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CHEMICAL EQUILIBRIUM CALCULATIONS FOR AQUEOUS GEOTHERMAL BRINES 

by 

Jerry F. Kerrisk 

Results from four chemical-equilibrium computer programs, 
REOEQL.EPAK, GEOCHEM, WATEQF, and SENECA2, have been compared with 
experimental solubility data for some simple systems of interest 
with geothermal brines. Seven test cases involving solubilities of 
CaCO3, amorphous Si0 , CaSO4, and Bas04 at various tempera- 
tures from 25 to 300.t and in NaCl or HC1 solutions of 0-4 molal 
have been examined. Significant differences between calculated 
results and experimental data occurred in some cases. These dif- 
ferences were traced to inaccuracies in free-energy or equilibrium 
constant data and in activity coefficients used by the programs. 
Although currently available chemical-equilibrium programs can give 
reasonable results for these calculations, considerable care must 
be taken in the selection of free-energy data and methods of calcu- 
lating activity coefficients. 

t i . .  - . .  

I. INTRODUCTION 
Many of the recent attempts to develop geo- 

thermal technology by using geothermal brines have 
encountered severe problems.' Much of the dif- 
ficulty can be traced to the chemistry of brines 
and involves precipitation and deposition of scale 
in production wells, in plant equipment or in 
reinjection wells, and corrosion of equipment. A 
complicating feature of these problems is that the 
chemistry of geothermal brines is highly dependent 
on the source of the brine, differing from field 
to field and even among wells in a given field. 
Thus, problems with one brine (along with solu- 
tions to these problems) may not be relevant to 
other brines. 

A fundamental understanding of the chemistry 
of geothermal brines will be necessary to econani- 
cally use these energy sources. A worthwhile goal 
would be the capability of modeling precipitation 
and corrosion reactions under conditions of vary- 
ing temperature and pressure. Modeling of these 
processes must start with an understanding of 
equilibrium chemical behavior of brines (for 
example, with a knowledge of what species are 
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actually present in brine and under what condi- 
tions precipitation or corrosion reactions can 
occur). Following this, kinetics of precipitation 
or corrosion reactions, diffusion of the species 
concerned, and physical or chemical processes 
involved in the deposition of scale must also be 
understood and modeled. 

Modeling equilibrium chemical behavior of 
geothermal brines is conceptually a simple problem, 
given the thermodynamic basis of chemical-equilib- 
r i m  calculations and the wide range of applica- 
tions.' In practice, however, a number of dif- 
ficulties complicate the calculations. One of the 
most important difficulties involves availability 
of free-energy or equilibrium-constant data for 
the chemical reactions involved. Often only room- 
temperature data are known, and only rarely are 
high-pressure data available. Methods of esti- 
mating this information can be used, but they 

equally important difficulty is the need for a 
method of calculating activity coefficients of 
species in brine at the high ionic strengths 
encountered. Conventional methods of calculating 

__ generally ~- _ _  lackthe accuracy needed. A second and 



a c t i v i t y  c o e f f i c i e n t s  are l i m i t e d  t o  i o n i c  

s t rengths o f  0-1 molal, g i v i n g  on ly  rough e s t i - .  
mates above t h a t  range.3 E f f e c t s  o f  temperature 

and pressure on a c t i v i t y  c o e f f i c i e n t s  are a l so  
important. A t h i r d  d i f f i c u l t y  invo lves the method 

employed t o  c a l c u l a t e  the  e q u i l i b r i u m  composit ion 
o f  a b r i ne .  A method i s  needed t h a t  i s  e f f i c i e n t ,  

i n s e n s i t i v e  t o  the  i n i t i a l  est imate o f  composi- 
t i on ,  and capable o f  s e l e c t i n g  which s o l i d s  w i l l  

p r e c i p i t a t e  from a m u l t i t u d e  o f  p o t e n t i a l  p r e c i p i -  
ta tes.  No s i n g l e  method ava i l ab le  seems t o  possess 
a l l  these a t t r i b u t e s .  

I n  the face o f  these d i f f i c u l t i e s ,  i t  i s  
unce r ta in  how we l l  c u r r e n t l y  ava i l ab le  chemical- 
e q u i l i b r i u m  computer programs can model geothermal 

br ines.  To he lp  answer t h i s  question, t h i s  r e p o r t  
describes a comparison o f  r e s u l t s  from four 
chemical -equi l ibr ium computer programs w i th  exper- 
imental s o l u b i l i t y  data f o r  some simple systems o f  

i n t e r e s t  w i t h  geothermal br ines.  The fou r  programs 
tes ted  were REDEQL.EPAK,4 GEOCHEM,’ WATEQF,6 
and SENECA2.1s7 The systems employed invo lve  

the s o l u b i l i t y  o f  CaC03, amorphous s i l i c a ,  
CaS04, and BaS04 a t  var ious temperatures i n  
NaCl o r  H C l  so lu t i ons  o f  0-4 molal.  These compar- 

isons t e s t  the free-energy o r  equi l ibr ium-constant  
data ava i l ab le  w i t h  each program and the methods 

employed f o r  a c t i v i t y - c o e f f i c i e n t  ca l cu la t i ons .  
The sources o f  d i f f e rences  between ca l cu la ted  

r e s u l t s  and experimental data are discussed. 
F i n a l l y ,  some more complex problems were employed 

t o  ob ta in  t i m i n g  data f o r  t h ree  o f  the codes. 
Ca lcu la t i ons  i n  h igh  i o n i c  s t rength so lu t i ons  

( >  1 mo la l )  are c e r t a i n l y  outs ide the  range o f  
a p p l i c a b i l i t y  o f  these programs. Th is  work was 

undertaken, however, t o  t e s t  t he  u t i l i t y  o f  var ious 
programs. Ca lcu la t i ons  ou ts ide  the  accepted range 

o f  a p p l i c a b i l i t y  are a necessary p a r t  o f  the t e s t .  

