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Preface

This report on the EQ3NR code is a revision of the first EQ3NR User’s Guide (Wolery, 1983).
It is one of a set of reports documenting version 7.0 (version 3245.1090 under the old numbering
system) of the EQ3/6 software package. This set includes:

I. The EQ3/6 Package Overview and Installation Guide (Wolery 1992).

[l. The EQPT User’s Guide (Daveler and Wolery, 1992).

[ll. The EQ3NR Theoretical Manual and User’s Guide (this report).

IV. The EQ6 Theoretical Manual and User’s Guide (Wolery and Daveler, 1992).

EQ3NR, the subject of the present report, is the speciation-solubility code in the EQ3/6 package.
EQ6 is the reaction path code in EQ3/6. EQPT is the EQ3/6 data file preprocessor. The present
report assumes that the reader is familiar with the contents of the EQ3/6 Package Overview and
Installation Guide and the EQPT User’s Guide.

The development of EQ3/6 has been supported by a number of programs concerned with geolog-
ic disposal of high level nuclear waste, including the Office of Nuclear Waste Isolation, the Salt
Repository Project Office, the Waste Isolation Pilot Plant (through Sandia National Laboratory),
the Nevada Nuclear Waste Storage Investigations, and the Yucca Mountain Site Characterization
Project. Documentation for the package is aimed at satisfying the requirements of the U.S. Nu-
clear Regulatory Commission for software used for this purpose (Silling, 1983).

The Lawrence Livermore National Laboratory has not certified that EQ3/6 constitutes approved
code for the conduct of quality affecting work for the Yucca Mountain Project.

No source codes or data files are reproduced in this report, nor are any computer media contain-
ing such items a part of this report or any of the other reports documenting this version of EQ3/6.
The software itself must be obtained as described below.

The examples presented in this series of reports correspond to version 7.0 of the software and the
R10 set of supporting thermodynamic data files. As of the date of publication of this report, the
most recent version of the software is version 7.1 (containing bug fixes, but no enhancements),
and the most recent set of data files is R16.

Agencies of the United States Government and their contractors may obtain copies of the soft-
ware and its documentation from:

Energy Science and Technology Software Center
P. O. Box 1020
Oak Ridge, TN 37831-1020

Telephone: (615) 576-2606



Requests to obtain the software under a licensing agreement should be addressed to:

Technology Transfer Initiatives Program, L-795
Attn: Diana (Cookie) West

Lawrence Livermore National Laboratory

P.O. Box 808

Livermore, CA 94550

Telephone: (510) 423-7678
Fax: (510) 422-6416
Secretary: (510) 422-6416

Comments and questions concerning EQ3/6 exclusive of the thermodynamic data base should be
addressed to the code custodian:

Thomas J. Wolery, L-219

Lawrence Livermore National Laboratory
P.O. Box 808

Livermore, CA 94550

E-mail: woleryl@linl.gov
Telephone: (510) 422-5789
Fax: (510) 422-0208
Secretary: (510) 423-2970

Comments and questions which concern the EQ3/6 thermodynamic data base should be ad-
dressed to the data base custodian:

James W. Johnson, L-219

Lawrence Livermore National Laboratory
P.O. Box 808

Livermore, CA 94550

E-mail: johnson@s05.es.lInl.gov
Telephone: (510) 423-7352

Fax: (510) 422-0208

Secretary: (510) 423-2970
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Glossary of Symbols
Symbols used to represent cations in the notation of Harvie, Mgller, and Weare (1984); Xee also
X'
Thermodynamic activity of thieth agueous solute species.

Thermodynamic activity of water.

V11093, + vylogay

Mean activity of neutral electrolytdX; loga, \,x = y
' MX

Thermodynamic activity of the-th component of th&-th solid solution phase.
Generalized hard core diameter or “ion size” in agueous solution.

Hard core diameter or “size” of the¢h aqueous solute species.

Affinity.

Thermodynamic affinity of thgth reaction. The forward direction is implied, whiclEiQ3/6is tak-

en to be that in which the associated species is destroyed, for example by dissolution or dissociation.

Thermodynamic affinity of theth reaction (forward direction).

Thermodynamic affinity of theth reaction (reverse direction).

Thermodynamic affinity (per electron) of a redox couple with respect to the standard hydrogen elec-

trode;Ah=F Eh

Titration alkalinity, in units of equivalents per kilogram of solvent water or equivalents/L.
Debye-HiickelA parameter used in writing expressionslfoy;.

Debye-HuckelA parameter used in writing expressionslémy o yi; Ay,10= 2.303A ¢

Debye-HiickelA parameter used in writing expressionslfoa,,
Titration alkalinity, mg/L of equivalen€aCQO;; also denoted &b

Titration alkalinity, mg/L of equivalendCO,

Bicarbonate alkalinity, mg/L of equivale@aCOs;.

Carbonate alkalinity, mg/L of equivale@aCOQO;.

Hydroxide alkalinity, mg/L of equivaler@aCO;.

Stoichiometric reaction coefficient, the number of moles o$itheaqueous species appearing in the
r-th aqueous reaction; it is negative for reactants and positive for products.



By

Bux(1)

Bux(1)

Bux(!)

C,C

Ci, molar
Ci, mg/L

Ci, mg/kg

CTi’&, ma/kg,

CTi’&, mg/L

¢
Cnx

CMX

&1

(1)

Stoichiometric reaction coefficient, the number of moles o$itieaqueous species appearing in the

reaction for the dissolution of thgeth pure mineral; it is negative for reactants and positive for
products.

Stoichiometric reaction coefficient, the number of moles o$itieaqueous species appearing in the

reaction for the dissolution of thieth gas species; it is negative for reactants and positive for
products.

A parameter theoretically equivalent to the procﬁB\t, and appearing in Pitzer’s equations with an
fixed value of 1.2.

Debye-HiickeB parameter used in writing expressionslfoy; or log,q v;.

Observable second order interaction coefficient for neutral electidlftéM = cation,X = anion);
a function of the ionic strength.

The derivative 0 By, (l) with respect to ionic strength.

The compound functio By, (1) FB'yx(1) -

Symbols used to represent cations in the notation of Harvie, Mgller, and Weare (1984); Bke also
M'.

Concentration of theth solute species in molarity (moles/L).
Concentration of theth solute species in mg/L.
Concentration of theth solute species in mg/kg solution.
Total dissolved solutes in mg/kg solution.

Total dissolved solutes in mg/L.

Third order interaction coefficient for neutral electrolii.

¢
Cmx

2 /zsz '

Subscript indexing a chemical element.

The quantity

Total number of chemical elements in a system.

The electron. In common thermodynamic formalism, this is usually a hypothetical species, not a real
one.

Electrical potential of thgth redox couple, volts.

Standard state electrical potential of jith redox couple, volts.

Redox potential, volts. Theoretical equilibrium electrical potential of a redox couple;
Eh = g'-CJ’-f';a#—?—]—(Iogf02—4pH —2loga,, —logKg,) , Wheref02 is understood to be the
hypothetical equilibrium oxygen fugacity in aqueous solution.

Debye-Hiickef function.

-Vi-



(1)

f¥

Debye-HiickeF function;f(l) =df/dl.
The quantityf'(1)/2.
Fugacity of theg-th gas.

Oxygen fugacity.

(1) The Faraday constant, 23062.3 cal/equiv-volt; (2) Compound electrostatic function used by Har-
vie, Mgller, and Weare (1984) to write Pitzer’s equations (see Chapter 3).
Subscript denoting a gas species.

Total number of gas species in a system.

A function used to describe the ionic strength dependence of the second order interaction coefficient
in Pitzer’s equations.

The derivative ofy(x) with respect to.
Excess Gibbs energy, as of a solution.

mg.u
bs"r
destroyed by the-th aqueous reaction.

s'r

The factor , whereg' denotes the dependent aqueous species which is associated with and

The factor (analogous tdg,).

Mg Zg
b..

s'r
lonic strength.
lon activity product; se®.
A function used to describe the higher order electrical interactions term in Pitzer’s equations.
The derivative ofJ(x) with respect tx.
An element of the Jacobian matri%—oéfi ).
i

The Jacobian matrix.

Thermodynamic equilibrium constant.

Thermodynamic equilibrium constant for the half—reactmzo(l) = Oz(g)+ 4H" +4€

Equilibrium constant for the reactid, O, = H'+OH
Molal concentration of theth aqueous solute species (no contributions from dependent species).

Total molal concentration of theth aqueous species (includes contributions from dependent spe-
cies).

Symbols denoting cations (see atsa’).

Molecular weight of thé-th substance, grams per mole; &4g, is the molecular weight of water.

- Vii -



n, n' Symbols used to represent cations in the notation of Harvie, Mgller, and Weare (1984); Kee also

N'.

n; Number of moles of theth aqueous solute species.

ng Number of moles of the-th aqueous species.

Nr o Total number of moles of theth (basis) aqueous solute species.

Ny Number of moles of solvent water.

Nr e Total number of moles of theth chemical element.

N, N' Symbols denoting neutral species (see gJsv).

Ny Weight fraction of water in aqueous solution.

Ny Site-mixing parameter for thi-th solid solution. IfNy, = 1, the model is equivalent to a molecular-
mixing model.

O5(g) Oxygen gas; in agueous solution, this refers to a hypothetical species siraijalso symbolized
assg.

Py Partial pressure of thggth gas, bars.

Py Thek-th parameter used to compute the interaction coefficWtaV,y, Wy, which in turn are
used to compute the activity coefficients of end-member componentsyntthsolid solution.

P (1) Pressure, bars; (2) Phenolphthalein alkalinity, equivalent mgllaGio;.

pe Logarithm of the hypothetical electron activipe = F E(2.303RT) = Ah/(2.303RT).

pH The quantity 1og aH+ .

pHCI The quantity -IogaH+ dog aCI_ .

Q Activity product of a reactiorAP is used by many others (e.g., Parkhurst et al., 1980) to denote the
same quantity.Q” implies Q. the activity product corresponding to the reaction taken in the for-
ward direction.

Q. Activity product of a reaction, the sameQ@s

Q. Reverse activity product of a reaction, equal ©Q,1/

Qrap2 Activity product of a half reaction.

Q.12 Reverse activity product of a half reaction, equal @,1/,.

r Subscript denoting an aqueous reaction.

rr Total number of reactions for the dissociation/destruction of dependent agueous species.

R The gas constant, 1.98726 cal/nikl-

S Subscript denoting an aqueous specses\ impliesH,0).

s Subscript denoting s in the range from Bdpexcluding the cases=w ands = sg.

- Viii -



Wy Wy Wiy

=

Xoy
X, X'

2.303

a, a4, 0o

1

Subscript implying the species formally associated with the aqueous reaction designdtgd by
I +sg).

Subscript denoting the hypothetical agueous sp€zjgs.

The total number of aqueous master species; depending on the problem g @edual to or
greater tharsg.

Total number of aqueous species.

Saturation index for a minerd = log (Q/K), whereQ andK are the activity product and equilib-
rium constant, respectively, for the dissolution reaction.

(1) Temperature’K; (2) Titration alkalinity, mg/L of equivaler@aCO;.
The molar volume of an ideal gas, 22,413.6 ml/mole.

Stoichiometric mass balance coefficient calculated from reaction coefficients and certain model con-
straints;ugds the stoichiometric factor for computing the contribution ofstie aqueous species to

the mass balance for tlseth basis species.

Subscript denoting water (e.@,, the activity of water).

Number of kilograms of solvent water.

Interaction coefficients used to compute the activity coefficients of end-member components in the
Y-th solid solution.

Array of partial derivatives ofbgx,, with respectkogm, , where is a basis species. This de-

rivative is zero fors  =wor sz .

A general algebraic variable.

Mole fraction of tha-th aqueous solute species.

Mole fraction of water in aqueous solution.

Mole fraction of thes-th end member of thg)-th solid solution.
Symbols denoting anions (see ais@').

Electrical charge of theth aqueous species.

Subscript denoting charge balance (e+3,).

Vector of algebraic master variables.

Symbol for and approximationlof10. As an approximation, this is not sufficiently accurate for
general use in calculations; this constant should be computed to full machine accuracy in a computer
code in order to avoid both inaccuracy and inconsistency.

Parameters appearing in Pitzer’s equations.

Newton-Raphson residual function vector.

Residual function for charge balance.

- X -



Bmax

Residual function for mass balance of ¢th basis species.
Residual function for equilibrium with a pure mineral.
Residual function for equilibrium with the-th end member of th¢-th solid solution.

Newton-Raphson residual function vector, identical texcept that mass balance residual elements
are normalized by the corresponding values of total numbers of moles.

The largest absolute value of any elemerf.of

(0) (1) K(2)
Brax: Pmx s Pumx

Yi
YT, i

(o] (og] [og]
o
o
=]
<

{NMmX

Bvm(1)

Observable second order interaction coefficient parameters for neutral eled#Xlyte

Molal activity coefficient of the-th aqueous solute species.

Stoichiometric molal activity coefficient of thieth aqueous solute species; generally defined only
for simple ions.

Mean molal activity coefficient of aqueous neutral electrolkfie
Stoichiometric mean molal activity coefficient of aqueous neutral electriglifte

Newton-Raphson correction term vector.

The largest absolute value of any elemen.of
Convergence function.
Under-relaxation parameter.

Gibbs energy of formation of theth chemical species.

Standard state Gibbs energy of formation ofittlechemical species.

Gibbs energy of reaction of theth reaction.

Standard state Gibbs energy of reaction ofrtttereaction.

Subscript denoting a chemical element.
Total number of chemical elements in a system.
Observable third order interaction coefficient for neutral species N, cation M, and anion X.

Observable second order interaction coefficient for mixtures of neutral electid{tandM'X; in-
dependent of the identity &f and a function of the ionic strength.

The derivative 0By (I) with respect to ionic strength.
The electrostatic part &y (1).

The short-range part 8, (1); treated as a constant.

