o n  w i t h  t h i s  d a t a  b a s e  h a s  

1 1 . 2  m m o l  o f  c a l c i t e  p r e c i p i t a t i n g  a n d  5 . 6  m m o l  o f  d o l o m i t e  d i s s o l v -  

i n g  a n d  r e s u l t s  i n  a s o l u t i o n  w i t h  a g y p s u m  s a t u r a t i o n  i n d e x  o f  - 0 . 5  

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

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

t h e  two  d a t a  s e t s  a r e  l a r g e  a n d  i l l u s t r a t e  t h e  f a c t  t h a t  d a t a  s e t  

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

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

, a s  w e l l .  
I F o l l o w i n g  r e a c t i o n  t o  t h e  s p e c i f i e d  p o i n t  o f ' 1 0  mmol  g y p s u m  i 

s o l u t i o n  a t  7 5  C ,  t h e  E Q 6  s i m u l a t i o n  c o n t i n u e d  w i t h  g v p s u m  a d d i t i o n  

a n d  t e m p e r a t u r e  r i s e  a c c o r d i n g  t o  e q u a t i o n  ( 4 . 5 . 3 )  u n t i l  t h e  s o l u t i o n  

b e c a m e  s a t u r a t e d  w i t h  g y p s u m .  A s  T a b l e  4 - 1 9  s h o w s ,  t h i s  r e q u i r e d  

r e a c t i o n  p r o g r e s s  o f  1 0 . 2 0 9  mmol  a n d  r e a c h e d  a t e m p e r a t u r e . o f  

7 6 . 0 5  c .  
I n  t h e  c o n s t a n t  t e m p e r a t w r e  E Q 6  s i m u l a t i o n s  o f  t h e  p r e v i o u s  

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

p r o b l e m ,  t e m p e r a t u r e  a l s o  v a r i e s  w i t h  r e a c t i o n  p r o ~ r e s s  a n d  i s  t h e r e -  
- - -f-"-r e a--d----- -- - - - - - - ~  ~ . .  e p e n d e n t  v a r i a b l e .  T h u s ,  t h e  s i m u l a t i o n  c o n t i n u e d  e v e n  a f t e r  

t h e  r e a c t a n t  g y p s u m  f i r s t  s a t u r a t e d .  T h e  n e x t  p o i n t  O E  i n t e r e s t  o n  

t h e  r e a c t i o n  p a t h  o c c u r r e d  a t  1 0 . 5 5 7  m m o l  o f  r e a c t i o n  p r o g r e s s  a t  a 

t e m p e r a t u r e  o f  7 7 . 7 8 5  C w h e n  t h e  s o l u t i o n  a l s o  b e c o m e  s a t u r a t e d  w i t h  

I 

1 
. I I  
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T h e  t e m p e r a t u r e  a t  w h i s h  g y b s u m  a n d  a n h y d r i t e  a r e  i n  e q u i l i b r i u m  

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

m i n e r a l s  g i v e n  i n  t h e  DEQPAK7 d a t a  s e t .  T h e s e  c a 1 c u l a t L o n s  y i e 1 . d  a n  

e q u i l i b r a t i o n  t e m p e r a t u r e  o f  7 7 . 7 8 5  C .  T h i s  i s  t h e  same a s  t h a t  

c a l c u l a t e d  b y  t h e  E Q 6  c o d e  a n d  t h u s ,  s e r v e s  t o  v e r i f y  t h e  c o r r e c t  

o- erat ti on o f  t h e  t e m p e r a t u r e  c h a n g i n g  p o r t i o n s  O f  t h a t  c o d e .  