._ _ _ _  _ _  - _ _ _  --,- _ _ _  ~- - - _ _ ~  ~ . _ _  - _ ~ _  - 
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I I. CHEMICAL-EQUILIBRIUM COWUTER PROGRAMS 
Four chemical -equi l ibr ium computer programs 

were employed i n  t h i s  t e s t .  They a re  REDEQL.EPAK, 
GEOCHEM, WATEQF, and SENECAP. These programs were 

chosen because they a l l  con ta in  thermodynamic da ta  

t h e  method o f  c a l c u l a t i n g  e q u i l i b r i u m  compositions, 

t h e  range o f  a p p l i c a b i l i t y  (temperature, species, 

e t c .  ), and t h e  a c t i v i t y - c o e f f  i c i e n t  c a l c u l a t i o n s .  
A. REDEQL .EPAK 

REDEQL.EPAK i s  a mod i f i ca t i on  o f  REDEQLZ made 

a t  t he  C o r v a l l i s  Environmental Research Laboratory  
o f  t h e  US Environmental P ro tec t i on  A g e n ~ y . ~  The 

program computes e q u i l i b r i u m  composit ions i n  
aqueous systems; complex formation, p r e c i p i t a t i o n  
o f  s o l  ids,  ox idat ion-reduct ion react ions,  and t h e  

presence o f  a gas phase are a l l  considered. The 
s e t  o f  mass-balance and mass-action equat ions i s  

solved by i t e r a t i o n  us ing the  Newton-Raphson tech- 
n ique f o r  a g iven group. o f  poss ib le  s o l i d  phases 
i n  e q u i l i b r i u m  w i t h  I the aqueous phase.‘ Th i s  
o p e r a t i o n  i s  repeated w i t h  d i f f e r e n t  8 groups o f  

s o l i d  phases u n t i l  the c o r r e c t  s o l i d  phases a r e  
found. The c o r r e c t  set  i s  def ined as a s e t  f o r  

which no s o l u b i l i t y  products are exceeded and t h e  
mass- balance condi t ions are s a t i s f i e d .  Thermo- 

dynamic da ta  f o r  complexes and s o l i d s  o f  35 meta ls  
and 59 l i gands  are ava i l ab le  f o r  25’C w i t h  t h e  

v e r s i o n  employed f o r  these tes ts .  Although t h e  
program can ad jus t  e q u i l i b r i u m  constants  f o r  tem- 

pe ra tu res  o the r  than 25’C, data needed f o r  t h i s  

adjustment (enthalpy change o f  t h e  fo rma t ion  reac- 

t i o n  a t  25OC) are ava i l ab le  f o r  o n l y  a small  per- 
centage o f  complexes o r  so l ids.  A c t i v i t y  c o e f f i -  

c i e n t s  f o r  charged species are c a l c u l a t e d  wi th t h e  
Davies equat ion 

~ - - - - - - - - - - _ - - - - - __ - - __ - - - - 
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where y i s  t h e  a c t i v i t y  c o e f f i c i e n t  o f  a species 
w i t h  charge Z i n  a s o l u t i o n  o f  i o n i c  s t r e n g t h  

I molar. The parameter A i s  ca l cu la ted  as a func- 
t i o n  o f  temperaturet4 A c t i v i t y  c o e f f i c i e n t s  f o r  

H+ a r e  taken as 1 /2  loglOy(Z=l). Uncharged 
species are assumed t o  have u n i t  a c t i v i t y  c o e f f  i- 

c i e n t s .  Composition data can be i n p u t  i n  u n i t s  o f  
molari ty, ’or mgh; output  i s  i n  molar u n i t s .  Cal- 
c u l a t e d  r e s u l t s  were converted t o  m o l a l i t y  u n i t s  
f o r  comparison w i t h  ~ experime_ntal data. Cor rec t i ons  

bases (free-energy o r  e q u i l i b r i u m c o n s t a n t  data)  were less than Der cent at 25ec. but were 2c 
and they a l l  c a l c u l a t e  a c t i v i t y  c o e f f i c i e n t s  fo r  30 per cent at 3oooc. Along total concentra- 
species involved. The f o l l o w i n g  sections b r i e f l y  tions of the species, estimates of the ionic 

describe features Of each program, such s t r e n g t h  and pH o f  the aqueous phase must be inpu t .  
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The i o n i c  s t reng th  and pH can be h e l d  f i x e d  or 
allowed t o  vary d u r i n g  the ca l cu la t i on .  The par- 
t i a l  'pressure of C02 o r  N2 gas can be f i x e d  
f o r  a g iven c a l c u l a t i o n .  No other  gases are con- 
sidered. The e l e c t r o n  a c t i v i t y  o r  pE must be f i x e d  

if ox idat ion-reduct ion reac t i ons  are included. 
B. GEOCHEM 

. GEOCHEM i s  a l so  a mod i f i ca t i on  o f  REDEQL2, 
made a t  t he  Department o f  S o i l  and Environmental 

Sciences o f  t he  U n i v e r s i t y  o f  C a l i f o r n i a  a t  River- 
- side. _The- general__features _and- m t h p d  of- ca l -  

c u l a t i o n  o f  GEOCHEM are s i m i l a r  t o  those o f  

REDEQL.EPAK. The bas ic  d i f f e rences  between the 

two programs, as f a r  as c a l c u l a t i o n s  repor ted here 
a r e  concerned, a re  i n  the thermodynamic data base, 

t h e  a c t i v i t y - c o e f f i c i e n t  ca l cu la t i on ,  and t h e  
l i m i t a t i o n  o f  GEOCHEM t o  25OC. Thermodynamic data 

.for 36 metals and 69 l igands are ava i l ab le  i n  the  
ve rs ion  employed f o r  these tests .  Although most 

o f  t he  metals and l igands are the same as those 
covered i n  REDEQL.EPAK, t h e  thermodynamic data are 
g e n e r a l l y  d i f f e r e n t .  A c t i v i t y  c o e f f i c i e n t s  are 
c a l c u l a t e d  us ing  t h e  equation 
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l+aB( I ) 

where A = 0.5116, B = 0.3292 x lo8, and a and Bo 

a re  s p e c i f i e d  as noted below.5 For I 2  0.5 molar, 
a = 1/B and Bo = 0.3AZ ; t h i s  reduces t o  a v a r i -  

a n t  o f  t h e  Davies equation. For I > 0.5 molar, Bo 

= 0.41 and a = 4 x 5 x and 6 x 
f o r  monovalent, d i va len t ,  and t r i v a l e n t  ions, 

r e s p e c t i v e l y .  A c t i v i t y  c o e f f i c i e n t s  f o r  H+ are 
taken as 112 logloy(Z=l). The two equations do 
n o t  g i v e  the same a c t i v i t y  c o e f f i c i e n t  a t  I = 0.5. 