Under-relaxation parameter in Newton-Raphson iteration.



Aii(1) Second-order interaction coefficient for thth andj-th agueous solute species; in general, thisis a
function of the ionic strength.

A% (1) The derivative of;(I) with respect to ionic strength.

(0) (1) (2
Axs Ax s Amx
Second order interaction coefficient parameters for ci@nd anionX.

Aw Rational (mole fraction) activity coefficient of watex, = A, X,

Aoy Rational (mole fraction) activity coefficient of tleeth end member of thg¢-th solid solution.

E)\MM.(I) The electrostatic part afy(1).

S)\MM. The short-range part afy\(1); treated as a constant.
Hijk Third-order interaction coefficient for theh, j-th, andk-th aqueous solute species.
VM Number of cation$/ produced by dissociation of the aqueous neutral electidlite
Vmx Number of cation$/ and anion¥ produced by dissociation of the aqueous neutral electriglifte
Vy Number of anionX produced by dissociation of the aqueous neutral electriblite
Pg/m Solution density, g/ml.
g,c' Symbols denoting end-member components of a solid solution.
OTy Total number of end members in tipeth solid solution.
Tg Alkalinity factor, the number of hydrogen ion neutralizing equivalents per mole sftthaqueous
species.
[0} (a) Subscript denoting a pure mineral; (b) the osmotic coefficient of the aqueous solution.
(o ()) Harvie, Mgller, and Weare’s (1984) notation &y (1).
O'avr(D Harvie, Mgller, and Weare’s (1984) notation &y (1).
Xg Fugacity coefficient of theg-th gas.
U] Subscript denoting a solid solution.
Yt Total number of solid solutions in a system.
Wpmmrx Observable third order interaction coefficient for neutral electrolViésandM'X.
Q Water constant; 1000 divided by the molecular weight of water; about 55.51.
ZZ
0j; lonic activity combination parametelr];; = |zj| loga, - |—'£j-|1|ogaj
+ Subscript denoting a reaction proceeding in the forward sense; the convention in this report equates

this with dissociation, dissolution, or destruction of the associated species.

- Xi -



Subscript denoting a reaction proceeding in the backward sense; the convention in this report equates
this with association, precipitation, or formation of the associated species.
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EQ3NR, A Computer Program for Geochemical Aqueous
Speciation-Solubility Calculations: Theoretical Manual,
User’s Guide, and Documentation
(Version 7.0)

Abstract

EQ3NR is an aqueous solution speciation-solubility modeling code. It is part of the EQ3/6 soft-
ware package for geochemical modeling. It computes the thermodynamic state of an aqueous so-
lution by determining the distribution of chemical species, including simple ions, ion pairs, and
complexes, using standard state thermodynamic data and various equations which describe the
thermodynamic activity coefficients of these species. The input to the code describes the aqueous
solution in terms of analytical data, including total (analytical) concentrations of dissolved com-
ponents and such other parameters aplheHCI, Eh, pe and oxygen fugacity. The input may

also include a desired electrical balancing adjustment and various constraints which impose equi-
librium with specified pure minerals, solid solution end-member components (of specified mole
fractions), and gases (of specified fugacities). The code evaluates the degree of disequilibrium in
terms of the saturation inde&I(= log Q/K) and the thermodynamic affinitAE -2.303RT log

Q/K) for various reactions, such as mineral dissolution or oxidation-reduction in the aqueous so-
lution itself. Individual values dEh, pe, oxygen fugacity, andh (redox affinity) are computed

for agqueous redox couples. Equilibrium fugacities are computed for gas species. The code is
highly flexible in dealing with various parameters as either model inputs or outputs. The user can
specify modification or substitution of equilibrium constants at run time by using options on the
input file. The output consists of autput file and gpickup file, which can be used to initialize

an EQG6 reaction path calculation. The chief numerical method employed is a hybrid Newton-
Raphson technique. This is supported by a set of algorithms which create and optimize starting
values. EQ3NR reads a secondary unformatted datalétal) that is created from a primary
formatted data filedataO) by EQPT, the EQ3/6 data file preprocessor. There is currently a set

of five data (lataQ) files. Three of these may be used with either the Davies equation or the B-
dot equation to describe the activity coefficients of the aqueous species. Their use is restricted to
modeling dilute solutions. The other two of these use Pitzer’s equations and are suitable for mod-
eling solutions to high concentrations, though with fewer chemical components. The temperature
range of the thermodynamic data on the data files varies fré@ @iy to 0-300C. EQ3NR

may be used by itself or to initialize a a reaction path calculation by EQ6, its companion code in
the EQ3/6 package. EQ3NR and the other codes in the EQ3/6 package are written in FORTRAN
77 and have been developed to run under the UNIX operating system on computers ranging from
workstations to supercomputers.

1. Introduction

EQ3NR is a speciation-solubility code for modeling the thermodynamic state of an aqueous so-
lution. In essence, this involves a static calculation that is usually based on water chemistry an
analysis. The purpose of such a calculation is usually to find the detailed distribution of chemical
species and to assess the degree of equilibrium (or disequilibrium) pertaining to various reac-
tions, usually those involving other phases. EQ3NR can not be used to directly model the



chemical evolution of such a water. However, it can be used to initialize such a calculation, which
can be made by the companion code EQ6 (Wolery and Daveler, 1992).

EQ3NR is part of the EQ3/6 software package (see Wolery, 1992). This report describes EQ3NR
in version 7.0 (version 3245.1090 in the old numbering system) of this package (see the EQ3/6
Package Overview and Installation Guide, Wolery, 1992). Other codes in the package include
EQPT (Daveler and Wolery, 1992), a data file preprocessor, and EQ6 (Wolery and Daveler,
1992), a reaction path code. The relationship of the EQ3NR code to EQ6, EQPT, and the set of
supporting thermodynamic data files is shown in Figure 1. This figure depicts the flow of infor-
mation involving these codes. At present, there are five distinct data files, denoted by the suffixes
com, sup, nea, hmw, andpit. These are provided in formatted ASCII and are calsdO files.

EQPT processes these one at a time (looking for a file named glatply; though these files

are normally stored under names which include the relevant suffixes) and writes a corresponding
unformatted data file, which is callstnply datal. These are also normally stored under names
including the relevant suffixes. To run EQ3NR or EQ6, the user must provide one of these files,
which is known to each code simplycetal.

The user must select which of the five data files is most appropriate to a given problem. Each
data file corresponds to a general formalism for treating the activity coefficients of the aqueous
species and contains the relevant activity coefficient data as well as standard state thermodynam-
ic data. The activity coefficient formalisms currently built into EQ3/6 are discussed in Chapter

3. Thecom, sup, andneadata files are specific to a general extended Debye-Hiickel formalism
and can be used by EQ3NR and EQ6 with either the Davies (1962) equation or the B-dot equation
(Helgeson, 1969). These equations are only valid in relatively dilute solutionsmihandpit

data files are specific to the formalism proposed by Pitzer (1973, 1975) and can be used to model
solutions extending to high concentrations. However, the scope of chemical components covered
is smaller. The temperature limits on the data files also vary, fré@ @3ly to 0-300C.

Some important data file characteristics are given in Table carhéfor “composite”) data file

is the largest of the three data files specific to the extended Debye-Huckel formalism. It is a prod-
uct of Lawrence Livermore National Laboratory (LLNL) drawing on many data sources, includ-
ing those on which the other four data files are basedsUndata file is based entirely on
SUPCRT92 (Johnson, Oelkers, and Helgeson, 1992), a data base and program for dealing with
thermodynamic data based on the work of Helgeson and Kirkham (1974ab, 1976), Helgeson et
al. (1978), Tanger and Helgeson (1988), Shock and Helgeson (1988, 1989, 1990), Shock, Helge-
son, and Sverjensky (1989), Johnson and Norton (1991), and Shock et al. (1992xa daia

file is based entirely on Grenthe et al. (1989, draft report), a product of the Data Bank of the Nu-
clear Energy Agency of the European Community. This report has recently been published as
Grenthe et al. (1992) THemw data file is based on Harvie, Mgller, and Weare (1984) pithe

data file is based mostly on data summarized by Pitzer (1979). All five data files are maintained
at LLNL in a relational data base described by Delany and Lundeen (1991). This relational data
base is part of the Yucca Mountain Site Characterization Project’'s Technical Data Base.

Thesupdata file has a high level of internal consistency among the standard state thermodynam-
ic data. In addition, the temperature-pressure dependence of these data are represented by a suite
of equations of state for minerals, gases, and aqueous species that are well established in the
geochemical literature (see references noted above). This data file covers a wide range of
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Figure 1. The flow of information among the computer codes EQPT, EQ3NR, and EQ6. Computer codes are rep-
resented by ovals, files by rectangles.

chemical elements and species of interest in the study of rock/water interactions (e.g., compo-

nents which make up the major rock-forming and ore-forming minerals). It also includes a large

number of organic species, mostly of small carbon nun@eCg). Theneadata file is some-

thing of a specialty item. Its strongest point is a thorough representation of the thermodynamics
of uranium species.

Thecom (composite) data file encompasses a much broader range of chemical elements and spe-
cies. It includes the data found on #up andneadata files, with preference given to data from



Table 1. Major characteristics of the current five EQ3/6 data files (“R10” versions).

Activity Number of Number of  Numberof Numberof Numberof Number of
File Name Coefficient  Temperature Chemical Basis Aqueous Pure Solid Gas
(Suffix) Source Formalism  Limits Elements  Species Species Minerals Solutions Species
com GEMBOCHS Extended 0-300C 78 147 852 886 12 76
(LLNL) Debye-
Huickel
sup SUPCRT92 Extended 0-30C0C 69 105 315 130 0 16
Debye-
Huickel
nea NEA draft Extended 0-300C 32 50 158 188 0 76
report Debye-
Huickel
hmw Harvie, Mgller, Pitzer's 25°C only 9 13 17 51 0 3
and Weare Equations
(1984)
pit Pitzer (1979) Pitzer's 0-100°C 52 62 68 381 0 38

Equations




the former in cases of overlap. It also includes some data foundhmilealata file, as well as

other data which do not appear in any of the other data files. Some of these data are estimates
based on correlations or extrapolations (as to higher temperature), and are not tied directly to ex-
perimental measurements. Téwm data file thus represents a melange of data, which by its na-
ture offers less assurance of internal consistency. However, this offers the only means presently
available for modeling aqueous solutions with a high degree of compositional complexity, such
as the fluids expected to be found in and about a facility for the geologic disposal of industrial or
nuclear waste (e.g., the potential repository for high-level nuclear waste at Yucca Mountain,
Nevada).

Thehmw data file has the highest degree of internal consistency of any of the five data files, in-
cluding mutual consistency of activity coefficient data and standard state thermodynamic data. It
can be applied to dilute waters or concentrated brines. However, it only treats the set of compo-
nents present in the “sea-salt” system (the major cations and anions present in seawater, including
carbonate and bicarbonate). The geochemically important components aluminum and silica are
not included. Also, this data file is limited to a temperature €293 hepit data file can also be
applied to concentrated brines. It covers a larger set of components, but these mostly involve oth-
er cations and anions of strong electrolytes. Examples include lithium and bromide. This data file
nominally covers the temperature range of 0c)MHowever, it represents a melange of data,

not a carefully crafted internally consistent set.

The data file preprocessor EQPT (Daveler and Wolery, 1992) performs a number of functions.
It checks the composition, charge, and reaction coefficient datalaa@file for internal con-
sistency and fits interpolating polynomials to various temperature dependent data which are or-
ganized on thdataOfile on temperature grids. Such data include certain aqueous species activity
coefficient parameters, such as Debye-HugkehandB,, and the equilibrium constants for the

reactions represented on the data file. In addition, in the case of data files specific to the formal-
ism of Pitzer’s equations, observable interaction coefficients are mapped to a set of convention-
ally defined primitive interaction coefficients (see Chapter 3). EQPT then writeatihefile
corresponding to the inpdataOfile. For details of the contents and structurdadh0 anddatal

files, see Daveler and Wolery (1992). Run-time alteration of the values of selected equilibrium
constants can subsequently be selected by the user on the EQ@BINRIe (see Chapter 6).

EQPT also writes to a screen file andaiput file, both of which are generally significant only

if an error condition is encountered. In addition, it writeslést (species list) file. This is very

useful to the user, as it lists the species that are represented on the data file and identifies which
species are in the strict and auxiliary basis sets (See Chapter 5).

A speciation-solubility problem to be run with EQ3NR is described on the EQ3NMR file.

This is the subject of Chapter 6 of this report. Examples are presented in Chapter 7. The code
then produces aputput file describing the results of the calculation. While the code is running,

it writes to a screen file, primarily to apprise the user of what is happening. It also \priksma

file, which contains a compact description of the aqueous solution (see Chapter 8). This is re-
quired for a subsequent EQ6 calculation; it corresponds to the bottom part of thg&Cibe.

It has no other real use. EQ6 in turn writes its owiput file, as well as &b file which contains

certain data in tabular form suitable for supporting local graphics postprocessing. This code also
writes to the screen file while it is running. In addition, EQ6 writes its pakup file, which



may be used as amput file to restart a reaction path calculation from the point at which a pre-
vious run stopped.

The input to the code consists of a chemical analysis of a water and specification of various user-
defined options. The input usually consists mostly of analytical values for concentrations of dis-
solved components. These represent total values that do not distinguish between contributions
from simple ions, ion pairs, and agueous complexes, species which may exist in solution in mu-
tual equilibrium. In addition, analytical data may or may not distinguish a dissolved component
by oxidation state. TheH is also normally an input parameter. A new alternative parameter
calledpHCI can be input in place pH to overcome the liquid junction potential problem in mea-
suringpH in concentrated solutions (see Chapter 2).Hingedox potential) is also a common

input parameter, though its usage is somewhat problematical (see Chapter 2). One may specify
the oxygen fugacity gueinstead, though this is no less problematical. It is also possible to spec-
ify a redox couple to define the redox state. For example, one might specify the ferrous-ferric

couple if one had two total concentration values, onEdot and another foEe3*. It is best to
treat as many couples as possible by this method. That way, redox equilibrium can be tested in-
stead of merely assumed.