T h e  s t r u c t u r e  o f  t h e  P H R E E Q E  c o d e  i s  n o t  s u c h  t h a t  t e m p e r a t u r e  

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

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

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

p h a s e  r u l e  t o  e x i s t  o n l y  a t  on,e t e m p e r a t u r e .  T h u s ,  t o  P Y R E E O E ,  w h i c h  

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

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

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

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

c o m b i n a t i o n s ,  t h e  P H R E E Q E  s i m u l a t i o n s  were  c o n t i n u e d  a t  a n  a r b i t r a r y  

t e m p e r a t u r e  o f  7 5  C u n t i l  t h e  f i r s t  o f  e i t h e r  g y p s u m  o r  a n h y d r i t e  

s a t u r a t i o n  o c c u r r e d .  A s  T a b l e ;  4 - 1 9  s h o w s ,  w i t h  t h e  DEQPAK7 d a t a  s e t ,  

~ v p s u m  s a t u r a t i o n  o c c l ~ r r e d  a f t e r  d i s s o . l u t i o n  o f  1 0 . 2 2 7  m m o l ,  

e s s e n t i a l l y  t h e  s a m e  v a l u e  a s  c a l c u l a t e d  b y  EQ6 b u t  a t  s l i e h t l y  

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

i w h i c h  t h e  t w o  c o d e s  t r e a t  t e m p e r a t u r e .  I 
W i t h  t h e  P R E P H R  d a t a  s e t  h o w e v e r ,  a n h v d r i t e  f i r s t  s a t u r a t e d  

a f L e r  1 6 . 3 4 5  m m o l  g y p s u m  h a d  d ~ s s o l v e r l .  T h i s  i s  a f u r t h e r  i l l u s t r a -  

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

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

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

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

i n c l u d e d  w i t h i n  t h e  S C E P T E R  P a c k a g e .  A f t e r  d e s c r i b i n q  t h e  c r i t e r i  

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

mo-d-e-1-s-t-o-p-e-r-f o r m a  n c e a s  s e s s m e  n t , t h i s  r e  P O  r t d i s c u s s e s t h e -  m o d  e 1 s 

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

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

v e r i E i c a t i o n  p r o b l e m s  w h i c h  w e r e  p o s e d  a n d  s o l v e d  i n  o r d e r  t o  D ~ O V  

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

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

( I N T E R A ,  1 9 8 2 a , b ) .  

Two c o m p u t e r  c o d e s  were  s e l e c t e d  f o r  i n c l u s i o n  i n  t h e  SCEPTER 

P z c k a g e  f o l l o w i n g  a c a r e f u l  r e v i e w  o f  t h e  f i t e r a t u r e  o n  t h e  

s t a t e - o f - t h e - a r t  ; o f  g e o c h e m i c a l  m o d e l i n g .  T h e  c o d e s  s e l e c t e d  a r e :  

0 P H R E E Q E -  ( P a r k h u r s t ,  T h o r s t e n s o n ,  a n d  P l u m m e r ,  1 9 8 0 )  

1 2 - J a n - 1 9 8 1  v e r s i o n ,  m o d i f i e d  s l i g h t l y  t o  mee t  

SCEPTER r e q u i r e m e n t s ;  a n d  

0 E i J 3 / E Q 6 - ( k r o l e r y  1 9 7 9 )  E O 3 . 3 0 1 5 ~ J 1 ' 3 ,  9 - A p r - 1 9 8 1  a n d  

E Q 5 . 3 0 1 5 U 9 3 ,  2 8 - M a r - 1 9 5 1  v e r s i o n s .  

C r i t e r i a  for t h e  s e l e c t i o n  o f  t h e s e  c o d e s  i q c l u d s d :  

0 T h e  % e n e r a l i t y  o f  t h e  c o d e d  a l e o r i t h m s  

0 T h e  n o n - p r o ~ r i e t a r y  n a t u r e  o f  t h e  c o d e s  a n ?  t h e i r  . ? e n e r a  

a v a i l a b i l i t v  

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

a 11 o t 11 e r 

T h e i r  o p e r a t i n g  e f f i c i e n c y  

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

i n  p r i n c i p l e ,  t o  h a n d l e  r e a c t i o n  r a t e s  a n d  s o l i d  , 

s o  1 11 t i o n  s . 

i 

G e o c h e m i c a l  m o d e l s  w i l l  b e  a p p l i e d  i n  t h e . a r e a s  o f :  