For n e u t r a l  ions, Bo = 0.1 f o r  a l l  values o f  I;' 

o n l y  t h e  l i n e a r  term i n  I con t r i bu tes  t o  f o r  
n e u t r a l  species. Data are i npu t  and output  i n  

molar u n i t s .  As w i t h  REDEQL.EPAK, ca l cu la ted  
r e s u l t s  f rom GEOCHEM were converted t o  m o l a l i t y  

u n i t s  f o r  comparison w i t h  experimental data. I n  
a d d i t i o n  t o  i o n i c  s t rength and pH estimates, a 
measure o f  t he  t o t a l  H+ ( f r e e  and combined) must 
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C. MATEQF 

WATEQF i s  a FORTRAN ve rs ion  of t h e  UATEQ 
program prepared a t  t he  US Geologica l  Survey i n  
Reston, V i rg in ia .6  The program c a l c u l a t e s  t h e  

e q u i l i b r i u m  d i s t r i b u t i o n  o f  species i n  an aqueous 

system. I t d i f f e r s  from the o the r  t h r e e  programs 

invo lved  i n  t h i s  t e s t  i n  t h a t  i t  does n o t  deter-  

mine the  ac tua l  amount o f  p a r t i c u l a r  s o l i d  phases 
t h a t  are formed; i t  ca lcu la tes  the d i s t r i b u t i o n  o f  

species, as i f  no s o l i d  phases were formed and 
- ind icates the -s ta te -o f -  sa tu ra t i on -  o f  t h e - s o l u t i o n  - - - -- 
f o r  poss ib le  s o l i d  phases contained i n  the data 
base. Complex formation, ox idat ion-reduqt ion 
reac t i ons ,  and the presence o f  a gas phase are 
considered. The set  o f  mass-balance and mass- 
a c t i o n  equations i s  solved by i t e ra t i on . '  These 

equat ions have been rearranged t o  express each 
f ree - ion  concentrat ion i n  terms o f  o ther  i on  con- 

cen t ra t i ons ,  a c t i v i t y  c o e f f i c i e n t s ,  and e q u i l i b r i u m  
constants. With t h i s  method, the  i n t e r n a l  con- 

s t r u c t i o n  o f  the program i s  i n t i m a t e l y  connected 
t o  the  chemist ry  o f  the species considered. To ta l  
concentrat ions o f  the var ious species are employed 
as i n i t i a l  estimates. Thermodynamic da ta  f o r  
almost 200 complexes, so l ids,  and gases a re  a v a i l -  

ab le  w i t h  the vers ion used f o r  these tes ts .  Most 

o f  these species have the data needed t o  est imate 
e q u i l i b r i u m  constants as a f u n c t i o n  o f  temperature. 
A c t i v i t y  c o e f f i c i e n t s  are determined i n  a number 
o f  E ight  species employ Eq. ( 2 ) ,  where 

a and Bo have been estimated from experimental 

data. The parameters A and B a re  ca l cu la ted  as a 
func t i on  o f  temperature. A c t i v i t y  c o e f f i c i e n t s  
f o r  these e i g h t  species are always c a l c u l a t e d  i n  
t h i s  manner. The remainder o f  the charged species 

uses Eq. (2)  w i t h  Bo = 0 and a ranging f rom 2.5-9 x 
depending on the  species.' These a re  

c a l l e d  Debye-Huckel a c t i v i t y  c o e f f i c i e n t s .  A 

v a r i a n t  o f  t he  Davies equation, 

.. - 

can a l so  be employed f o r  these species. Far neu- 5 
be--input . T h e - p a r _ t  ial-pressure-of- C02 -and_- t r a l  - s p e c i e s y t h e - a c t i v i t y -  c o e f f i c i e n t  - i s  calcu: 
N2 can be f i xed ;  no other  gases are considered. 
The e l e c t r o n  a c t i v i t y  o r  pE must .  be f i x e d  i f  

l a t e d  as logl0y = 0.1 I. 
1 
I 
1 

ox ida t i on - reduc t i on  reac t i ons  are included. 

i . .  
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Composition data can be input in units of 
meq/L, m g R ,  ppm, or molality; output is in ppm 
and molality. Results in units of molality were 
used directly for WATEQF. Along with total con- 
centrations of species, the pH of the solution 
must be input. The calculation is performed at 
constant pH. The partial pressures of co2, 
02, and CH4 are calculated if these gases. ar: 
present. If oxidation-reduction reactions are 
included, one of a number of possible. measures of 
the electron activity must be input. 

Because WATEQF does not determine the amounts 
of solid phases that are formed, it is not directly 
suitable for modeling precipitation in geothermal 
systems. The systems modeled here were all very 
simple, with only one precipitate; calculations 
with WATEQF were relatively easy for these .systems. 
It was necessary to adjust total concentrations of 
ions contributing to the precipitate in each case 
so that the solution was just at saturation to 
obtain the correct ionic strength and activity 
coefficients. This process required a few repeated 
calculations for each case. The pH used was esti- 
mated from results for other programs. Additional 
problems were encountered for the CaC03 solubi 1- 
ity calculations where a specific C02 pressure 
was desired. The other three programs allow a 
C02 pressure or its equivalent for these simple 
systems to be specified; with WATEQF, the C0i2 
total concentration must be adjusted to achieve 
the desired C02 pressure. In spite of the dif- 
ficulties, WATEQF was included in these tests 
because it is widely used and has a well-documented 
thermodynamic data base. 
D; SENECA2 