The basic input constraints (total concentratiqi,etc.) are associated on a one-to-one basis

with master obasisspecies. Basis species (see Chapters 2 and 5) represent the chemical compo-
nents of the aqueous solution. They also function as basic elements for writing chemical reactions
in a standardized format that is convenient for chemical modeling. The solvent, water, is a basis
species, but is an exception in a speciation-solubility problem in that no input constraint is asso-
ciated with it. The basis species used to write oxidation-reduction reactions in EQ3/6 is oxygen
gas, which is treated as a fictive aqueous species. An input for it is required only if the problem

has a redox aspect. The other basis species consist of simple speciedNslichratCl” and a
few more complex species suctS@?2". A minimum basis set has one species representing each

chemical element and its associated mass balance, plus one more representing oxidation-reduc-
tion and charge balance. The minimum basis is callesttioe basis. EQ3NR also has anxil-

iary basis, which consists of species which are related via associated chemical reactions to the
strict basis species, but for which the user may choose to impose constraints other than equilib-
rium with the latter. Most auxiliary basis species represent a chemical element in a different ox-
idation state.

If desired, the concentration of a specified ion may be adjusted to satisfy electrical balance. An
option to constrain the carbonate system by specifying the alkalinity has been deleted from the
present version of EQ3NR. The reasons behind this action and suggestions for alternative mea-
sures are discussed in Chapter 2. It is also possible to constrain various species by certain equi-
librium assumptions instead of analytical data. For example, the concentration of dissolved
calcium may be constrained to satisfy equilibrium with calcite. It is also possible to constrain the
concentration of a species to satisfy equilibrium with a solid solution end-member component of
specified mole fraction. Similarly, the concentration of a species may be constrained to satisfy
equilibrium with a gas species of specified fugacity.

EQ3NR computes the distribution of chemical species present in the model. Essentially, this in-
volves partitioning the input total concentrations. The code thus determines the concentrations,



activity coefficients, and thermodynamic activities of all species present. This in turn permits
evaluation of the saturation indicé&d € log Q/K, whereQ is the activity product and the equi-

librium constant) and thermodynamic affinitiés% -2.303RT log Q/K whereR is the gas con-

stant and the absolute temperature) of various reactions, chiefly for the dissolution of minerals.
However, these functions are also evaluated for certain reactions occurring internally in the aque-
ous solution and which are normally only assumed to be in equilibriurmftbefile requires
additional data to do this). In the case of aqueous redox reactions, the thelBhepeabxygen
fugacity, and redox affinityAh) are computed. Differences in the values of these corresponding
parameters for two redox couples are measures of the degree of disequilibrium between them.
The equilibrium fugacities of various gas species are also determined.

The results of these calculations depend on the supporting data read from the data file. The use
of different data files may give different results. Different results may be obtained not only be-
cause of the use of different values of standard state thermodynamic data (e.g., equilibrium con-
stants), but also by different choices in the set of equations for the activity coefficients as well as
the use of different values in the choice of parameters appearing in these equations (e.g., the De-
bye-HuckelA, parameter, various kinds of interaction coefficients). The equations for calculat-

ing the activity coefficients of aqueous species are discussed in Chapter 3. The equations for
calculating the activity coefficients of end-member components of solid solution phases are dis-
cussed in Chapter 4. In speciation-solubility calculations, these latter equations and their support-
ing data normally affect only the saturation indices calculated for solid solutions. However, they
do affect the computed aqueous speciation model if one of the defining model constraints as-
sumes equilibrium with a solid solution end-member component.

In some modes, such as when the concentration of a species is adjusted to satisfy electrical bal-
ance or to satisfy an equilibrium constraint, the code actually computes part of what would nor-
mally be analytical data. In this mode, for example, the code can be used to calculate recipes for
custompH buffers. An example of this is included in Chapter 7. Calculations using such con-
straints can be somewhat dangerous, especially when used in combination. It is not hard to con-
struct problems that have no physical solutions. In such cases, the code can of course compute
no corresponding answers, but it does a generally good job of diagnosing the problems and in-
forming the user of the nature of the problem.

In general, the code is highly flexible in that the roles of many parameters as inputs and outputs
can be reversed. There are very few restrictions on the input combinations that may be defined
by the code user. The main requirement is that the problem must have a realistic answer.

EQ3NR uses a highly efficient hybrid Newton-Raphson algorithm in which the activity coeffi-
cients of the aqueous species are held constant in a Newton-Raphson step and re-adjusted be-
tween such steps. The code features both user-controlled and automatic basis-switching, a
procedure for rewriting reactions and redefining the set of basis species. These features are oc-
casionally necessary to induce the iterative calculations to converge. The code creates its own
starting estimates for Newton-Raphson iteration, and uses a first order algorithm in addition to
possible automatic basis switching to optimize these before beginning Newton-Raphson itera-
tion. The numerical methods used by the code are discussed in Chapter 9.



EQ3NR performs a number of tests on the model constraints to see if they make sense. It first
checks the data and options read fromirtpat file for inconsistent or incomplete combinations.

It will write informative error messages and terminate any further action if it detects bad input.
However, not all bad input can be detected at this stage. Further analysis takes place when the
code chooses starting estimates for the master iteration variables. Finally, if Newton-Raphson it-
eration fails to converge, EQ3NR will analyze the results to generate crash diagnostics. Most of
these will point to bad input, usually input that is bad in more subtle ways than those which would
have been flagged earlier.

The code architecture is described in Chapter 10. Appendix A contains a glossary of the major
code variables. The source code modules are listed and briefly described in Appendix B (for a
similar treatment of EQLIB modules, see Appendix B of the EQ3/6 Package Overview and In-
stallation Guide, Wolery, 1992). Appendix C contains a list of error messages generated by
EQ3NR modules, along with related notes (see Appendix C of Wolery, 1992, for a similar list
for EQLIB modules). Appendix D contains notes pertaining to known bugs and such.

EQ3NR and the other codes in the EQ3/6 software package are written in FORTRAN 77 and
have been developed to run under UNIX operating systems on computers ranging from worksta-
tions to supercomputers, including Sun SPARCstations, VAXes (ULTRIX operating system),
Alliants (CONCENTRIX operating system), and Crays (UNICOS operating system). They are
fairly readily portable to VAX computers running the non-UNIX VMS operating system. They
may be portable as well to 386 and 486 PCs. Platforms used at LLNL include Sun SPARCsta-
tions and an Alliant FX/80. For details concerning platforms, see the EQ3/6 Package Overview
and Installation Guide (Wolery, 1992).



2. Speciation-Solubility Modeling of Aqueous Systems

2.1. Introduction

EQ3NR is a speciation-solubility code for agueous systems. As such, given sufficient data on a
specific aqueous system, it computes a model of the solution which consists of two principal
parts: the distribution of species in the solution and a set of saturation irRlicelog Q/K) for

various reactions of interest. The saturation indices are measures of the degree of disequilibrium
of the corresponding reactions. They provide a means of searching for solubility controls on nat-
ural waters. For example, if a series of related fluids all have c8leitdues close to zero, it is
probable that this mineral is present and partial equilibrium with it is maintained as the solutions
evolve in composition.

EQ3NR is not a computerized geochemical model, but a code which is capable of evaluating
geochemical models which are defined by the contents of a supporting data file (of which there
are now five to choose from) and by other assumptions which the user sets on theiBQANR

file. The supporting data files differ not only in terms of data values, but more importantly in
terms of the identities of the components and chemical species represented and in terms of the
general approaches to dealing with the problem of activity coefficients. Because of various lim-
itations, some problems may require the use of only certain data files, while others can be treated
using any of the available data files. The user must choose the best data file (or files) with which
to run a particular problem. The user must also understand both the particular problem and the
code capabilities and limitations well enough to construct an adegpatefile.

Although speciation-solubility models are commonly used as a means of testing whether or not
heterogeneous reactions are in a state of thermodynamic equilibrium, they often just assume that
all reactions occurring in agueous solution are in such a state. Such reactions most likely to be in
disequilibrium are redox reactions or reactions for the formation or dissociation of large com-

plexes that are more like small polymers, suqu&®)3(OH); . Speciation-solubility models are

better used when they are employed to test the degree of disequilibrium of these kinds of reac-
tions than when they are forced to assume that such reactions are in equilibrium.

A speciation-solubility model can not by itself predict how aqueous solution composition will
change in response to rock/water interactions. Nevertheless, this type of modeling can be a pow-
erful tool for elucidating such interactions when it is applied to a family of related waters. Such

a family might be a set of spring waters issuing from the same geologic formation, a sequence of
ground water samples taken from along an underground flow path, or a sequence of water sam-
ples taken in the course of a rock/water interactions experiment in the laboratory. Jenne (1981)
reviews several studies of this kind. Particularly interesting are Nordstrom and Jenne’s (1977)
study of fluorite solubility equilibria in geothermal waters and Nordstrom, Jenne, and Ball's
(1979) study of controls on the concentration of iron in acid mine waters.

EQ3NR offers many options for thput file description of the composition of a given water.
Consequently, the code can be used in a variety of ways. Many of the descriptive parameters of
interest can be either model inputs or outputs. For examplpHtbéa buffer solution can be
calculated from the buffer recipe by adjusting the hydrogen ion concentration to satisfy charge
balance. Alternatively, adjusting the concentration of a buffer component to satisfy the charge



balance is a means of computing the complete recipe for a buffer having a gelsigzine of

the possible model inputs are assumptions, as of equilibrium with specified minerals. The use of
some types of model inputs also pose special problems, some of which occur in particular con-
texts. The worst of these pertaingb, alkalinity, andpH and will be discussed in some detalil

later in this chapter.

2.2. Units of Concentration

EQ3NR uses the molal scale as the principal unit of concentration for aqueous species. The molal
concentration (molality) of a substance dissolved in water is defined as:
N
m = — (1)

1 WW
wheren; is the number of moles of theh solute species andg, is the number of kilograms of
solvent water. Other common measures of aqueous solute concentration are the molarity (moles
of substance per liter of aqueous solution), the part-per-million or ppm by volume (mg/L, milli-
grams of substance per liter of solution), and the ppm by weight (mg/kg, milligrams of substance
per kilogram of solution). The EQ3NR code accepts concentration parameters in any of these
units (see Chapter 4), but converts non-molal concentrations to molalities before computing the
agueous speciation model. Whether or not it does this correctly depends on circumstance and
data provided by the user.

The conversion equations in all three cases require a value for the total dissolved salts in mg/kg
solution Crg, mg/kg- The density of the aqueous solution in g/pgh4) is also required to con-

vert molarities and mg/L concentrations to molalities. The total dissolved salts in mg/kg may be
calculated from the total dissolved salts in mdZky mg/) and the density according to:

C
_ T$ mglL
Crs, mgkg ~ Pg/mi @)

EQ3NR expects values Gfrg mgandpgm on theinput file if such conversions are necessary
(see Chapter 4). In place Gfg mg/kg ONe May enteCrg mg/Landpg/my andCrg mgkds calcu-

lated from the above equation. If such values are not providgdmggs assigned a default

value of zero an@y/m, is assigned a default value of unity. These values are generally adequate

for dilute solutions at temperatures ne&@3n the case of brines, these values are not adequate,
and the user must provide actual values as part of the input in order to obtain accurate conversion.
The code provides no checks or warnings if these are not provided.

The weight fraction of solvent water is given by:

1, 000 000-C
N = T$, mg/kg
w 1, 00Q 000

Letting C;  nolar b€ the molar concentration of théh solute species, the molality is given by

®3)
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C

m = |,mo|l|ar @)
pg/mI w

Letting Cj, mg be the concentration in mg/L, the conversion is:

00018 gy o
I pg/mIMWNW

whereM,, is the molecular weight of the solvent, watdy,(~ 18.015 g/mole). Letting; mgg
be the concentration in mg/kg solution, the conversion is:

0.001C.
m = i, mg/L ©)

Some dissolved gas analyses are reported in units of ml (STP)/ml solution, where STP refers to
standard temperature and press0f€ (@and 1 atm). The conversion equation is:

. 1000C; 1 i(sTR/mI
i VM N,

(7)

whereVy is the molar volume of an ideal gas at SVp< 22,413.6 ml/mole).
The concentration of solvent water is defined as its mole fraction:

Ny

ny+ Zni

wheren,, is the number of moles of water. The molality ofittle solute species can also be writ-
ten as:

XW:

(8)

m = — ©)

whereQ is the number of moles of water comprising a mass of Dkg35.51;Qw,, = n).
Substituting this relation into the one above it gives:

Q

X, = ——
Q+Zm
i

W (20)

EQ3NR uses this relation to calculate the mole fraction of water. This is done in a self-consistent
manner in the iteration process. Thus, the user is not required to input a value.
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A similar self-consistent treatment could be implemented to handl€hgthgkgand the solu-

tion density. However, no such treatment exists in the current version of EQ3NR, nor any other
such modeling code known to the present writers. Implementation of a self-consistent treatment
of the solution density would require the addition of models for partial molar volumes to the code
and incorporation of the corresponding equations in the iteration process. The theoretical and
practical aspects of partial molar volumes in solutions extending to high concentration have been
addressed for example by Millero (1977), Helgeson, Kirkham, and Flowers (1981), Kumar
(1986), Connaughton, Millero, and Pitzer (1989), and Monnin (1989).

2.3. Input Constraints, Governing Equations, and Outputs

2.3.1. Overview

Aqueous speciation models can be constructed to satisfy a wide variety of combinations of pos-
sible input constraints and governing equations. The input constraints may include total (analyt-
ical) concentrations, an electrical balance requirement, free concentrations, agqihdjtigs pe,

oxygen fugacity, phase equilibrium requirements, homogeneous equilibria, and run-specific val-
ues for equilibrium constants. The governing equations are the corresponding mathematical ex-
pressions, such as the mass balance equation and the charge balance equation.