0 
I 

F a  r - F i e 1 d F e r f o r rn anr.c-.A s.s.e.s.sm e n-t------ -I n-t-h-i -s --a-r-e-a-t-h-e- -E%--- c u  
- -- - -- ---- ---- -~ 

is o n  t h e   round-water t r a n s p o r t  o f  r a d i J n u c L i r i e s .  
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' T h i s  r e q u i r e s  k n o w l e d g e  o f  t h e  r e t a r d a t i o n .  o f  n u c l i d e s  

w h i c h  may r e s u l t  Cram g e o c h e m i c a l  r e a c t i o n s  b e t v e e n  

t h e - m o v i n F  s o l u t i o n  a n d  t h e  s t a t i o n a r v  a a u i f e r  f r a m e -  

w o r k .  I n  m o s t  t r a n s p o r t  m o d e l s ,  t h e  solid- s o l u t i o n .  

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

W h i l e  t h i s  i s o t h e r m  i s  o f t e n  t a k e n  t o  r e s u l t  f r o m  t h e  

o p e r a t i o n  o f  s o r p t i o n  p r o c e s s e s ,  i t  i s  i n  f a c t  d e t e r -  

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

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

s o l i d  p h a s e s  t h e m s e l v e s .  G e o c h e m i c a l  m o d e l i n E  in 

F a r - F i e l d  P e r f o r m a n c e  A s s e s s m e n t  i s  u s e d  t o  s i m u l a t e  

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

mass  p a r t i t i o n  a n d  r e t a r d a t i o n  c o e f f i c i e n t s  r e q u i r e d  

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

e N e a r - F i e l d  P e r f o r m a n c e  A s s e s s a e n t  - C o n c e r n s  o f  t h e  N e a r -  

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

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

p a c k a g e .  V i t h i n  t h e  r e ~ o s i t o r v ,  t h e  s a m e  s o r t  o f  

t r a n s p o r t  c a l c u l a t i o n s  w i l l  b e  r e q u i r e d  a ' s  a r e  n e e d e d  

f o r  F a r - F i e l d  P e r f o r m a n c e  A s s e s s m e n t  a n d  g e o c h e m i c a l  

m o d e l s  w i l l  b e  r e q ~ ~ i r e d  t h e r e  a s  w e l l  t o  e s t i m a t e  

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

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

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

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

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

b e h a v i o r  o f  t h e  w a s t e  p a c k a g e  i n  a 1 1  t h r e e  a r e a s .  

0 D a t a  A c q u i s i t i o n  N e e d s  a n d  T e s t  D a t a  E v a l u a t i o n  - Cto- 

I 

I 

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

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

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

t h e r m o d y n a m i c  d a t a  a n d  o f  w a t e r  a n d  r o c k  c h e m i c a l  

d a t a .  G e o c h e m i c a l  m o d e l s  a r e  a l s o  n e e d e d  t o  a s s i s t  i n  

. .  

---_ -t h-.e-.-i-n.. e - e . - a t-l-(,-n-o f--d-a-t-a--~-o-~-~-~.~-t.e.d--~-s --p.a.r t-.o.f 

s p e c i f i c  s i t , e  e v a l u a t i o n s .  

0 0 0 5 



k l i d e l y  a v a i l a b l e  a n d ,  g e n e r a l l y  k n o w n  g e o c h e m i c a . 1  ; o d e s  a r e  o f  I!!, :. 
t w o  t y p e  s : L 

0 A q u e o u s  s o l u t i o n  m o d e l s  w h i i h  c a l c u l a t e  t h e r m o d v n a m i c a l l  

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

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

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

i n d i c e s ,  g a s  p a r t i a l  p r e s s u r e s ,  s o l u t i o n  o x i d a t i o n  s t a t e  

. ,  . I  

a.n.d-s-o-f- o r t h 7 L 1 F l - l - k n o w n  - - - c o d e s  o f  t h i s  t y p e  i n c l u d e  I 
S O L M N E Q  a n d  WATXQ a n d - t h e i r  d e r i v a t i v e s ,  a n d  F,r)3 .  