SENECA2 is a modification of SENECA made at 
the Los Alamos National Laboratory. SENECA was 
originally written by Ma and S h i ~ m a n ; ~  it corn 
putes equilibrium compositions in a two-step proc- 
ess. The first step uses the free-energy minimi- 
zation procedure proposed by Naphtali to obtain an 
approximate composition for a system. lo The 
second step uses this approximate composition as 
an initial estimate for solving the set of mass- 
balance and mass-action equations by the Newton- 

The modifications made at Los Alamos included 
a permanent arrangement for an aqueous phase, a 

6 
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gas phase, and multiple solid phases; an activity 
coefficient calculation for aqueous species, 
oxidation-reduction reactions, and a thermodynamic 
data base. The solid phases present are determined 
during the first step of the calculation. They 
are added or rejected during free-energy minimiza- 
tion as successively better estimates of the 
composition are obtained. Solid phases can be 
rejected during the second step, but no new solid 
phases can be added. 

Thermodynamic data for 70 complexes, gases, 
and solids of interest in geothermal systems are 
available with the version used for these tests. 
Free-energy data from 25 to 300'C were obtained 
from Helgeson. 11-13 Activity coefficients for 
charged species are calculated using Eq. (2 ) ,  where 
A, 6, and 6' are calculated as functions of temper- 
ature." Values of the parameter a ranging from 
2.5-9 x lo4 are used for the various ions and 
c ~ m p l e x e s . ~  The activity of water is determined 
from data on the osmotic coefficient. l1 The 
activity coefficients of neutral species are cal- 
culated from the activity coefficient of C02 in 
NaCl solutions." Composition data are input 
and output in units of molality. Only temperature 
and total pressure are required input data along 
with the total concentrations of the species 
defining the solution. Potential solid phases, 
gas phases, and complexes to be considered during 
the calculation are not automatically selected 
from the data base by SENECA2 as with the other 
three programs. A list specifying which species 
are to be considered must be input. If a gas 
phase (C02 or H2S are in the data base) is 
present at equilibrium, water vapor at its equi- 
librium vapor pressure is included as one of the 
components. If oxidation-reduction reactions are 
included, the solution Eh, the oxygen partial 
pressure, or the sulfate-sulfide ratio must be 
specified to set the electron activity. 

-.  _ _ _ _  .- - _ _  ._ _ _  - _ _  - -. -- 

111. EXPERIMENTAL DATA FOR TEST CASES 
Seven test cases were chosen for which calcu- 

lated results from the four chemical-equilibrium 
codes could be compared with experimental data. 

--Each-of tlie-cases- -inVolvesecipit3t-ionTf 7-  
single solid phase from water, an NaC1, or an HCl 
solution (up to 4 molal). Solution temperatures 
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ranged from 25-300'C. Table I sumnarizes the 
conditions employed for  the seven cases. The 
following sections discuss each of the t e s t  cases 
and t h e .  sources of the experimental data. For 
each t e s t  case, the experimental data a re  plotted 
and a smoothed curve drawn through the data.  The 
smoothed curves were employed for  l a t e r  comparison 
with the calculated resu l t s .  The plots are pre- 
sented to establish the magnitude of s ca t t e r  or 
uncertainty in the experimental data. This 
experimental uncertainty can be compared with the 
differences between the calculated r e su l t s  and 
experimental curves in Sec. IV. 
A. Test Case 1 

The f i r s t  t e s t  case involved the so lub i l i t y  
of CaC03 i n  0-4-molal NaCl solutions a t  25'C and 
1-atm C02 pressure. Data were obtained from 
four sources. 14-17 Figure 1 shows a plot of the 
data as a function of to ta l  NaCl content of the 
solution. The solid l ine represents a smoothed 
curve through the data. Two of the four sources 
identified the solid phase as ca lc i te ;  
other two sources mentioned only CaC03. The 
data of Cameron, e t  a l . ,  were considered unreliable 
by Frear and J0hns t0n . l~  However, they repre- 
sent the only d a t a  available a t  high ionic 
strength. 
6. Test Case 2 

T h e  second t e s t  case involved the so lub i l i t y  
of CaC03 in water a t  25-300'C and 1-atm C02 
pressure. Data were obtained from three 
sources. 15s18319 Figure 2 shows a plot of the 
data as a function of temperature. The solid l ine 
represents a smoothed curve through the data. A l l  
three sources identified the solid phase as 
ca l c i t e .  

.. ._ -~ . - .  - _ ~ _ _ ~ ~  - - - .  ~ _ - _ -  
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TABLE I 
TEST CASES 

Test Temperature 
- Case Prec ip i ta te  Solution C Remarks 
1 CaC03 0-4 NaCl 25 1 atm C02 
2 CaC03 water 25-300 1 atm C02 
3 CaC03 1 NaCl 25-300 12 atm COP 

.5-Si02 -~ 0-4-m_HC1.--25 and90-- -- 

4 Si02 water 25-200 - 

6 BaS04 0-4 E NaCl 25 and 95 - 
7 Cas04 0-4 E NaCl 25,100 and - 

250 

C. Test Case 3 
The th i rd  t e s t  case involved the so lubi l i ty  

of CaC03 i n  a l-molal NaCl solution a t  100-3OO'C 
and 12-atm COP pressure. Data were available 
from only one source.18 Figure 3 shows a plot 

of the data as a function of temperature. The 
solid l ine represents a smoothed curve through the 
data. The solid phase was ca l c i t e .  These data 
are from the same source as the high-teFperature 
data in Test Case 2. 