The choice of governing equations in large part depends on which parameters are to be inputs to
the model and which are to be outputs. This, in turn, is a function of what data on a given water
are available, what form they are in, and what assumptions the modeler would like to use.

Chemical analysis provides mainly a set of values for the so-called total concentrations of dis-
solved components. The analytical value for an ion such as calcium is an example. It does not
discriminate between the various calcium species in solution, but rather estimates the dissolved
calcium contributed by all of them. This leads to a mass balance equation of the form:

m =m +m 11
Ca2+ CaOH (11)

+m +m + ...
T, Ca2+ (aq) Cacos(aq) CaHCOé

wheremT o2 is the total or analytical concentration (on the molal scalepasthe molality
,Ca

of any individual chemical species contributing to the mass balance. The summations must be
weighted by the appropriate stoichiometric equivalences; e.g., in the dasené has:

m =m +m +2m +2m +3m + ... 12
T, F F HF (ag) HaF2(aq) HF, AlF3(aq) (12)

The total concentration is the most common type of input parameter to an aqueous speciation
model. The mass balance constraint, which corresponds to it, is therefore the most common gov-
erning equation. As we shall see, there are situations in which a total concentration is replaced
by another type of input. In these cases, the mass balance constraint is replaced by a different
governing equation, and the total concentration becomes something to be calculated (an output
parameter).

From a purely mathematical point of view, there is no reason to discriminate among ion pairs
(and ion-triplets, etc.) and complexes. For some investigators, the term “ion pair” implies a spe-
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cies in which an anion is separated from a cation by an unbroken hydration sheath about the latter,
whereas the term “complex” implies direct contact and perhaps some degree of covalent bond-
ing. Other investigators use these terms interchangeably. It is a general assumption in cases of
geochemical interest that the concentrations of ion-pairs and complexes are governed by thermo-
dynamic equilibrium.

Each case of this equilibrium can be represented by a mass-action equation for the dissociation
of the ion-pair or complex. An example will illustrate this. The calcium sulfate ion-pair dissoci-
ates according to the reaction:

CaSQ,, = Ca +S0, (13)

(aqg)
where “="is used as the sign for a reversible chemical reaction. The corresponding mass action
equation is:

a a
ca’t SOi'

(aq) acasq(aq)

whereK is the equilibrium constant aagdrepresents the thermodynamic activity of each species.
This may also be written in logarithmic form:

= Iogacaz++Iogasoz_—logaCaSO (15)

logK
98casq ? haq)

4(aq)

The thermodynamic activity is related to the molal concentration by the relation:

wherey; is the activity coefficient, a function of the composition of the aqueous solution. As the
solution approaches infinite dilution, the valugidbr each species approaches unity. The set of
equations for computing the activity coefficients of aqueous species is chosen by the user on the
EQ3/6input file (by means of th®pgl option switch). The requisite supporting data are on the
EQ3/6 data file. The various formulations presently treated by EQ3/6 are discussed in Chapter 3.

The following subsections discuss the formulation of aqueous speciation problems in general
terms. The rigorous mathematical development is presented in Chapter 9. How to implement
these models in EQ3NR is the subject of Chapter 6, and examples are presented in Chapter 7.

2.3.2. Reference Formulation of the Aqueous Speciation Problem

In general terms, setting up an aqueous speciation model involves choaskigpwns anch

governing equations. The EQ3NR code offers a very wide range of options in this regard. In order
to make sense of the different ways of setting up a model, we define a reference formulation for
the aqueous speciation problem. This reference formulation serves as a springboard for discuss-
ing what goes into speciation models, what comes out, and what the options are. It is also used
to compare how the agueous speciation problem is formulated in EQ3NR (and other speciation-
solubility codes in general) with how it is formulated in a reaction-path code like EQ6.
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In the reference formulation, we assume that the activity coefficients are known parameters (the
numerical treatment of these is discussed in Chapter 9). Note that the molal concentration of the
solvent is fixed as the number of moles of water in a one kilogram mass of the pure substance.

We assume that there &rechemical elements in the model. In order to further simplify the ref-

erence formulation, we assume that each element is present in only one oxidation state. Suppose
that chemical analysis has givenregs 2 total concentration values, each for a chemical species,

each of which corresponds to a chemical element other than oxygen and hydrogea’(éog.,
Na, SO42' for §). That givest - 2 mass balance equations as governing equations.

The charge balance equation plays the role that might have been played by a mass balance equa-
tion for hydrogen. The charge balance equation may be written in the general form:

>7
z zm, =0 (17)

c=1
where the summation is over all aqueous speziesthe electrical charge of a species, agd

is its molal concentration. The hydrogen mass balance equation can not be used as a governing
equation to calculate thEH from the corresponding analytical data. This is due to the impracti-
cability if not impossibility of ever measuring the total concentration of hydrogen with sufficient
accuracy when nearly all of it is contributed by the solvent. As a practical matter, even the charge
balance equation can be used for this purpose only in limited circumstances.

One may associate the solvent, water, with a mass balance for oxygen. However, the mass of wa-
ter in a speciation-solubility calculation is fixed at 1 kg, and the concentration of water is entirely
determined by the concentrations of the other components in the solution. Therefore, no such
mass balance is required.

To sum up, the reference formulation consists;6f2 mass balance equations/total concentra-

tions (one pair for every element except oxygen and hydrogen) and the charge balance equation
(to calculatgopH). Each element is present in only one oxidation state. Activity coefficients are
treated as known parameters.

Before proceeding, we contrast this framework (common to speciation-solubility codes in gen-
eral) with that employed in the EQ6 code. In the corresponding problem in that code, we would
be givere masses, in moles, and the same number of mass balance equations, this time written

in terms of masses instead of concentrations. There we have a mass balance equation for oxygen,
and we must calculate the mass of the solvent, water. In the case where each element appears in
only one oxidation state, as we have temporarily assumed here, the charge balance equation is a
linear combination of the mass balance equations, and the governing equation associated with

H* can be either a hydrogen mass balance equation or the charge balance equation. The specia-
tion-solubility problem has one fewer unknown, hence one less governing equation, than the cor-
responding EQG6 problem.
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In either the EQ3NR or EQ6 type formulation of the problem, we may formally associate one
aqueous species with each balance equationN&gwith sodium balancé** with aluminum

balance, an#i™ with charge balance. Suppose our model must constasiance equations and
k aqueous complexes (using the term to include ion-pairs). Thatgivass action relationships
which are also governing equations. We now hravé equations im + k unknowns (the mass-
es/concentrations/activities of ther k aqueous species).

The number of agueous complexes is usually much greater than the number of balance equations.
This is especially true when the number of balance equations becomes very large. A useful ap-
proach is to reduce the number of equations and unknowns by substituting the aqueous mass ac-
tion equations into the balance equations (see Chapter 9). This leavesmusquttions

(modified balance equations)munknowns (the concentrations or activities of the aqueous spe-
cies that were chosen to formally correspond to the balance relationships).

This approach leads us to the concept of dealing with a set of master aqueous species. These may
also be termed basis species. However, the concept does not arise purely from an attempt to re-
duce the number of iteration variables. Kegueous complexes give kunearly independent
dissociation reactions afdinearly independent logarithmic mass action equations. An efficient

way to write these reactions and equations is in terms of the associated complex (the species that
dissociates) and such a set of master aqueous species. The dissociation reactions are then written
as overall dissociation reactions but never as stepwise reactions; e.g., one has:

Hg™ +3cl (18)

HgCl,
not:

HgCl, = HgCly+CI’ (19)

We will also use this format to write dissolution reactions for minerals and gases and their asso-
ciated heterogeneous mass action equations.

2.3.3. Alternative Constraints
The reference formulation of the aqueous speciation problem consists of:

(1) e7 - 2 mass balance equations/total concentrations.

(2) the charge balance equation (to calcysie

We now discuss alternative constraints to the balance equations in the reference formulation. We
discuss how to put oxidation-reduction problems into the formulation in the following subsec-
tion.

The alternative constraints are:

» Specifying log activity for a species (recalH = —IogaH+ ).
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» Log activity combination functions (e.gpHCI; Section 2.3.4).

» Log mean activity of an ion and one of opposite charge (Section 2.3.4).
« Applying the charge balance constraint to a master species othét'than
* Phase equilibrium with a pure mineral.

» Phase equilibrium with an end member of a solid solution (the composition of the solid
solution must be specified).

* Phase equilibrium with a gas (the fugacity of the gas must be specified).
» Equilibrium with other aqueous species, without falling under a mass balance constraint.
» Specifying the individual concentration of an aqueous basis species.

When a mass balance constraint is replaced by one of the above, we continue to reduce the num-
ber of unknowns to a master set as discussed above. The corresponding total concentrations be-
come parameters to be calculated. We can calculate, for example, the total mass/concentration of
hydrogen. This can be done with sufficient relative accuracy to permit the EQ6 code to use it as

a constraint to solve fgrH.

The log activity constrainhe first substitution that we discuss is most often applied to the hy-
drogen ion. In the course of chemical analysispti@f an aqueous solution is usually deter-
mined by means of a specific-ion electrode. This gives us the activity of the hydrogen ion from
the relation:

pH = —og aH+ (20)

The activities of many other species, includiig ca’*, $, F, andCI', to name but a few,
may also be measured by specific-ion electrodes.

EQ3NR will accept as an input the logarithm of the activity of a species. Note that this means
that the code expects to s@él; notpH, on theinput file when this option is invoked. The new
governing equation is just:

o
m = — (22)
The charge balance constraifithis can be applied to one of the major ions if a charge-balanced
speciation model is desired. If EQ3NR does not use the charge balance equation as a constraint,
it will calculate the charge imbalance. Otherwise, it will notify the user of the change in total con-

centration opH that was required to generate a charge-balanced model.

We recommend routinely calculatipgl from electrical balance only in cases of synthetic solu-
tions for which the ionic totals are exact with respect to charge balance. Such solutions are most
likely to bepH buffer solutions. In other circumstances, this practice is potentially dangerous be-
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cause the result is affected by the error in every analytical value that is put in the model and also
by every analytical value that should have been put in the model but was not. In general, apart
from the case gfH buffer solutions, it is only safe to calculgtd this way if thepH is low (high

concentrations dfi™) or high (high concentrations 6fH").

Equilibrium constraint involving a non-aqueous spedesass balance constraint may also be
replaced by an equilibrium constraint involving a specified pure mineral, solid solution compo-
nent species, or gas species. Suppose we wanted to know what concentration of dissolved calci-
um would be required for a water to be in equilibrium with calcite (the stable polymorph of
CaCQ; (¢ at 25C). The dissolution reaction may be written as:

Calcite+ H = ca”" + HCO, (22)
and the corresponding governing equation is then:

a_ ,a

B Ca HCO3

Kcalcite = a . a (23)
Calcite H*

Because calcite is a pure phase, its activity is fixed at unity.

If the required equilibrium involves an end-member component of a solid solution, the governing
equation is slightly modified. Suppose we choose equilibrium with a calcite end-member of a
high-magnesium calciteCa,Mg)CQy ). The governing equation has the same form as above,

but the activity of the calcite end-member is no longer unity. Instead, one has:

aCalcite = )‘CalciteXCaIcite (24)

whereAcgicite IS the activity coefficient angk 5 cite IS the mole fraction of the calcite component.
The mole fraction of the-th component of the-th solid solution is given by:

n
x = —oY (25)

oy Oy
> Moy

whereng, is the number of moles of tlee-th component andr,, is the number of such com-

ponents. The current version of EQ3NR deals only with solid solutions that are composed of end-
member components. The activity coefficiemtg,() may be computed from a variety of equa-
tions. The activity coefficient model for a given solid solution is specified on the EQ3/6 data file,
which also contains the requisite supporting parameters. The formulations presently treated in
EQ3/6 are discussed in Chapter 4.

Suppose we would like to know how much dissolved carbonate would be in solution if it were in
equilibrium withCOy(q). TheCO,(g) dissolution reaction may be written as:
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COyg) + HaOyy = H +HCO, (26)

The corresponding governing equation is:

a .,a
K H" HCO, )
- T3 7

029 fcoza‘w

Heref.o_ is the fugacity a€O,. In order to use this option, the user must provide an input value
2

for it to the speciation model.

Fugacity is a thermodynamic variable for gases that is akin to partial pressure in the same way
the thermodynamic activity of an aqueous species is akin to the molal concentration. The formal
relationship is given by:

fg = XgPy (28)

wherepy is the partial pressure aggi the fugacity coefficient of thg-th gas. The fugacity co-

efficient is analogous to the activity coefficient. At low pressures, it approaches unity and hence
the fugacity approaches the partial pressure.

Specifying heterogeneous equilibria as inputs to an aqueous speciation model can be a bit dan-
gerous. First, the user must choose which phases, stable or metastable, are controlling solubility
equilibria. If a choice is an extremely poor one, the equilibrium concentration of a species so con-
strained may be very large. Furthermore, the expressions for the logarithm of the ion activity
products for all such relations must be a linearly independent set in the corresponding aqueous
species. (A corollary to this is that one may not constrain more than one species by the same het-
erogeneous equilibrium.) Such linear dependence violates the “apparent” or “mineralogic” phase
rule (Wolery, 1979). This is slightly more restrictive than the phase rule of thermodynamics. Sets
of equilibria that satisfy the phase rule, but only because the temperature and pressure happen to
fall on a univariant curve, do not satisfy the apparent phase rule.

Equilibrium constraint involving an aqueous specles possible to specify equilibrium with
other species in a manner in which the species so constrained does not fall under any mass bal-

ance constraints. As an example, one might treat dissolved sulfide (represer&pibyhis
manner, computing it on the basis of equilibrium with sulfate and oxygen gas. The reaction re-
lating sulfide to sulfate is:

HS +20,4 = H'+50; (29)

The governing equation is the corresponding mass action equation:

a .a
= H* s

HS (30)

a f2
HS O2
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The sulfide component{S and related species suchH85,4) does not count in the mass bal-

ance defined for sulfate. This option is similar to those involving specifying various heteroge-
nous equilibria.