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

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

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

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

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

f r o m  o n e  s o l i d  t o  a n o t h e r .  k ' e l l  k n o w n  c o d e s  o €  t h . i s  t v p  

i n c l u d e  PATHI, EQS, a n d  P H R E E Q E .  

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

b o t h  t h e  P H R E E Q E  a n d  t h e  E Q 3 I E Q h  c o d e s  i s  t h a t  o f  i o n - a s s o c i a t i o n  

i o n - c o m . p l e x i n g .  T h i s  a s s u m e s  t h a t  o p p o s i t e l v  c h a r q e d  d i s s o l v e d  i o  

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

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

h a s  b e e n   sed i n  a q u e o u s  ~ e o c h e m i s t r y  s i n c e  G a r r s l s  a n d  T h o m p s o n  
j 
j ( 1 9 6 2 )  u s e d  i t  t o  i n t e r p r e t  t h e  c h e m i s t r y  o f  s e a - ' d a t e r .  I t  i s  a l s  

! e m b o d i e d  ir. m o s t  w i d e l y  u s e d  g e o c h e m i c a l  c o d e s .  R e c a u s e  o f  i t s  vi 
i 

 US^ i n  g e o c h e m i s t r y ,  t h e r m o d y n a m i c  d a t a  o n  m a n y  s p e c i e s  o f  i m p o r t a  

' i n  n a t u r a l  w a t e r s  a r e  a v a i l a b l e  f o r  u s e  w i t h  i t .  

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

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

I ~ n c r s a s e s .  I n  g e n e r a l ,  t h e  m o d e l  p e r € o r q s  a d e q u a t s l v  i n  s o l u t i o n s  

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

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

A s e c o n d  c o n c e p t u a l  s o l u t i o n  m o d e l ,  t h e  m i x e d  e l e c t r o l y t e  nlod 

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

I b e h a v i o r  o f  s o l u t i o n s  a t  a l l  c o n c e n t  ra t . io .n . s  ~ - - - l n - - ~ - n - i - t - ~ - - - o - f - - t - h e - ~  

I! 8 '  ! n e c e s s i t y  t o  t r e a t  b r i n e s  a s s o c i a t e d  w i t h  some ~ r o p o s e d  r s p o s i t o r v  
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e n v i r o n m e n t s ,  n o  m ~ x e d  e l e c t r o l y t e  m o d e l  1 s  D r e s e n t l y  i n c l . u d e d  i n  t h e  

S C E P T E R  P a c k a g e .  T h i s  is d u e  t o  t h e  f a c t  t h a t  n o t  only i s  t h e r e  n o  

g e n e r a l l y  a v a i l a b l e  c o d e  w h i c h  e m b o d i e s  t h e  m i x e d  e l e c t r o l y t e  c o n -  

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

. c i e n t s  w h i c h  m u s t  b e  u s e d  t o  e m p l o y  t h i s  m o d e l .  

I o n - a s s o c i a t i o n  m o d e l s  s u c h  a s  a r e  i n c l u d e d  i n  P H R E E O E  a n d  

E Q 3 / E Q 6  s o l v e  t w o  m a i n  s e t s  o f  e q u a t i o n s .  T h e s e  a r e :  
___ -- 

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

c h e m i c a l  e l e m e n t s  f o r  w h i c h  a n a l y t i c  d a t a  a r e  g , i v e n ;  a .nd 

A s e t  o f  m a s s  a c t i o n  e g u a t i o n s ,  o n e  for e a c h  of t h e  i o n  

p a i r  s p e c i e s  w h i c h  m a y  r e s u l t  from i n t e r a c t i o n s  a m o n E  t h e  

g i v e n  e l e m e n t s .  