- - _ _  - - - - -~ - .. . - .- _ _  - - - - 0. Test Case 4 
The fourth t e s t  case involved the so lubi l i ty  

of amorphous Si02 in water a t  25-2OO'C. ,,Data 
were obtained from three sources. 20-22. One\* was 

a composite curve generated from a number of 
ear l ie r  investigations.20 Figure 4 shows a plot 
of the data as a function of .temperature. The 
sol id 1 ine represents a smoothed curve t h r o u g h  the 
d a t a .  The agreement among the various investi- 
gators i s  generally qu i t e  good. 
E .  Test Case 5 

The f i f t h  test case involved the so lubi l i ty  
of amorphous Si02 in 0-4-molal H C I  solutions a t  , 

25 and 9O'C. Data from only one source were 
found.23 Figure 5 shows a plot of the d a t a  as a 
function of t o t a l  HCl content of the solution. 
The sol id l ines  represent smoothed curves through 
the data. The data for  water (0-molal HC1)  are a 
l i t t l e  above the experimental curve in Fig. 4. 
F .  Test Case 6 

The sixth test case involved the so lubi l i ty  
,of BaS04 (ba r i t e )  in 0-4-molal NaCl solutions a t  
25 and 95OC. Data from two sources were 
employed. 24'25 Figure 6 shows a plot of the 
data as a function of t o t a l  NaCl content of the 
solution. The so l id  l ines  represent smoothed 
curves through the data. The systematic differ-  
ence between the data of Templeton and Blount 
necessitated a rather a rb i t r a ry  l ine .  This uncer- 
tainty,  however, was not s ign i f icant  in comparison 

\ 

w i t h  the sca t t e r  i n  calculated resu l t s .  
6. Test Case 7 

The seventh t e s t  case involved the so lubi l i ty  
of CaS04 in 0-4-molal NaCl solutions a t  25, 100, 
and 250-C. Data from three sources were 
used.26=28- Figure 7 shows a.-glot of the d a t a  as 
a function of t o t a l  NaCl content of the solution. 
The sol id 1 i nes represent smoothed .curves .through 
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Fig. 1. Experimental data for Test Case 1. 
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the data. At 25'C, the data are for gypsum; at 
100 and 250°C, the data are for anhydrite. 

IV. TEST CASE RESULTS 
An attempt was made to use each of the four 

chemical-equilibrium computer programs to calculate 
the solubility of the solid phase for each test 
case. In some instances, the limitations of the 
program precluded its use; for example, GEOCHEM is 
usable only at 25'C. The following sections dis- 
cuss the results for each of the test cases. 

Two of the programs (REDEQL.EPAK and GEOCHEM) 
deal in molarity units, but the experimental data 
are all in molality units. Considering the uncer- 
tainty in equilibrium constants and activity coef- 
ficients, the \differences between molality and 

reported here, results from the two codes were 
corrected to molality units. The correction was 
calculated as 

< 

molarity are often ignored. For the comparisons 

~- p i  
CM 5 = *SWS ' 

where CM is the concentration in molarity units, 
C, is the concentration in molality units, 
is the density of the solution, and ws is the 
mass of water per unit mass o f  solution. The 
quantity ws was determined as 

* S  

1000 
s 1000+MSCm ' w =  

where M, is the molecular weight of the solute. 
For these calculations, M, was taken as the 
molecular weight of NaC1, 58.44. The density of 
the solution at the temperature of the test and 
C, molality was calculated from the correlation 
of Haas." Figure 8 shows a plot of the molar- 
itylmolality ratio (CM/C,) as a function of 
the solution molality at various temperatures. 
This ratio was employed for corrections to 
REDEQL.EPAK and GEOCHEM results. 

-A.- Test-Case 1LResul ts- - 

Figure 9 shows a plot of CaC03 solubility 
as a function of total NaCl content of the solution 
for Test Case 1. The solid line is the same curve 
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Fig. 9. Results for Test Case 1. 
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that is drawn through the experimental data in 
Fig. 1. The results from SENECA2 are in reasonable 
agreement with the experimental curve over the 
entire range of NaCl content. The results from 
REDEQL.EPAK and UATEQF show reasonable agreement 
up to 1% NaCl content, but drop significantly 
below the experimental curve at higher ionic 
strengths. The differences between the results 
from SENECA2 and the results frdm WATEQF and 
REDEQL.EPAK are mainly in the activity-coefficient 

well at 0-1-m NaCl content, but diverge at higher 
values. The results from WATEQF were independent 
of the choice of method for calculating activity 
coefficients because all the influential species 
in the test case are members of the group whose 
activity-coefficient calculation does not vary. 
WATEQF has solubility data for both calcite and 
aragonite. The results reported here represent 
calcite solubilities. Aragonite solubility is 
about twice that of calcite at 25'C. 

The results from GEOCHEM are slightly high 
for water, but they diverge rapidly at higher NaCl 
content. One result, 0.045-molal CaC03 solubil- 
ity at 4.35-molal NaCl content, was not plotted. 
The cause of the high solubility is consideration 
of the formation of the CaC1+ complex by GEOCHEM. 
This complex contains about one-half the calcium 
in solution at 2-molal NaCl content and about two- 
thirds of the calcium at 4-molal NaCl content. 
The equilibrium constant used by GEOCHEM for the 
react ion 