Direct specification of individual molalitfEQ3NR allows input of the individual concentrations
of master species. The governing equation in this case is just the identity:

m = m (31)

Itis largely appropriate only for master species that form no complexes, €Dghgand other
dissolved gases.

2.3.4. pH in Brines: pHCI and Related Functions as Alternative Constraints

Using standard methods (e.g., Bates, 1964 )plkhis measured using an ion-specific electrode

for the hydrogen ion in combination with a standard reference electrode (usually silver-silver
chloride). The electrode pair (commonly marketed as a combination electrode) is calibrated when
used by immersion in at least two standard solutions whtds@lues bracket the expected sam-

ple values. This method is appropriate in dilute solutions, but not in brines. The problem is the
presence of a liquid junction potential in the reference electrode at the interface between the stan-
dard or sample solution and an internal solution composed of concentrated potassium chloride.
The idea behind the standard measurement is that for sufficiently dilute sample or standard solu-
tions, the liquid junction potential will remain at an essentially constant value (which can be fac-
tored out in the calibration process). As proposed by Bates (1964), the method should be
restricted to solutions of ionic strength no greater than 0.1 molal. However, it is routinely applied
to more concentrated solutions, such as seawater (for which the ionic strength is nearly 0.7 mo-
lal).

The standard method fails when applied to brines because the liquid junction potential obtained
with the sample is significantly changed from that obtained with the relatively dilute calibration
buffers. The theory describing liquid junction potentials has been reviewed by Baes and Mesmer
(1976). In general, the dependence of the liquid junction potential on the sample solution com-
position is complex and can not be solely related to the ionic strength. Thus, one can not simply
makepH measurements in the usual way using concentrated calibration standards whose ionic
strengths match those of the samples. Furthermore, the theory consists of an ideal and a non-ideal
part. Taking only the ideal part and making some approximations leads to the Henderson equa-
tion. This has occasionally been put forth as a means of corrpttinglues in concentrated so-
lutions obtained by going through the mechanics of the standard method. This approach is highly
dubious.

Recently Knauss, Wolery, and Jackson (1990, 1991) have proposed a method to jpidantify
concentrated solutions which avoids the liquid junction potential problem by eliminating the
standard reference electrode. In this method, this electrode is replaced by another specific ion
electrode. If this is a chloride electrode, what one measupétdk which is the sum giH and

pCl. As an input to a speciation-solubility code, this is just as adequateps$disdong as there

is a separate measurement of dissolved chloride to also input. This maintains a spsquaef
tions inn unknowns. The code is able to sepapitérom pCl using an activity coefficient model
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for the dissolved species and a chogHrscale. The subject of aqueous species activity coeffi-
cients angH scales is addressed in Chapter 3.

Knauss, Wolery, and Jackson (1990) used EQ3NR to compypeéi@ieand related functions
corresponding to different combinations of specific-ion electrodes of various test solutions, such
as 0.01 molal HCI with varying concentrations of NaCl. Pitzer’s equations were used to compute
the activity coefficients in these solutions, using mostly the model of Harvie, Mgller, and Weare
(1984) and sometimes an alternative data set given by Pitzer (1979). They then measured the cor-
responding electrical potentials and plotted them against the congpt@ ar other function.

In most cases, excellent Nernstian responses were obtained, in essence identical to those one
would obtain examining the standgol method. This indicated that such solutions could be de-
fined as calibration buffers. Of critical importance to constrainingpbh& concentrated solu-

tions was the fact that no interference due to sodium was found in the case of the hydrogen ion
electrode, even in solutions with very low hydrogen ion concentration and very high sodium ion
concentration.

The only observed failures of the method involved cases in which a specific-ion electrode re-
sponded to an ion other than the one to which it was supposed to respond. The chloride electrode
was found to respond to bromide, for example. In solutions containing both bromide and chlo-
ride, howeverpHBr could be measured without interference by using a bromide electrode. In-
terferences of this type were no surprise and are in fact well known from the use of the specific
ion electrodes in dilute solutions, where they are paired with a standard reference electrode.

The method appears to work, but should receive more study. There are no official recommenda-
tions or standards concerning this method, such as those which the National Institute of Standards
and Technology (formerly the National Bureau of Standards) has promulgated in the case of the
standargoH measurement technique. One must currently make up one’s own calibration buffers,
which ideally should closely resemble the samples. The method has been criticized by Mesmer
(1991), who prefers not to obtgid by a method which requires the use of a model for the ac-
tivity coefficients in the solution. He proposes alternative approaches which involve measuring
the concentration of the hydrogen ion. These in turn are criticized by Knauss, Wolery, and Jack-
son (1991).

Values ofpHCI and related functions such@dBr andpH/Na(= pH - pNa)can now be input to
EQ3NR as alternative constraints. In the cageH§El, the governing equation takes the form:

IogmH+ = —pHCI—Iong+—IongI_—IogyCI_ (32)

EQ3NR expects to receive input of this type in one of two general forms. The first is the activity
combination parameter defined by:

zz
0; = ‘zj‘logai —"?j‘llogaj (33)
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This is valid fori andj of any charge combination. Note tkﬁh+ or pHCI, so it is actually

-pHCl that is input to the code, neiHCI (analogous to the input gbH instead opH). The more
general form of the governing equation is then:

.. Z: Z
logm, = —_ logy; + —'Iogm- + —'Iogy- (34)
3 L R
The second general form is to input the mean log activity of the electrolyte composed of ions
andj:

z|loga; +|z|loga;
oga, , - 1093 * 31093

(35)
2] + 7|

This is not quite as general, because the two ions must have opposite signs of electrical charge.
Note thatlog a; jc| = -1/2pHCI. The corresponding governing equation is:

z| + |z,
logm, = 14l + 4] ‘Iogai,ij—logyi—

4 o

4 Iogyj (36)
Z:

4
Z i

]

2.3.5. The Carbonate System: Dealing with Alkalinity

To model the carbonate system, EQ3NR expects as normal input an analytical value for total dis-
solved bicarbonat&€Oy )+ HCO3 + CO32', where these are taken in the sense of components,
including any ion pairs or complexes of the corresponding species). The appropriate measure-

ment can be made using ion chromatography or infrared detection of carbon dioxide released
from an acidified sample. The results might be expressed on a data sheet as total di€solved

in mg/L. This must be converted to the equivalent concentratiBiCk’ for input to EQ3NR,

as it is defined on the supporting data files as the basis species corresponding to carbonate mass
balance. This can be done by multiplying this quantity by the ratio of the molecular weight of

HCO5™ (61.016 g/mole) to that @O, (54 (44.009 g/mole) (the value of this ratio being 1.3864).
A data sheet might also list a value for “total ft&@,.” This represents only tHeO;(5q) com-
ponent. If this is the only available measure of dissolved bicarbonate, the total dissolved bicar-

bonate can be computed from this andpgHedy inverting the relevant equations given later in
this section.

Carbonate (in the form @Og,z' andHCOg’, including any ion pairs of these species) makes up

nearly all of the alkalinity of many aqueous solutions. Strictly speaking, the alkalinity is a mea-
sure of the acid neutralizing capability of an aqueous solution. However, it is also commonly
used as a measure of the carbonate system. In fact, alkalinity is only an indirect measure of this
system, and its usage as such a measure entails a number of assumptions which are not always
valid. In this context, it is also frequently misunderstood and misused. The worst consequence of
this usage of alkalinity is that it leads people to think that a direct measurement of total dissolved
bicarbonate (in the sense discussed in the above paragraph) is unnecessary. Indeed, itis common
to find analytical data sheets on groundwater chemistry which lack such direct measurements.
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The purpose of this section is to discuss these problems, and to suggest means by which the total
dissolved bicarbonate (in the desired sense) can be estimated, in the case in which direct mea-
surements are lacking. These means are not always entirely satisfactory, and are here suggested
mainly for the benefit of those who must work with historical data.

EQ3NR formerly allowed titration alkalinityA&)to be input for bicarbonate instead of total con-

centration. This capability essentially matched that used in the PHREEQE code (Plummer,
Parkhurst, and Thorstenson, 1980). The approach is to define an alkalinity balance equation,
which is very similar to a mass balance equation. It may be written in the general form:

DT
A = z T Mg (37)
=1
wheretg is the alkalinity factor of the-th species. This is the number of moles of hydrogen ion

neutralized by one mole of species in the process of titrating the solution with an acid solution
(usually of dilute sulfuric acid) to some end-point, usually in the range df0 to 4.5 (See Stan-

dard Methods, 1976, p. 278-293; see also Plummer, Parkhurst, and Thorstenson, 1980, p. 17-18).
Titration alkalinity defined in this manner is in units of equivalents per kilogram of solvent water,
where “equivalent” means hydrogen ion neutralizing equivalent.

Titration alkalinity is usually not reported in these units, however. Standard Methods calls for
reporting the titration alkalinity in terms of the stoichiometric equivalent of mg@laGiO;. We

will mark alkalinities in such units with an asterisk (*). Thus, the form of titration alkalinity usu-
ally reported must be converted according to:

a
At

At 50, 000y (38)

The “50,000” in the above equation is actually the product of 1000 mg/g and the molecular
weight of calcium carbonate (taken as 100 g/mole following Standard Methods), divided by the
alkalinity factor ofCaCGQ; (2.0 equivalents/mole). The molecular weigh€alCO; is more ac-

curately 100.088 g/mole, but the 100 g/mole value is used by Standard Methods in the formula

for calculatingAtD from the titration data, so retaining it as above is actually more consistent with
the titration measurement.

The titration alkalinity AID ) is referred to in Standard Method$. dshis quantity may appear

on analytical data sheets as “T” or “titration alkalinity” and in units marked “mg/L” or “mg/L
CaCG;.” In this context, “mg/L” means “mg/ICaCQ;.” Users of geochemical modeling codes
sometimes mistakenly interpret “mg/L” to mean that the titration alkalinity is given in units of

mg/L HCOg3 (At o ). Itis not unknown for analysts to report the titration alkalinity in such
! 3

units as well, though this is not a standard practice. It can be obtained by multﬂiﬁying by the
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molecular weight oHCO;3™ (61.016 g/mole) and the alkalinity factor@aCQ; (2.0 equiva-
lents/mole) and dividing the result by the product of the molecular wei@a®©0; and the al-

kalinity factor ofHCO3™ (1.0 equivalents/mole). In simpler terms, one has:

= 1.21927] (39)

t,HCO,

It is very important to note that the titration alkalinity expressed in ri§JD3" is not equal to

the total dissolved bicarbonate (in the sense required for input to EQ3NR) expressed in the same
units. Recall tha€0,(,q) does not contribute to the titration alkalinity, while it does contribute

to the desired total dissolved bicarbonate. Furtherrﬁl@g@' contributes differently to the titra-
tion alkalinity (by a factor of 2) than it does to the desired total dissolved bicarbonate.

In the determination of alkalinity, Standard Methods calls for two end points to be determined in
the titration. One of these giv@sthe titration alkalinity, the othd?, the phenolphthalein alka-

linity. The latter corresponds to an end poirpldf8.3. If thepH of the sample solution is already

less than or equal to this, ther= 0. The phenolphthalein alkalinity may also appear on an ana-
lytical data sheet. Standard Methods calls for uBitgpartition the titration alkalinity into com-
ponents due to bicarbonate, carbonate, and hydroxide; thus, one may write:

0 0 0 0
= A +A +A 40

A HCO, ~COY ~OH (40)

This scheme implicitly assumes that no other components are present which contribute to the al-

kalinity. It also ignores ion pairing and complexing as it pertains to these species. Note that each

of these component alkalinities is reported in units of equivalent @alO;.

These three components, bicarbonate alkalinity, carbonate alkalinity, and hydroxide alkalinity,
are determined froni andP according to the partitioning formula given in Standard Methods
(1976, Table 4031, p. 281). At least one of these three always has a value of zero. Sometimes
two are zero. They are supposed to be reported in units of@a§Zl0;. They are commonly

found on analytical data sheets. Since they in essence determine the titration alkalinity, this quan-
tity is sometimes omitted, and if it is desired, it must be computed from then using the above
equation.

It is not unknown for analysts to report the bicarbonate alkalinity in units of HQMs . Users

have been known to confuse the bicarbonate alkalinity expressed in such units with the total dis-
solved bicarbonate (the desired input to EQ3NR), which may be expressed in the same units.

The concentration of the bicarbonate component can be computed from the bicarbonate alkalin-
ity:

= 1.2192a° (41)
HCO

Cc
HCOy, mgL 2
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The numerical factor on the right hand side is the same as that appearing in eq (39). The molality
of the bicarbonate component can be computed directly from the bicarbonate alkalinity:

O
_ HCOg

m =
HCO, 50, 044

(42)

The denominator on the right hand side is the product of 1000 mg/g, the molecular weight of
CaCQ0;, and the alkalinity factor diCOg’, divided by the alkalinity factor @@aCGQ;. The mo-

lecular weight oHCOs' is factored out in the derivation of this equation.