T h e  m a s s  b a l a n c e ' e q u a t i o n s  a r e  w r i t t e n  i n  t e r m s  o f  m o l e s  o f  t h e  

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

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

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

v i t i e s  a n d  m a s s e s  i n  o r d e r  t o  s o l v e  t h e  s y s t e m .  S u b s i d i a r v  e q u a t i o n s  

o r  i n p u t  d a t a  m a y  a l s o  b e  r e q u i r e d  d e p e n d i n g  o n  t h e  p r o b l e m .  T h e s e  

m a y  i n c l u d e  a r e q u i r e m e n t  t h a t  s o l u t i o n  DH b e  i n D u t  o r  t h a t  s o l u t i o n  

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

n n e a n s  o f  s p e c i f y i n g  s o l u t i o n  o x i d a t i o n  p o t e n t i , a l  i s  r e q u i r e d .  T h i s  

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

_ _  

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

u u y p , e n  g a s .  

I n  P H R E E Q E ,  t h e  s e t  o f  e q u a t i o n s  s o  g e n e r a t e d  i s  s o l v e d .  'by a 

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

a N e w t o n - R a p h s o n  i t e r a t i o n  s c h e m e .  I n  E ? 3 ,  t h e  e q u a t i o n s  a r s  a l s o  

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

s e q u e n c e  m t . t h o ; t .  - V h i l e  b o t h  P H R E E O E  a n d  E 0 3  h a v e  a l l  t h e  s o l u t i o n  

m o d e l i n g  c a p a b i l i t i e s  o f ,  for e x a m p l e  t h e  W4TEQ/SOLMNEO g r o u o  o f  

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

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

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

- - - - _. - _. s-y.s t e.m-.c.o~mp.r.i.s.r ng--s~o.l.id.s -,-. g a  s s.s_a_n_d_a_s_o_~ir_t..l.~nn_,_.~ea_c_t_s~_ t ova r.4. n e w  a 

e q u i l i b r i u m  s t a t e  f o l 1 o w i n . p ;  a p e r t u r b a t i o n .  T h e  d e s c r i p t i o n  i s  i n  



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

i n g  t h e  r e a c t i o n  a n d  t h e y  a r e  t h u s  k n o w n  a s  m a s s  t r a n s f e r  or a s  r e a c -  

t i o n  p a t h  m o d e l i n g .  P H R E E Q E  c a n  b e  c o n s i d e r e d  a m a s s  t r a n s f e r  m o d e l  

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

g i v e n  a s e t  o f  i n i t i a l  c o n d i t i o n s .  E Q 6  o n  t h e  o t h e r  h a n d ,  e m p l o y s  

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

a r e  t a k e n  f r o m  a n  i n i t i a l .  s t a t e  t o w a r d  e q u i l i b r i u m  a n d  t h e  e.n_t-i-r-e---- 

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

p h a s e s  i s  c a l c u l a t e d ,  r a t h e r  t h a n  s i ' m p l y  t h e  n a s s  t r a n s f e r  i n v o l v e d  

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

M a s s  t r a n s f e r  m o d e l i n g  t e n d s  t o  b e  more  e f f i c i e n t  i n  t e r m s  o f  

t h e r m o d y n a m i c  d a t a  n e e d s  a n d  c o m p u t e r  t i m e  t h a n  d o e s  r e a c t i o n  p a t h  
'\ 

m o d e l i n g .  T h u s ,  i t  m a y  b e  m o r e  f r e q u e n t l y  e m p l o y e d  f o r  f a r - f i e l d  

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

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

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

m a y  n o t  b e  a t t a i n e d  i n  t h e  t i m e  o f . . i _ n t e r e s t  a n d  i n t e r m e d i a t e  r e a c t i o n  

s t e p s  w i l l  b e  i m p o r t a n t .  

.__ --;- 

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

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

s y s t e m  o f  i n t e r e s t .  T h e s e  d a t a  i n c l u d e  e q u i l i b r i u m  c o n s t a n , t s  f o r  a 1 1  

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

g a s e s  o f  i m p o r t a n c e  t o  t h e  s y s t e m . .  I n f o r m a t i o n  o n  t h e  v a r i a t i o n  o f .  

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

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

o f  r e a c t i o n  e n t h a l p y  ( A H )  v a l u e s  o r  a s  v a l u e s  o f  c o e f f i c i e n t s  f o r  

p o l y n o m i a l  e x p r e s s i o n s  f o r  1 0 9  K i n  t e r m s  o f  t e r n ~ e r a t u r e .  