1 - - . -. - calculation.- The-three programs agree-relatively- 

is about 4. No references were found for this 
formation constant. Based on results presented 
here, it appears to be too high. None of the other 
three programs consider the formation of CaCl+. 
Activity coefficients calculated by GEOCHEM are 
similar to those of SENECAZ. The slight disconti- 
nuity in the GEOCHEM results between 0.5 and 
1-molal NaCl content occurs from a change in the 
activity-coefficient equation in this range. 

~~~ B. Test Case 2 Results.- - 

Figure 10 shows a plot of CaC03 solubility 
as a function of solution temperature for Test 
Case 2 .  The solid line is the same curve as is 
drawn through the experimental data in Fig. 2 .  

GEOCHEM was not included in this comparison because 
it is usable only at 25*C; Test Case 1 includes 
that comparison. The results from SENECA2 are a 
little high at 25'C, but are generally in reason- 
able agreement over the entire temperature range. 
The results from WATEQF are in good agreement from 
25-ZOO'C, but are somewhat high at 300'C. Because 
of the necessity to fix pH and the inability to 
fix the C02 pressure with WATEQF, these calcula- 
tions required additional time and effort. The 

- results -from -REDEQL-. EPAK-are- sl i ght ly-h i gh at-25"C F 
From 100-3OO0C, their trend is opposite to that of 
the experimental curve; that is, the calcul-afed 
solubility increases with increasing temperature 
rather than decreasing. These problems may be 
related to equilibrium-constant data. The forma- 
tion constant of solid CaC03 is not available as 
a function of temperature in REDEQL.EPAK. Also, 
the temperature variation of the formation constant 
for HCO; (from H+ and CO;') appears quite 
different from that in WATEQF or SENECAZ. Activity 
coefficients calculated by the three programs are 
in relatively good agreement for this test case 
because the solutions are at low ionic strength. 
The results from WATEQF were independent of the 
choice of activity-coefficient calculation. 
C. Test Case 3 Results 

- 

Figure 11 shows a plot of CaC03 solubility 
as a function of solution temperature for Test 
Case 3. The solid line is the same curve as is 
drawn through the experimental data in Fig. 3. 
Only results from WATEQF and SENECA2 are included 
because GEOCHEM is usable only at 25'C and 
REDEQL.EPAK does not allow C02 pressures above 
1 atm. The COP pressure was 12 atm for this 
test case. The SENECAZ results are high at 100eC, 
but those at 20O-30OeC are in reasonable agreement 
with the experimental curve. The WATEQF results 
are quite low at 100'C and appear to be increasing 
with increasing temperature at 200-3OO'C. Again, 
difficulties were encountered in obtaining results 
with WATEQF. A number of differences in equilib- 
rium-constant data appear to be the cause of the 
differences between SENECA2 and WATEQF. Activity 

0. Test Case 4 Results 
Figure 12 shows a plot of amorphous Si02 

solubility as a function of temperature for Test 

-coeff icients-were-simi lar-for- the-two-programs,-- ~ 

, 
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Case 4. The solid line is the same curve as is 
drawn through the experimental data in Fig. 4. 
GEOCHEM and REDEQL.EPAK data are shown for 25'C 
only; RE0EQL.EPAK does not have data for the tern 
perature variation of the formation constant of 
amorphous silica. The results of all four programs 
are in relatively good agreement with the experi- 
mental curve for this test case. WATEQF has solu- 
bility data for a number of solid Si02 phases. 
The results in Fig. 12 are for the "silglas" phase, 
which gave the best overall agreement with the 
experimental curve. The "si lgel" phase showed 
better agreement at 25'C, but was quite high at 
100-200°C. The activity coefficients for the sig- 
nificant species were similar from all four pro- 
grams owing to the low ionic strengths involved. 
E. Test Case 5 Results 

Figure 13 shows a plot of amorphous Si02 
solubility as a function of total HCl content of 

6 

. 

Fig. 12. Results for Test Case 4. 

At 25'C (Fig. 13), the results of GEOCHEM and 
SENECA2 are in good agreement with the experimental 
curve. The results of REDEQL.EPAK are also in 
relatively good agreement, but they are almost 
constant with increasing HCl content rather,than 
decreasing as the experimental curve does. This 
is because the precipitation reaction for Si0 2' 

involves only neutral species, and REDEQL.EPAK 
assumes neutral species have unit activity coeffi- 
cients at all ionic  strength^.^ The results 
from WATEQF (using the "silglas" solid) are low 
over the entire range. 

At 9O'C (Fig. 14), only results from SENECA2 
and WATEQF were available. These results are low 
except at the highest HC1 content. The Davies 
equation was used for the WATEQF activity coeffi- the solution at 25'C for Test Case 5. The solid 

line is the same curve as is drawn through the 
experimental data at 25'C in Fig. 5. Figure 14 
shows a similar plot for the 9D'C data. 

c i T B e c a u s e  the majorspecies are neutral in 
this test case, the choice of activity-coefficient 
method in WATEQF is immaterial. 
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F. Test Case 6 Results 
Figure 15 shows- a plot of BaS04 solubility 

as a function of total NaCl content of the solution 
at 25'C for Test Case 6. The solid line is the 
s m  curve as i s  drawn through the experimental 
data at 25'C in Fig. 6. Figure 16 shows- a similar 
plot for the 95'C data.. 

- A t  250C (Fig. 15), the results of SENECA2 are 
in good agreement with the experimental curve. 
Two sets of results are shown for WATEQF, one using 
Davies equation activity coefficients and the other 
using Debye-Huckel equation activity coefficient<--- 
Both methods give similar results at 0-0.5-molal 
NaCl content; .above that range, I results employing 
the Debye-Huckel activity coefficients show much 
better agreement with the experimental curve. The 
results of REDEQL.EPAK are similar to those of 
WATEQF with the Davies equation activity coeffi- 