The concentration of the carbonate component can be similarly computed from the carbonate al-
kalinity:

C ,  =0599%A" 43)
CO3 ,mg/L (ofe

The numerical factor on the right hand side is the product of the molecular weighg%f C

(60.008 g/mole) and the alkalinity factor@aCQG;, divided by the product of the molecular

weight ofCaCQ; and the alkalinity factor dtogz' (also 2.0 equivalent/mole, so the alkalinity

factors cancel out). The molality of the carbonate component can be computed directly from the
carbonate alkalinity:

A”
CO, "
m =
co, 100 088 44
It is not unknown for analysts to report the total concentration of bicarbonate as:
“C "=C +1.0168C _, (45)

T, HCOy, mg/L HCO,, mg/L CO5’,mglL

where the concentrations on the right hand side are obtained from alkalinities as above and the
factor 1.0168 is the ratio of the molecular weightiGfO3” to that ofCO32' and is used to convert

the units of carbonate concentration from m@mg,z' to the equivalent mg/HCOg'. In terms
of molalities, this is equivalent to taking:

m T=mo o o+m_ (46)
T, HCO, HCO,  COj

This measure of total bicarbonate, whether reported in mg/L or molality, is not the measure of
total bicarbonate which is to be input to EQ3NR, because it does not include the contribution
from the componer€O;(5q)

AbovepH 8.3, the contribution dEO,(5) to total bicarbonate is negligible (1% or less), and es-
timates based on the above formulations may be input to EQ3NR with negligible error. At lower
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pH values, the concentration 60, ;) can be estimated from the bicarbonate alkalinity and the

pH. Standard Methods (1976, Figure 407:4, p. 297) gives a nomograph for this purpose. The no-
mograph also takes into account the dependency on the temperature and the ionic strength, using
the quantity “total filterable residue” as a proxy for the latter. If this procedure is followed, the
total dissolved bicarbonate to be input to EQ3NR can be estimated as:

= 13864y co,  *C +1.0168C (47)

C
T, mgL,HCO; 2(ag  mg/L, HCOj mgL, CO%"

where the factor 1.3864 is the ratio of the molecular weightGds" to that ofCO,(5q) (44.009
g/mole). In terms of molalities, this is equivalent to:

m =m +m +m 48
T,HCO,  ©%2aq  HCO, CO} “9

As an alternative to the nomograph of Standard Methods, we note that the molaly£f)

may be estimated from the molalityld€O3” and thegpH by considering equilibrium for the re-
action:

+ -

Assuming that the activity of water differs negligibly from a value of unity, the following equa-
tion is obtained:

& logK +log _—log —pHO
02 COag  ucay %@ " G

m, =10 m 50
CC)Z(aq) HCO;3 (50)

Thelog K for reaction (49) has values of -6.5804, -6.3447, and -6.2684 at 0, 25,°@h(tét
taken from thedata0.sup.R10data file). At 28C, this reduces to:
6.32— pH

m = 10 - 51
CO,ag HCO, (51)
for a dilute solution of ionic strength 0.0024 molal (using the B-dot equation to calculate the ac-

tivity coefficients; see Chapter 3). From this, one can see thed 433, the molalityCO,(5q)is
100 times that oHCOg3". For seawater (ionic strength of 0.662 molal), the equation becomes:

. ~6.14—pH
Meo = 10

- (52)
2(aq) HCO;

One of the points that may be deduced from these equations is that alkalinity is a poor way to
measure the carbonate system in waters of relativelptgun whichCO,,q)dominates the to-

tal dissolved bicarbonate (defined in the sense desired for input to EQ3NR). The propagated un-
certainty in such calculations can become large owing to a contribution from the uncertainty in
pH measurement in addition to one from the uncertainty in the measurement in the titration al-
kalinity (which is interpreted as entirely bicarbonate alkalinity at suctpldwThe propagated

error is also affected to some degree by uncertainty in the values of the activity coefficients,
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though this is not likely to be of much significance in very dilute solutions. It is probably affected
much more by contributions due to uncertainties regarding the contribution to the measured al-
kalinity of non-carbonate species. This is a potential major problem regarding the use of alkalin-
ity in solutions of anypH value.

We have shown above how the total dissolved bicarbonate (in the sense of including aqueous car-
bon dioxide and carbonate) may be estimated from alkalinity measurements. These methods as-
sume that only bicarbonate, carbonate, and hydroxide contribute to the measured alkalinity.
Alkalinity can also be contributed by dissolved organic species such as acetate, by components
such as borate, phosphate, silicate, and sulfide, and by some dissolved metals, such as iron and
aluminum, in the form of hydroxy complexes. Of course, if one knows the concentrations of the
relevant species, corrections may be attempted. Such corrections could take the form of subtract-
ing the estimated contributions from the measured titration alkalinity. Alternatively, one can

make the corrections in a speciation-solubility calculation, using an alkalinity balance equation.

It requires assigning alkalinity factors to all the relevant species. Such an approach is available
in the PHREEQE code (Plummer, Parkhurst, and Thorstenson, 1980) and previous versions of
EQ3NR (Wolery, 1983). Either form of correction carries various uncertainties, however, and
major problems arise when the corrections are large. In using previous versions of the EQ3NR
code in this way, the code has occasionally terminated unsuccessfully because the magnitude of
the corrections would have exceeded the value of the reported titration alkalinity.

Many waters of interest to geochemists have substantial amounts of alkalinity due to non-carbon-
ate species. In oil field waters, the titration alkalinity is often heavily dominated (50-100%) by
short chain aliphatic anions, chiefly acetate, propionate, butyrate, and valerate, in order of de-
creasing importance (Willey et al., 1975; Carothers and Kharaka, 1978). Organic anions are also
present in significant concentrations in the water in and around many landfills and other geologic
waste disposal sites. These may be both products of the decomposition of organic wastes and
original components of the disposed waste. Waters at disposal sites may also be rich in other
components which contribute to alkalinity, such as sulfide, ammonia, phosphate, silicate, and
metal hydroxy complexes. Many natural waters of interest are also high in sulfide, and a few are
high in borate.

The titration alkalinity input option was removed from EQ3NR for the following reasons:

» To avoid undue propagation of errors inherent in the method, which can be severe in cer-
tain cases.

» To avoid possible errors by both analysts and code users concerning the nature, interpreta-
tion, and usage of analytical data.

» To avoid the problem of having to assign alkalinity factors to new species added to the sup-
porting data files.

» To encourage the practice of obtaining direct analytical measures of total dissolved bicar-
bonate.

For cases in which the code user must deal with historical data which include alkalinity measure-
ments but no direct measures of the carbonate system, the following procedure is recommended:
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Using the reported alkalinity angH values, estimate the total dissolved bicarbonate (total
dissolved carbon dioxide expressed as bicarbonate) using the methods presented above;
make rough corrections if possible for contributions of organics, sulfide, etc.

Compute a model of the solution.

Feed the model of the solution to the EQ6 code; simulate the titration process as described
by Standard Methods (1976) and compute the corresponding value of the titration alkalin-
ity (an example of this use of EQ6 is given in the EQ6 Theoretical Manual and User’s
Guide, Wolery and Daveler, 1992).

Compare the computed value of the titration alkalinity with the reported value; if they
match, stop; if not, adjust the estimate of the total dissolved bicarbonate accordingly and
repeat the process until a reasonable match if obtained.

This procedure may not always work. For example, if the contribution of bicarbonate/carbonate
to the alkalinity is very small compared to that of organics, sulfide, etc., then the available data
really offer no constraint on the bicarbonate/carbonate system. In such cases, the user would be
wise to recognize the futility of the situation.

2.3.6. Redox Constraints

2.3.6.1. There is No “System”Eh in Most Real Systems

The high degree of emphasis on trying to understand the geochemistry of natural waters in terms
of pure equilibrium thermodynamics has misled many people into believing that the redox state
of real aqueous systems can be characterized by a single parameter, uskallatrexlox po-

tential, given in volts). The related parameterthe negative of the logarithm of the hypothetical
electron, is similarly incapable of describing the overall redox state of a real aqueous system.

The concept of there being such a thing as a “sysknar a “system’peis based on the as-
sumption that all redox reactions in an aqueous system are in a state of thermodynamic equilib-
rium. This assumption is a poor one for most real systems (Morris and Stumm, 1967; Jenne,
1981; Thorstenson, 1983; Hostetler, 1984; Lindberg and Runnells, 1984). In the rush to interpret
geochemical data by meanskitpH andpe-activity diagrams, this point is often forgotten or
simply ignored. This has had the unfortunate consequence of legitimizing these variables as all-
encompassing redox descriptors in the minds of many students.

This misconception has no doubt been reinforced by the U&e(ahd sometimege) as inputs

to speciation-solubility codes. Some of these codes require the assumption of &$y 8test

of the better known codes, EQ3NR, WATEQ?2 (Ball, Jenne, and Nordstrom, 1979), and PHRE-
EQE (Parkhurst, Plummer, and Thorstenson, 1980) permit the use of such an input but do not
require it. With sufficient analytical data, the degree of disequilibrium among various redox cou-
ples may be calculated, and the existence of a sysitethius tested. Often, however, the avail-
able analytical data are insufficient to do this, and one is forced to assume aHEystem

Redox disequilibrium in natural aqueous systems is created by solar irradiation, radioactive de-
cay, fluid mixing, and transfer of redox components from one phase to another. It is maintained
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primarily by the strength of covalent bonds, a major factor in the redox disequilibrium of the light
elements such as carbon, hydrogen, oxygen, nitrogen, and sulfur. Biological activity literally
feeds on redox disequilibrium (e.g., photosynthesis, if one counts the initial disequilibrium due
to solar radiation, and chemosynthesis) and catalyzes an overall approach toward redox equilib-
rium.

Several well known examples of redox disequilibrium in natural agueous systems can be cited.
One is the coexistence of dissolved oxygen and organic carbon in nearly all natural waters, im-

plying disequilibrium between the,,,/H,O(;) couple and organiElCOs” couples. Another is

the disequilibrium betwee@H,;q/HCO;” andHS '/8042' in many marine sediments (Thorsten-

son, 1970). A third example is the disequilibriunNgf,q/NO3™ with Op(5q/H20(;) in marine

surface waters (Berner, 1971, p. 119).

As shown below, each such couple can be treated as having have its own redox state. This can
be expressed in a variety of ways, including a couple-spé&tiftr pe These can be calculated

using the Nernst equation in conjunction with chemical analyses that are specific with respect to

the two oxidation states represented in any redox couple. In the following section, we will discuss
the details of this concept.

2.3.6.2. Background: Redox Couples and Half-Reactions

Oxidation-reduction in agueous systems is commonly treated in terms of redox couples and their
associated half-reactions. Common couples in aqueous solution i@lg#H,0)),

Ha(aqfH20(), FE*IFe*", HS SO, SO 7SOy, $0377SQ%, NH,"INO3, Np(aq/NO3',
CHy@aqfHCO3, and a host of organldCOs” couples. The half-reaction is illustrated in the case
of the very important coupl@;(aq/H20):

2H,0,jy = Opaq +4H" +4€ (53)

Another very important half-reaction corresponds to the so-called hydrogen electrode:

Multiplying this half-reaction by two and subtracting it from the first yields the following com-
plete redox reaction (which has no electrons among the reactants or products):

2H20(|) = OZ(aq) + 2H2(g) (55)

The thermodynamic convention used to describe the state of electrical potentials of half-reactions
in terms of Eh values is to take the electrical potential of the standard hydrogen electrode as zero
at all temperatures and pressures. This is consistent with the following additional thermodynamic

conventions, wherAGg i Is the standard state Gibbs energy iefrtlspecies:

. AGOf, H = 0 at all temperatures and pressures (the standard state fugacity is 1 bar)

2(9)
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. AGOf y*+ = 0 atall temperatures and pressures

. AGOf o = AGf _ = 0 at all temperatures and pressures
' , e

The Gibbs energy\G) is related to the electrical potentig) py the Nernst equation (cf. Garrels
and Christ, 1965):

AG = +nFE (56)
wheren is the number of electrons in the half-reaction Enslthe Faraday constant.
An alternative treatment almost equivalent to that above is to write the half-reactions as reduction
reactions, so that the electron appears on the left hand side. One then reverses the sign of the right
hand side of the Nernst equation as written above. This development is equivalent to the one

above, except that the signs of the Gibbs energies and corresponding equilibrium constants and
activity products are reversed (Stumm and Morgan, 1981, Chapter 8).

The standard thermodynamic relation describing the Gibbs energy of re&¢higrof ther-th
reaction is:

AG, = AG, +2.30RTlog Q (57)

whereAG? is the corresponding standard state Gibbs energy of reactiQp iarttie corre-

sponding activity product. Applying this to half-reactions and using the positive convention ver-
sion of the Nernst equation, one obtains:

E=E +'—IogQ+, 1/2 (58)

whereE? is the standard state electrical potential, @ad; is the activity product of the half-
reaction. If one uses the negative convention version of the Nernst equation, one obtains instead:

2.30RT,
E = EO—T|OQQ_, 1/2 (59)

whereQ. 1/,is the activity product of the reverse half-reaction. These relations are equivalent
becauséong Q. 1/,=-log Q; 1/». Because the Gibbs energy of the hypothetical electron is always

zero, whether it is in the standard state or not, its thermodynamic activity is fixed at unity and it
need not explicitly appear in the activity product expressions for half-reactions.

2.3.6.3. Background: Eh, pe, Ah, and Equilibrium Oxygen Fugacity

One can write a modified Nernst equation for any redox couple. In the case of the ferrous-ferric
couple, the corresponding half-reaction is:

Fe?t = Fe¥ 4+ ¢ (60)

The corresponding form of the Nernst equation is:
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Pee*O
£° . 3+_|_2.303?T|0gD Fe i 61)
Fe“'/Fe F @FezJ,D

Fe2+/Fe3+

Under the thermodynamic conventions adopted above, the poteotiahe left hand side of
each of the above equations can be taken dshfar this specific couple. This may or may not
eqguate to the results of aBl’ measurement.

If the two redox couples are in equilibrium with each other, they must have thé&ba@en-

versely, if they have the sard, they must be in equilibrium. Any difference in couple-specific
Ehvalues is a measure (in volts) of the degree of disequilibrium. This can be shown by relating
the Gibbs energy of a combined, complete reaction to the differences in potentials. If the first
half- reaction hakh; andn; electrons appear in it, and the second half- reactiokHgasndn,
electrons, one can construct a complete reaction by multiplying the second half-reaction by -
n,/n, and adding the result to the first half-reaction. Ting@lectrons are transferred in the com-

plete reaction. The Gibbs energy of this reaction is then given by:
AG, = n;F(Eh; -Eh,) (62)

The condition of zero Gibbs energy of reaction (thermodynamic equilibrium) is met if and only
if Ehy = Eh,.