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

l t s e l f  m u s t  a l s o  b e  k n o w n .  S e v e r a l  e x p r e s s i o n s  a r e  a v a i l a b l e  i n  e a c h  

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

s t r e n g t h  o f  t h e  s o l u t i o n .  T h e s e  i n c l u d e  d i f f e r e n t  e x p r e s s i o n s  f o r  

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

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

i n  -GQ3 us - i -ng -  a - p - o l - y n - i x f i ~ a l -  e x p r e s s i o n  i n  i o n i c  s t r e n g t h  w h i c h  r e p r o -  

d u c e s  t h e  m e a s u r e d  a c t i v i t y  c o e f f i c i e n t s  o f  d i s s o l v e d  C O P .  I n  

P H K E E Q E  t h e  a c t i v i t y  c o e f f i c i e n t  o f  n e u t r a l  s p e c i e s  i s  t a k e n  s i m ~ l v  

a s  0 . 1  t i m e s  t h e  i o n i c  s t r e n g t h .  

~-~ ~ . _  ~ . _ _ - -  ~ 
- - - ~ 

0 q? 0 :.E 0 8 
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A n c ~ r n b e r  o f  e x p r e s s i o n s  a r e  a v a i l a b l e  Cor c a l c u l a t i n ~  a c t i v i t y  

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

e x t e n d e d  D e b y e - H u c k e l -  e x p r e s s i ' o n  t o  w h i c h  a t e r m ,  l i n e a r  i n  i o n i c  

c o e f E i c i e n t s  n o t e d  a t  i o n i c  s t r e n g t h s  o f  a b o u t  1 m o l a r  a n d  a b o v e .  A 

E Q 3 / E Q 6 .  

F i v e  t e s t  p r o b l e m s  w e r e  d e s i g n e d  a n d  e x e c u t e d  u s i n g  b L t h  c o d e s  

i n  o r d e r  t o :  

e P r o v i d e  c o d e  v e r i f i c a t i o n  b y  m e a n s  o f  c o d e - t o - c o d e  a n d  

_____ 

c o d e - t o - h a n d  c a l c u l a t i o n  c o m p a r i s o n ;  a n d  

a To i l l u s t r a t e  a n d  t e s t  t h e  v a r i o u s  o p e r a t i n g  o p t i o n s  

a v a i l a b l e  i n  t h e  c o d e s .  
\ 

F o r  c o d e - t o - c o d e  v e r i f i c a t i o n  i t  w a s  n e c e s s a r y  t h a t  t h e  s a m e  

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

t h e r m o d y n a m i c  d a t a  s e t s  a v a i l a b l e  were :  

a T h e  DEQPAK7 s e t  w h i c h  a c c o m p a n i e d  t h e  v e r s i o n  o f  K 0 3 / E 0 6  

1 i w h i c h  w a s  a d o p t e d ;  a n d  

a A d a t a  s e t ,  h e r e  d e s i g n a t e d  Y R . E P H R ,  i n c l u d e d  w i t h  t h e  

p u b l i s h e d  d e s c r i p t i o n  O F  t h e  PHRESOE c o d e  ( P a r k h u r s t ,  

T h o r s t e n s o n ,  a n d  P l u m m e r ,  1980). 

T h e  E Q 3 / E 0 6  p a c k a q e  i n c l . u d e s  a c o d e  E Q T L  w h i c h  p r o d u c e s  a w o r k -  

~ n g  d a t a  s e t  f o r  t h e  E O 3 / E Q 6  c o d e s  f r o m  t h e  D E Q P A K 7  d a t a  s e t .  F o r  

I n  T e s t  P r o b l e m  I ,  t h e  a q u e o u s  s p e c i a t i o n  r o u t i n e s  j n  E 9 3  a n d  i n  