cients. Both problems come from activity coeffi- 
cients that are too large at high ionic strengths. 
For REDEQL.EPAK, both Ba+2 and mi2 activity 
coefficients are high. For WATEQF, the Davies 
equation activity coefficient for Ba+2 is much 
too large; the S04-2 activity coefficient is 
always calculated with the same equation. The 
GEOCHEM results are quite low over the entire range 
of NaCl contents. This is because of a significant 
difference in the formation constant for solid 

. BaSD4 in GEOCHEM as compared with'the other three 
programs; it is about an order of magnitude larger. 

At 95'C (Fig. 16), the results of SENECA2 are 
in good agreement with the experimental curve at 
low ionic strengths, but are high above 1-molal 
NaCl content. For WATEQF, the results using Davies 
equation activity coeffic-ients are as low at high 
ionic strength as they were at 25'C. Results using 
De6ye-Huckel activity coefficients are quite high 
above 1-molal NaCl content; one result, 7.8 
x molal BaS04 solubility at 4-molal NaCl 
content, was not plotted. The results of 
REDEQL.EPAK are also in good agreement up to 
1-molal NaCl content, but are quite low at higher 
ionic strengths. The reasons for this are the 
same as those noted for the 25'C results. 
6. Test Case 7 Results 

as a function of total NaCl content of the solution 
at 25'C for Test Case 7. The solid line is the 

- -- - -- -- - - - -  - - _  - .  ._ __ . -  _ _  - - _ _ _  

-- _ _ _ _ _ _ ~  ~~~ F.i gwe-17- -s hows-a-pl ot-of-CaSO~-sol u bi-1-i ty- 

same curve as i s  drawn through the experimental 
data at 25'C in Fig. 7. Figures 18 and 19 show 
similar plots for 100 and 25D'C data. 

At 25'C (Fig. 17), the results from GEOCHEM, 
WATEQF, and REDEQL.EPAK are in reasonable agreement 
with the experimental curve up to 0.5-molal NaCl 
content. Above that, the results from GEOCHEM are 
well above the curve and the results from 
REDEQL.EPAK and WATEQF are below. The best agree- 
ment is for WATEQF using Debye-Huckel activity 
coefficients. GEOCHEM results are high at high 
NXl- content -f or- the SfiF Feason--as-Te-s t -Case I-;- - 

the formation of CaCl' complex ties up a sub- 
stantial amount of calcium. The results f& 
SENECA2 are slightly high at low NaCl content and 
are well above the experimental curve at high ionic 
strengths. The difference is caused by a combina- 
tion of formation-constant and activity-coefficient 
data. 

At 100'C (Fig. 18), results from SENECA2 and 
WATEQF are in reasonable agreement with the exper- 
imental curve. Differences at 2-4-molal NaCl 
content result from activity-coefficient data. 
REDEQL.EPAK results are high at low ionic strength, 
and have the wrong variation with NaCl content 
from 1-4 molal. The results at low ionic strength 
are related to formation -constant data; the trend 
at high ionic strength is caused by high activity 
coefficients for Ca+2 and SOq2 (see Test 
Case 1 results). GEOCHEM was not usable at 100 or 
250'C. 

At 250'C (Fig. 19), results from SENECA2 are 
in reasonable agreement at low ionic strength, but 
fall well below the experimental curve above 
1-molal NaCl content. Activity-coefficient data 
are the main cause of this difference. The results 
of WATEQF are very high over the entire range of 
NaCl content. The equilibrium constant for solid 
CaSD4 (anhydrite) formation used by WATEQF is 
much greater than the value used by SENECA2; this 
leads to considerably higher solubility. Results 
from REDEQL.EPAK are so high as to be above the 
range of the plot except for one point at 4-molal 
NaCl content. Off-scale points range from 
0.06-0.1-molal CaS04 solubility. A large equi- 

-1 i brium-constant -for-the -formation -of-sol-id- 
CaS04 is the major reason /for the very high sol- 
ubilities predicted by REDEQL.EPAK. 
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V.  TIMING TESTS 
Timing tes ts ,  which compared execution times 

f o r  t h ree  o f  t he  fou r  chemical-equi l ibr ium pro- 

grams, were a l so  performed. Test problems used 
f o r  t he  t i m i n g  t e s t s  i nvo l ved  so lu t i ons  from which 
a number o f  poss ib le  s o l i d  phases could p rec ip i -  
t a t e .  WATEQF was no t  inc luded i n  the t im ing  t e s t s  

because i t  does not  p r e d i c t  actua l  s o l i d  phases 
formed (see Sec. 1I.C). 

Table I 1  l i s t s  t o t a l  concentrat ions o f  species 
f o r  t h ree  t e s t  problems. The data were assumed t o  

be i n  molal u n i t s  fo r  SENECA2 and molar u n i t s  f o r  
REDEQL.EPAK and GEOCHEM. No attempt was made t o  
compare r e s u l t s  of t he  th ree  programs except f o r  

the i d e n t i t y  of the s o l i d  phases predicted. Thus, 
t h e  assumption t h a t  molal and molar u n i t s  are 
equ iva len t  i s  acceptable here. I n  Timing Prob- 

lem 1, poss ib le  s o l i d  phases are CaC03, HgC03, 

CaMg(C03)2, Si02, ZnC03, and PbC03. For 
Timing Problem 2 ,  s u l f i d e  i on  was added so t h a t  

ZnS and PbS were a l so  poss ib le  so l i ds .  For Timina 

Fig. 19. Results f o r  Test Case 7 a t  250'C. 

TABLE I 1  
T I M I N G  TEST PROBLEMS 

To ta l  Concentrat ion (molal o r  molar)  
Species Problem 1 Problem 2 Problem 3 
, N a+ 0.500 ' 0.500 0.500 
c1- 
Ca+' 
Mg+' 

H4Si04 

co -2 
+3 

H 

OH- 
Zn+' 
P b+' 
5-2 

0.504 
0.050 

0.030 
0.030 

0.150 
0.240 
0.100 
1 x 1 ~ - 3  
1 x 1 ~ - 3  

- 

0.530 
0.050 

0.030 

0.030 
0.150 
0.240 
0.100 
2x10-2 
2x10-2 
2 . 5 ~ 1  O-' 

0.454 

0.050 

Z ~ I O - ~  
0.100 
0.150 
0.100 
1 x 1 ~ - 5  
1 x 1 ~ - 5  
1. i x 1 ~ - 5  

The t i m i n g  runs were made on a Los Alamos 

Contro l  Data Corporation (CDC) 7600 computer oper- 
a t i n g  under the  LTSS t ime-sharing system. 
Cen t ra l  processor u n i t  (cpu) t imes were compared.. 

REDEQL.EPAK and GEOCHEM were compiled as they were 
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Table I 1 1  lists the cpu times obtained. The 
small differences between REDEQL.EPAK and GEOCHEM 
are not significant; on a time-sharing system like 