The redox parametge, popularized by Truesdell (1968) and Stumm and Morgan (1981), is de-
fined to be analogous pH:

pe = —log ae_ (63)

wheree' is the hypothetical aqueous electron. It should not be confused with real aqueous elec-
trons, which are extremely scarce in nature. Their thermodynamic properties are not the same. In
fact, the hypothetical electron used to defirés not the same as the one used to dé&im& he

Eh conventions require the activity of the hypothetical electron to always be unity. That conven-
tion would fix pe at a value of zero.

The relation betweepeandEh is:

_ o F
Pe = BaoRT" (64)

(Thorstenson, 1970; Stumm and Morgan, 1981). One may derive that this requires the thermo-
dynamic convention

s AG _ = 1AGH —AG , at all temperatures and pressures
fe 2 2(9) H

This in turn requires that
. AGf _ = 0 at all temperatures and pressures
,e
whereas th&h convention for the hypothetical electron was
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. AG? .= AGf _ = 0 at all temperatures and pressures
,e , e

It should be clear thaieis not a perfect analog piH, becaus@H is defined with respect té*,

a real aqueous species, wheneas defined with respect to a hypothetical species. Each redox
couple can have its owe just as it can have its oviah, the two being related by the equation
given above. It follows from the previous development that thermodynamic equilibrium between
two redox couples is synonymous with each having the same valee of

The state of an aqueous redox couple can also be expressed in terms of chemical affinity by the
redox affinity,Ah (Wolery, 1983). This is a special case of the thermodynamic affinity function
(its application to half-reactions). It is relatecBioby the relation

Ah = FEh (65)
The driving force for any kind of complete chemical reaction (meaning to exclude half-reactions)
can be expressed by the thermodynamic affidity, (vhich is related to the equilibrium constant
K, and the activity produc®, by the equation:

Q0
A, = —2.30RTlog ?D (66)
rlJ

If n, electrons appear in one half-reaction agd another, the two half-reactions can be com-

bined into a complete redox reaction in the manner discussed previously. The thermodynamic
affinity of the complete reaction, in whieh electrons are transferred, is then related té\the

values Ahy andAhy, respectively) of the two half reactions by the equation:

A, = n (Ah, —Ah,) (67)

r

Thermodynamic equilibriumX= 0) among two redox couples is the case if and only if both cou-
ples have the same valueAdi.

Alternatively, the state of a redox couple may be expressed in terms of an equilibrium oxygen
fugacity (a couple-specific oxygen fugacity). Fugacities are properties of gas species. Gas spe-
cies do not exist in aqueous solution because, by definition, all species in aqueous solution are
aqueous species. Therefore, we can only talk about oxygen fugacities in aqueous solution by ref-
erence to hypothetical equilibria with a gas phase. Putting it anotheDygymakes a perfectly

good hypothetical aqueous species, much like the hypothetical aqueous electron.
Consider the half-reaction:
— + -
2H20(|) = OZ(g) +4H +4e (68)
where we now tak®;g)to be a hypothetical aqueous species with the thermodynamic properties

of the real gas species. We can calculate an equilibrium oxygen fugacity for any half-reaction by
coupling it with this one to form a complete redox reaction.
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Let Kg be the equilibrium constant for t®g/H>0y half- reaction given abov&hand oxy-
gen fugacity are then related by the equation:

4F
IogfO2 = EIZ%%O—GR h—4|ogaH+ + 2loga,, + logKg, (69)
This equation can be used to relate the equilibrium oxygen fugacity of any redox couple with its
ownEh. Two redox couples are in thermodynamic equilibrium with each other if and only if they
have the same equilibrium oxygen fugacity.

2.3.6.4.Redox Options: Testing versus Assuming Equilibrium

A commonly used approach in aqueous speciation modeling is to input a total concentration for
a dissolved element that occurs in more than one oxidation state and partition it according to a
givenEh, pe or oxygen fugacity. This, however, requires us to assume that all redox couples in

the system are in a state of thermodynamic equilibrium. The EQ3NR code offers this option.

If we constrain the thermodynamic activities of all the aqueous species appearing in a couple’s
half-reaction without resorting to an ingf, Ah, pe or oxygen fugacity, the equations presented
above give us a means to calculate its individual redox state expressed as any of the following:

» Eh (in terms of an electrical potential).
* Ah(in terms of a chemical potential).
. pe

* oxygen fugacity.

Analytical techniques do not generally discriminate between a simple species and its ion-pairs
and complexes. However, there are techniques in many cases to discriminate between different
oxidation states. To calculate tBé of the ferrous-ferric couple, for example, we must have an-

alytical data for botfFe?* andFe* (see for example Nordstrom, Jenne, and Ball, 1979). If these

data are both total concentrations (e.g, t6edl, total Fe3+), we simply have two mass balance
equations for iron in the aqueous speciation model instead of one.

This is the preferred approach for treating oxidation-reduction in aqueous speciation modeling
(see Nordstrom et al., 1979). One may then test whether or not various redox couples are in equi-
librium with each other. EQ3NR can treat any redox couple in this fashion. Alternative con-
straints discussed in the previous subsection could substitute for one or both total concentrations/
mass balances in the usual way. The code will use a redox default to partition an element that
appears in more than one oxidation state if insufficient data are input to calculate a couple-spe-
cific parameter. The redox default may be an ifghytape or log oxygen fugacity. Alternative-

ly, it may be defined by a redox couple for which sufficient data are input to calculate couple-
specific parameters. By constraining one or more of the species in the corresponding half-reac-
tion by a heterogeneous equilibrium constraint, it is possible to constrain the default redox state
by a heterogeneous equilibrium.
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2.3.7. Measures of Mineral Saturation.

EQ3NR employs two measures of the saturation state of an aqueous solution with respect to min-
erals. The first is the saturation index defined as:

Sl = Iog% (70)

where it is understood th&is the activity product and the equilibrium constant for a dissolu-
tion reaction. In the case of the dissolution of calcite, for example, if the reaction is written as:

Calcite+ H = ca”" + HCO, (71)

the ion activity product is then defined as:

a_ ,a
B Ca HCO3
Qcaicite = 3. 4 (72)
Calcite Ht

The second measure of the saturation state is the thermodynamic affinity of the precipitation re-
action. The affinity of a reaction (no matter how it is written) is related to its activity product and
equilibrium constant by:

A= —2.303?1'109% = 2.303?1'109% (73)

Becausdog Q/K reverses sign when the reaction is reversed, the affinity to precipitate is related
to the saturation index by:

A = 2.30RTSI (74)

Following these conventions, bddhandA. are positive for supersaturated minerals, zero for sat-
urated ones, and negative for undersaturated minerals.

In the case of solid solution minerals with end-member components, the saturation index of the
o-th end member is related to that of the corresponding pure plgse

S'mp = Sl(p—logamp = Sl(p—logxw—log)\(ij (75)

whereag,, is the thermodynamic activity of the end-membgy, is its mole fraction, andy, is

its mole fraction activity coefficient. Consideration of an overall dissolution reaction of a solid
solution of given composition suggests that the saturation index @fttmeolid solution should
be defined by:

OT’w
Sly = T *oySloy (76)

a=1
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Affinity functions can be defined analogously.

The problem of defining the saturation state of a solid solution for which no composition is given

is not so straightforward, because the result is composition-dependent. One way to approach this
would be to find the compositions that maximize $eT his is the method presently employed

in EQ3/6 (see Bourcier, 1985, 1989).

2.4. Use and Misuse of Speciation-Solubility Codes

There is significant potential to misuse any speciation-solubility code. No such code should be
used as a “black box”. As Jenne (1981, p. 36) puts it, “... each application should be viewed as a
partial validation.” The geochemical model of each new scenario (e.g., a set of waters in a com-
positional range not previously studied) may have a different set of important agueous species,
and hence provide a test of some thermodynamic data that have not previously been exercised.
Also, reactions controlled by equilibrium in one situation may be in disequilibrium in another,
and vice versa, especially heterogeneous and aqueous redox reactions.

Geochemical modeling with aqueous speciation-solubility codes must actively address three
guestions. First, are all the significant species in the model? Second, are all the important ther-
modynamic data sufficiently correct? Do they make sense when compared with the model out-
puts when working with a set of water samples? Do they make sense in comparison with other
knowledge about an aqueous system, such as data on the identities of minerals with which the
water is in contact? Third, would disequilibrium constraints be more appropriate than equilibri-
um constraints for some reactions (especially agueous redox reactions)? Users should keep in
mind the admonition of Nordstrom et al. (1979) that “... no model is better than the assumptions
on which it is based.”

If no thermodynamic data are available for species known or suspected to be important in a given

application, then such data should be estimated by empirical or semi-empirical methods. EQ3NR

has annput file option which permits the user to temporarily modify equilibrium constants at

run time (see Chapter 6). This makes it convenient to conduct sensitivity studies of the uncertain-
ty in such estimated values. Langmuir (1979) summarizes approaches for estimating thermody-
namic properties of aqueous species and reactions. Tardy and Garrels (1974), Wolery (1978), and
Helgeson et al. (1978) discuss methods for estimating the thermodynamic properties of minerals.

A common problem faced by novices at speciation-solubility modeling is that their models come
out grossly supersaturated with nearly every aluminum and ferric iron bearing mineral in the data
base. This often occurs because analysis is made of inadequately filtered samples, which com-
monly contain colloidal particles of these two components. These particles then “inflate” the cor-
responding chemical analyses. Busenberg (1978) showed that large quantities of a colloidal
aluminum phase occurred in the size range 0.140m8uring a set of feldspar dissolution ex-
periments. Laxen and Chandler (1982) did more detailed studies of iron particulate size distribu-
tion in fresh waters. Their work shows that a filter finer tharp@nlis necessary to effectively
remove these particulates from the chemical analysis.

The modeler should be aware that many solubility-controlling phases, especially at low temper-
ature, are metastable (e.g., amorpheei®©H); may control the level of dissolved iron, not the
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more stable hematit€e,O3). In addition, the stability of some controlling phases may be some-

what variable due to such factors as crystallinity (i.e., crystal size), order/disorder, ionic substi-
tution, or, in the case of fresh precipitates, aging. Helgeson et al. (1978) discuss many of these
effects.

One approach that may be helpful to users is to estimate the amount of aluminum or iron that
would be in solution under the assumption of appropriate solubility equilibria. For example, one
might constrain dissolved aluminum to satisfy equilibrium with gibb#itgoH)3 ) or con-

strain iron to satisfy equilibrium with amorphades(OH); or a nontronite (ferric-rich smectite)
clay. However, this is not a substitute for analysis of carefully filtered samples.

The state of available analytical data on water compositions is often a limiting factor in the usage
of EQ3NR or any other speciation-solubility code. In general, the data must be both accurate and
sufficiently complete. Inaccurate data often result when methods suitable for analyzing drinking
water are applied to waters very dissimilar to this medium. This can take the form of both positive
and negative interferences. Some analytical parameterspte, @lkalinity, dissolved sulfide)

must be measured immediately upon sampling to avoid changes due to mineral precipitation, in-
gassing, or outgassing. Water samples should be inspected after transportation and storage for
the formation of precipitates. Quite often, analytical data are incomplete for geochemical mod-
eling purposes. This may have the effect of completely inhibiting modeling work, or it may result
in modeling with assumptions that could have been avoided if the right hard data had been avail-
able. In general, analytical work is most useful to modeling if there is interplay between the mod-
eler and the analyst.

Internal consistency can provide useful tests of the quality of aqueous speciation models (see Me-
rino, 1979). One such test is to compare the calculated electrical imbalance with the cation/anion
subtotals for charge equivalents. EQ3NR makes these calculations, which are a meaningful test
if electrical balance is not used as an input constraint. Merino (1979) also recommends the tech-
nique of comparing measured and independently calculated values of titration alkalinity. In es-
sence, his recommendation corresponds to the currently recommended procedure for dealing
with alkalinity described earlier in this chapter.
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3. Activity Coefficients of Aqueous Species

3.1. Introduction

The thermodynamic activitieg;f of aqueous solute species are usually defined on the basis of
molalities. Thus, they can be described by the product of their molal concentnat)arsd their
molal activity coefficientsy):

q = my,; (77)

The thermodynamic activity of the watex,J is always defined on a mole fraction basis. Thus,
it can be described analogously by product of the mole fraction of wgjem(d its mole fraction
activity coefficient §,):

ay = XAy (78)

It is also possible to describe the thermodynamic activities of aqueous solutes on a mole fraction
basis. However, such mole fraction-based activiﬁé’é?)(are not the same as the more familiar

molality-based activitiesa((m)), as they are defined with respect to different choices of standard
states. Mole fraction based activities and activity coefficiengjsdre occasionally applied to

agueous nonelectrolyte species, such as ethanol in water. In geochemistry, the aqueous solutions
of interest almost always contain electrolytes, so mole-fraction based activities and activity co-
efficients of solute species are little more than theoretical curiosities. In EQ3/6, only molality-

based activities and activity coefficients are used for such specgs|eays impliea(m). Be-
cause of the nature of molality, it is not possible to define the activity and activity coefficient of
water on a molal basis; thug, always meanaw(x).

Solution thermodynamics is a construct designed to approximate reality in terms of deviations
from some defined ideal behavior. The complex dependency of the activities on solution compo-
sition is thus dealt with by shifting the problem to one of describing the activity coefficients. The
usual treatment of aqueous solutions is one which simultaneously employs quantities derived
from, and therefore belonging to, two distinct models of ideality (Wolery, 1990). All solute ac-
tivity coefficients are based on molality and have unit value in the corresponding model of ide-
ality, called molality-based ideality. The activity and activity coefficient of water are not constant
in an ideal solution of this type, though they do approach unit value at infinite dilution. These
solvent properties are derived from mole fraction-based ideality, in which the mole fraction ac-
tivity coefficients of all species components in solution have unit value. In an ideal solution of
this type, the molal activity coefficients of the solutes are not unity, though they approach it at
infinite dilution (see Wolery, 1990).