P H R E E Q E  w e r e  t e s t e d  a g a i n s t  e a c h  o t h e r  a n d  a g a i n s t  h a n d  c a l c u l a t L o n  

b~a-p-p-1-y-i-n-g-t-h-e m-t-o-t-h~e-m~a-i-o-r-i-o-n-s-d-i-s-s o-l-v.e.ri-i.n_s.e.a_w_a_t_e_r. A e: r e e m e n t 

c o d e - t o - c o d e  c o r n p a r i s o n   purpose,^, EQTL w a s  e x t e n s i v e l y  m o d i f i e d  t o  

t h e  c o d e  h e r e  d e s i g n a t e d  P H T L  whi:h w r i t e s  DFQPAK: d a t a  i n  a Cor- 

r e a d a b l e  b y  P H R E E Q E .  I n  a d d i t i o n ,  a c o d e  POTL w a s  written t o  w r i t ?  

d a t a  f r o m  t h e  PREPHR s e t . i n  a f o r m  r e a d a b l e  b y  ! ? 0 3 / E 0 6 .  -1Jsers  

. . .  



hand ~ a l c u l a t i o n s  were sufficiently good to demonstrate the correct 

coding and solution of the algorithms. 

In Test Problem 2 ,  the aqueous speciation routines in both code 

were tested further by applying t h e m , t o  a f u l l  sea water an.alysis. 

Both PREPHR and DEQPAK7, data were used i n  each code. When the same 

data set is used, the results from each code's calculation agree 
. .  . .  -w.i-t.h.l-n-t-h.e-l-1-m-l-t-s-o-f-t-h.e-a-~-t-l-v-l-t-y-c.oe-f-f-i-c-i-e.n-t-ex.p-r~e-s-s-i-o-n-s- a - d z q i t T d 7  

and served by this code-to-code comparison to verify each of the 

codes. Results using the two data sets in the same code, while show. 

ing reasonable agreement among the maior ion species, demonstrate 

that differences of as mu:h as a n . o r d e r  of magnitude exist in the 

m i n o r  element data in the two data sets. 

Test Problem 3 simulates the dissolution of microcline in dilutc 

HCL. This problem,tests and illustrates the reaction path modeliny! 

and .phase boundary locating capabilities of the two codes in a rela- 

tively simple system which does 'not involve redox reactions. When 

r u n  with the DEQPAK7 dat.a s e t ,  both codes give, essentially, identi- 

cal results and provide code-to-code verification of each. T h e  same 

problem when run using PREPHR data and the PHREEOE code give ~ u i t e  

different results and illustrate again the diEferences between the 

two data bases. 

Test Problem 4 simulates the reduction o f  an oxvqenated calcite- 

and hematite-saturated solution bv the addition of methane, and was 

designed t o  demonstrate the ability of the codes to simul'ate reactior 

paths in which radical oxidation state changes occur.' Both codes 

were run using the 9EQPAK7 data. T h e  results of 50th are in essen- 

tial agreement and provide both code-to-code verification and an 

illustration o f  the ability of both codes to. handle extreme changes 

in redox state during a reaction path simulation. 

Test Problem 5 simulates the dedolomitization of a carbonate 

rock by gypsum dissolution with increasing temperature. The preceed- 

ing four problems were all at 2 5  C and this problem was designed to 

test a n d  illustrate the ability of the codes to change temperature. 

Both codes were run using D E Q P A K 7  d a t a  and a third run vas made with 

P H R E E Q E  using PREPHR data. When used with the same thermodynamic 

__ _ _  ___ --- 
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data, the results o f  the two codes are essentially identical and 

provide code-to-code verification o f  their ability to treat vary in^ 

temperatures. 

.* In EQ6 i t  is possible to asso.ciate temperature change with 

reaction progress S O  that. the temperature associated with a phase 

. boundary .can be determined. In PHR81, on the other hand, temperature 
i s 1  w a y s a n i~depend~-n-t-v-a-r-i-a-b-l-e.T--A-s-i-n-t-h-e-p-t-e-v-i-o.u-s-e.x.a.m.p.l-e.s-,-t.h.e- 

results using PREPHR data differed considerably from those u s i n g  

DEQPAK7 data and illustrate again the differences between the two 

data sets. 
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