LTSS, small differences of this magnitude can be 
obtained from repeated runs of the same problem if 
the system load (number of users) varies. The 
results from these two programs are essentially 
the same for the three problems. SENECA2 is com- 
petitive for Timing Problem 1, but shows signifi- 
cantly longer cpu times for the second and third 
pr5blems; - -SENECA? -had- -considerable-- di ff-icul ty 
with species present in small amounts in the third 
timing problem. Most of the time was spent in the 
first step of the calculation (see Sec. 11.0.). 
Although this procedure minimizes the free energy 
of the system, it depends on the definition of a 
basis set or set of elemental species that must be 
  resent.^ Much of the additional time is spent 
changing species in the basis set during early 
phases of minimization. 

Table I V  lists the solid phases predicted for 
Timing Problems 1 and 2. The differences reflect 
a disagreement in equilibrium-constant data among 
the three programs. Because there are no experi- 
mental data for comparison, it is not possible to 
establish which solid phases are correct for these 

- 

problems. 

VI. CONCLUSIONS 
The purpose of the work was to compare results 

from four chemical-equilibrium computer programs 
with experimental solubility data for some simple 
systems of geothermal interest. The test cases 
were rather severe on occasion, with ionic 
strengths up to 4 molal and temperatures up to 
300'C. None of the four programs showed consis- 
tently good agreement with experimental data. Two 
causes of disagreement were related to free-energy 
or equilibrium-constant data and to activity 
coefficients. 

TABLE 1 1 1  
TIMING TEST RESULTS 

SENECA2 1.63 2.35 
REDEQL .EPAK 1.13 1.15 1.12 
GEOCHEM 1.14 1.28 1.12 

T A M E  IV . 

SOLID PHASES PREDICTED WITH TIMING PROBLEMS 
Solid Phases Predicted 

Timina 
Problth SENECA2 REDEQL .EPAK GEOCHEM 

1 CaC03 CaCO CaC03 
znc03 ~ n ~ i 8 3  21-1~03 
PbC03 PbC03 PbC03 
Si02 Si02 Si02 

-- 

CaMg(C03)2 CaMg(C03) 2 

2 CaC03 ZnS CaC03 
ZnS ZnSi03 ZnS 
PbS PbS znc03 

Si02 CaMg(CO3)2 Si02 
-~ -- --PbC03-- - --- Si@- - - -  - . PbS- __ 

I, . (Cog) 2 

All four programs give similar activity 
coefficients at ionic strengths in the 0-1-molal 
range. At higher ionic strengths, the Davies 
equation and its variants gave activity coeffi- 
cients that were too large. Thus, REDEQL.EPAK and 
WATEQF (using the Davies equation) predict solu- 
bilities that are too low at high ionic strengths. 
The SENECA2 activity coefficients appear to yield 
more reasonable results at high ionic strengths. 
As an example of sane of the differences observed, 
Table V lists calculated activity coefficients for 
three species involved in the solubility reactions: 

TABLE V 

ACTIVITY COEFFICIENTS AT 25'C 
Activity Coefficient 
at Ionjc Strength 

0.1 0.5 2.0 4.0 ---- 
Na' 

REDEQL.EPAK 

WATEQF(D)~ 
WATEQF ( D-~)a 

GEOCHEM 

SENECA2 

Ca+2 
REDEQL.EPAK 
GEOCHEM 
WATEQF (o)a 
WATEQF ( D-~)a 
SENECA2 

Ba+2 
REDEQL.EPAK 
GEOCHEM 
WATEQF (o)a 
WATEQF ( D-H) a 
SENECA2 

0.772 0.691 0.804 1.169 
0.780 0.680 0.725 0.820 
0.782 0.708 0.789 1.043 
0.782 0.708 0.789 1.043 
0.776 0.681 0.671 0.752 

0.356 0.229 0.419 1.868 
0.371 0.224 0.208 0.207 
0.390 0.260 0.289 0.509 
0.390 0.260 ' 0.289 0.509 
0.404 0.262 0.208 0.215 

0.356 0.229 0.419 1.868 
0.371 0.224 0.208 0.207 
0.372 0.288 1.069 12.3 
0.376 0.214 0.135 0.111 
0.380 0.225 0.163 0.161 

----____-- 

aD indicates Davies equation and D-H indicates 
Debye-Huckel equation. 



Na', Ca+2, and Ba+2. The large differences 
a t  high ionic strengths are apparent. 

Inaccurate free-energy or equilibrium- 
constant data were a major cause of differences 
between calculated resu l t s  and experimental data. 
Data for the solubili ty reaction i t s e l f  or for  
formation of complexes with c m n  ions could be 
a t  f au l t .  GEOCHEM provided examples of both s i t u -  
ations; a large value for the formation constant 
of solid BaSO led t o  low so lubi l i t i es  in Test 
- - -- 4-- - -  ~ _ _  ~ _ _ _  - 

Case 6, and a large value for the formation con- 
s tan t  of CaC1' led to high so lubi l i t i es  in Test 
Cases 1 and 7. The other programs provided simi- 
l a r  examples, particularly a t  high temperatures. 

One of the four programs tested, WATEQF, i s  
c lear ly  not suitable for mdeling precipitation 
from geothermal brines because i t  does not calcu- 
l a t e  the amounts  of solid phases t h a t  are formed. 
Also, the necessity of specifying the pH of the 
solution complicates i t s  use if pH i s  unknown. 
GEOCHEM and REDEQL.EPAK are very similar programs 
as fa r  as the t e s t s  conducted here are concerned. 
Although REDEQL.EPAK has the capability of calcu- 
lation a t  temperatures other than 25'C, only a 
small percentage of species in the data base have 
the needed data available. Both programs showed 
good r e su l t s  in the timing tes t s .  SENECA2 gener- 
a l l y  showed good resu l t s  in comparisons with 
experimental data. The data base for SENECA2 i s  
much smaller than tha t  i n  the other three programs, 
b u t  i t  emphasizes reactions of geothermal in t e re s t .  
SENECA2 might require significant mdi f ica t ions  in 
the calculation procedure to improve i t s  per forw 
ance in the timing t e s t s .  

The overall conclusion of t h i s  work i s  that  
currently available chemical-equilibrium computer 
programs can give reasonable resu l t s  when used for  
modeling precipitation from geothermal brines. 
However, considerable care must be taken to  check 
free-energy data and ac t iv i ty  coefficients because 
s igni f icant  errors can be caused by inaccuracies 
i n  e i ther  type of data. If chemical modeling of 
geothermal brines is t o  become an accurate science, 
the two greatest  needs are accurate free-energy 

1. 

2. 

3. 

4. 

5. 

6. 

7 .  

8. 

-- 9. 
data and ~aaccurate~meth~d-~fcalcul~tingact-ivity - 

coefficients a t  high ionic strength. 
- 
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