Any geochemical modeling code which treats aqueous solutions must provide one or more mod-
els by which to compute the activity coefficients of the solute species and the solvent. In many
codes, what is computed is the sef @lusa,,, As many of the older such codes were constructed

to deal only with dilute solutions in which the activity of water is no less than about 0.98, some
of these just take the activity of water to be unity. With the advent of activity coefficient models
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of practical usage in concentrated solutions (mostly based on Pitzer’'s 1973, 1975 equations),
there has been a movement away from this particular and severe approximation. Nevertheless, it
is generally the activity of water, rather than the activity coefficient of water, which is evaluated
from the model equations. This is what was previously done in EQ3/6. However, EQ3/6 now
evaluates the set gfplusA,,. This is done to avoid possible computational singularities that may
arise, for example if heterogeneous equilibria happen to fix the activity of water (e.g., when a
solution is saturated with both gypsum and anhydrite).

Good models for activity coefficients must be accurate. A prerequisite for general accuracy is
thermodynamic consistency. The activity coefficient of each aqueous species is not independent
of that of any of the others. Each is related to a corresponding partial derivative of the excess

Gibbs energy of the solutioGE*). The excess Gibbs energy is the difference between the com-
plete Gibbs energy and the ideal Gibbs energy. Because there are two models of ideality, hence

two models for the ideal Gibbs energy, there are two forms of the excess Gibbs @R&Myy,

(molality-based) an@&=** (mole fraction-based). The consequences of this are discussed by
Wolery (1990). In version 7.0 of EQ3/6, all activity coefficient models are based on ideality de-

fined in terms of molality. Thus, the excess Gibbs energy of concefri8 The activity of wa-
ter, which is based on mole-fraction ideality, is imported into this structure as discussed by
Wolery (1990). The relevant differential equations are:

EXm
_ 146G
Y = RT on 79)
EXm
_ _Im, 10G
ey = =" *RT on, (89)

whereR is the gas constani,the absolute temperatufe the number of moles of solvent water
comprising a mass of 1 k@ (= 55.51),and:

2m = z m (81)
i

the sum of molalities of all solute species. Given an expression for the excess Gibbs energy, such
equations give a guaranteed route to thermodynamically consistent results (Pitzer, 1984; Wolery,
1990). Equations that are derived by other routes may be tested for consistency using other rela-
tions, such as the following forms of the cross-differentiation rule (Wolery, 1990):

alnyj _ alny; o
om om, (62)
alnaw_alnyi_i o
on,  on, n, (83)
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In general, such equations are most easily used to prove that a set of model equations is not ther-
modynamically consistent. The issue of sufficiency in proving consistency using these and relat-
ed equations (Gibbs-Duhem equations and sum rules) is addressed by Wolery (1990).

The activity coefficients in reality are complex functions of the composition of the aqueous so-
lution. In electrolyte solutions, the activity coefficients are influenced mainly by electrical inter-
actions. Much of their behavior can be correlated in terms of the ionic strength, defined by:

1 2
i

where the summation is over all agueous solute specieg iaritie electrical charge. However,

the use of the ionic strength as a means of correlating and predicting activity coefficients has been
taken to unrealistic extremes (e.g., in the mean salt method of Garrels and Christ, 1965, p. 58-
60). In general, model equations which express the dependence of activity coefficients on solu-
tion composition only in terms of the ionic strength are restricted in applicability to dilute solu-
tions.

The three basic options for computing the activity coefficients of aqueous species in EQ3/6 are
models based respectively on the Davies (1962) equation, the “B-dot” equation of Helgeson
(1969), and Pitzer’s (1973, 1975, 1979, 1987) equations. The first two models, owing to limita-
tions on accuracy, are only useful in dilute solutions (up to ionic strengths of 1 molal at most).
The third basic model is useful in highly concentrated as well as dilute solutions, but is limited
in terms of the components that can be treated.

With regard to temperature and pressure dependence, all of the following models are parameter-
ized along the 1 atm/steam saturation curve. This corresponds to the way in which the tempera-
ture and pressure dependence of standard state thermodynamic data are also presently treated in
the software. The pressure is thus a function of the temperature rather than an independent vari-
able, being fixed at 1.013 bar from 0-200and the pressure for steam/liquid water equilibrium

from 100-300C. However, some of the data files have more limited temperature ranges.

3.2. The Davies Equation
The first activity coefficient model in EQ3/6 is based on the Davies (1962) equation:

2EI_ O
logy, = —A,, 1nZ +0. 2| (85)
| 10 /\/’

(the constant 0.2 is sometimes also taken as 0.3). This is a simple extended Debye-Hiickel model
(it reduces to a simple Debye-Huickel model if the ['Ogart is removed). The Davies equation

is frequently used in geochemical modeling (e.g., Parkhurst, Plummer, and Thorstenson, 1980;
Stumm and Morgan, 1981). Note that it expresses all dependence on the solution composition
through the ionic strength. Also, the activity coefficient is given in terms of the base ten loga-
rithm, instead of the natural logarithm. The Debye-Hugk@larameter bears the additional label

“10” to ensure consistency with this. The Davies equation is normally only used for temperatures
close to 28C. Itis only accurate up to ionic strengths of a few tenths molal in most solutions. In
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some solutions, inaccuracy, defined as the condition of model results differing from experimental
measurements by more than the experimental error, is apparent at even lower concentrations.

In EQ3/6, the Davies equation option is selected by setting the optioagt=-1. A support-

ing data file consistent with the use of a simple extended Debye-Hiickel model must also be sup-
plied (e.g.datal = datal.com datal.sup ordatal.neg. If iopgl= -1 and the supporting data

file is not of the appropriate type, the software terminates with an error message.

The Davies equation has one great strength: the only species-specific parameter required is the
electrical charge. This equation may therefore readily be applied to a wide spectrum of species,
both those whose existence is well-established and those whose existence is only hypothetical.

The Davies equation predicts a unit activity coefficient for all neutral solute species. This is
known to be inaccurate. In general, the activity coefficients of neutral species that are non-polar
(such a5 (ag) Hoaqy @andNy(aq) increase with increasing ionic strength (the “salting out ef-
fect,” so named in reference to the corresponding decreasing solubilities of such species as the
salt concentration is increased; cf. Garrels and Christ, 1965, p. 67-70). In addition, Reardon and
Langmuir (1976) have shown that the activity coefficients of two polar neutral species (the ion
pairsCaSQaq) andMgSQyaq) decrease with increasing ionic strength, presumably as a conse-

guence of dipole-ion interactions.

The Davies equation is thermodynamically consistent. It is easy to show, for example, that it sat-
isfies the solute-solute form of the cross-differentiation equation.

Most computer codes using the Davies equation set the activity of water to one of the following:
unity, the mole fraction of water, or a limiting expression for the mole fraction of water. Usage

of any of these violates thermodynamic consistency, but this is probably not of great significance
as the inconsistency is numerically not significant at the relatively low concentrations at which
the Davies equation itself is accurate. For usage in EQ3/6, we have used standard thermodynamic
relations to derive the following expression:

3
_ 10 sm .2 2 24
loga,, = Q%ﬁf 37V, 10 o(ﬂ)—Z(O.Z)Ay, 10 E (86)

where “2.303" is a symbol for and approximationroflO (warning: this is not in general a suf-
ficiently accurate approximation) and:

_3 1 O
o(x) = X3%1+x—l+x—2|n(1+x)m 87)
This result is thermodynamically consistent with the Davies equation.

3.3. The B-dot Equation

The second model for activity coefficients available in EQ3/6 is based on the B-dot equation of
Helgeson (1969) for electrically charged species:
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2
zZ
logy; = —ﬁ’loo;' + Bl (88)
1+ quﬂ

Hered; is the hard core diameter of the spediss the Debye-HuickeB parameter, ang is
the characteristic B-dot parameter. Like the Davies equation, this is a simple extended Debye-

Huckel model, the extension being tHg “ 1" term. The Debye-Huckel part of this equation is
equivalent to that of the Davies equation if the prod&-ﬁy" has a value of unity. In the extend-

ed part, these equations differ in that the Davies equation has a coefficient in [ace of  which
depends on the electrical charge of the species in question.

In EQ3/6, the B-dot equation option is selected by setting the optioiofigly= 0. A supporting

data file consistent with the use of a simple extended Debye-Huickel model must also be supplied
(e.g.,datal=datal.com datal.sup ordatal.neg. Note that these data files support the use of

the Davies equation as well (thedata on these files is simply ignored in that casédpifl =

0 and the supporting data file is not of the appropriate type, the software terminates with an error
message.

The B-dot equation has about the same level of accuracy as the Davies equation, and almost as
much universality (one needs to knéwn addition taz). However, it fails to satisfy the solute-

solute form of the cross-differentiation rule. The first term is consistent with this rule only if all
hard core diameters have the same value. The second is consistent only if all ions share the same
value of the square of the electrical charge. However, the numerical significance of the inconsis-
tency is small in the range of low concentrations in which this equation can be applied with useful
accuracy. On the positive side, the B-dot equation has been developed (Helgeson, 1969) to span
a wide range of temperature (up to 30Q

For electrically neutral solute species, the B-dot equation reduces to:
logy, = Bl (89)

As B has positive values at all temperatures in the range of application, the equation predicts a
salting out effect. However, by tradition (Helgeson et al., 1970), the B-dot equation itself is not
used in the case of neutral solute species. The practice, as suggested by Garrels and Thompson
(1962) and reiterated by Helgeson (1969), is to assign the value of the activity coefficient of
aqueougCO, in otherwise pure sodium chloride solutions of the same ionic strength. This func-

tion was represented in previous versions of EQ3/6 by a power series in the ionic strength:
logy; = kll +k2|2+k3|3+k4|4 (90)

The first term on the right hand side dominates the others. The first coefficient is positive, so the
activity coefficient ofCO, increases with increasing ionic strength (consistent with the “salting

out” effect). As it was applied in EQ3/6, the coefficients for the power series themselves were
represented as similar power series in temperature, and this model was fit to data taken from Ta-
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ble 2 of Helgeson (1969). These data (including extrapolations made by Helgeson) covered the
range 25-30TC and 0-3 molaNacCl.

The high order power series in eq (90) was unfortunately very unstable when extrapolated out-
side the range of the data to which it was fit. EQ3NR and EQ6 would occasionally run into an
unrecoverable problem attempting to evaluate this model for high ionic strength values generated
in the process of attempting to find a numerical solution (not necessarily because the solutions in
question really had high ionic strength). To eliminate this problem, the high order power series
has been replaced by a new expression after Drummond (1981, p. 19):

|
|I’lyi = %+ FT+$H —(E+HT)E|'+—1% (91)

where T is the absolute temperature and C =-1.0312, F = 0.0012806, G = 255.9, E = 0.4445, and
H =-0.001606. Note that this is presented in terms of the natural logarithm. Conversion is ac-
complished by using the relation:

In x
2.303

This expression is both much simpler (considering the dependencies on both temperature and
ionic strength) and is more stable. However, in deriving it, the ionic strength was taken to be
equivalent to the sodium chloride molality. In the original model (based on Helgeson, 1969), the
ionic strength was based on correcting the sodium chloride molality for ion pairing. This correc-
tion is numerically insignificant at low temperature. It does become significant at high tempera-
ture. However, neither this expression nor the power series formulation it replaced is
thermodynamically consistent with the B-dot equation itself, as can be shown by applying the
solute-solute cross-differentiation rule.

logx = (92)

The more recent previous versions of EQ3/6 only applied@™approximation to species
that are essentially nonpolar (€ Qp(aqy Ha(aqy N2(aq): for which salting-out would be expect-

ed. In the case of polar neutral aqueous species, the activity coefficients were set to unity (fol-
lowing the recommendation of Garrels and Christ, 1965, p. 70); i.e., one has:

logy, = 0 (93)
This practice is still followed in the present version of the code.

EQ3/6 formerly complemented the B-dot equation with an approximation for the activity of wa-
ter that was based on assigning values in pure sodium chloride solutions of the same “stoichio-
metric” ionic strength (Helgeson et al., 1970). This approximation was fairly complex and was,
of course, not thermodynamically consistent with the B-dot equation itself. In order to simplify
the data requirements, as well as avoid the need to employ a second ionic strength function, this

formulation has been replaced by a new one which dependsBn the parameter and is quasi-con-
sistent with the B-dot equation:

-41 -



3

_ 10 sm 2 2 s ., 2H
loga,, = QS_Z.BOS-I- 37V, 10! o(aByﬂ)—BI E (94)

The solute hard core diameter (&) is assigned a fixed value of 4.0A (a reasonable value). This
equation is consistent with the B-dot equation if all solute species are ions, have the same fixed
value of the hard core diameter, and have the same value of the square of the electrical charge.

3.4. Scaling of Individual lonic Activity Coefficients: pH Scales

Before proceeding to a discussion of Pitzer’s (1973, 1975) equations, we will address the prob-
lem of scaling associated with the activity coefficients of individual ions. It is not possible to ob-
serve (measure) any of the thermodynamic functions of such species, because any real solution
must be electrically balanced. Thus, the activity coefficients of aqueous ions can only be mea-
sured in electrically neutral combinations. These are usually expressed as the mean activity co-
efficients of neutral electrolytes. The mean activity coefficient of neutral electh gV

denoting the catiorX the anion) is given by:

vy logy,, +vylogy
logy, mx = M '\\fMXX s (95)

wherev), is the number of moles of cation produced by dissociation of one mole of the electro-
lyte, vy is the number of moles of anion produced, and:

Electrical neutrality requires that:

Although the activity coefficients of ions can not be individually observed, the corresponding
molal concentrations can be. The corresponding products, the thermodynamic activities of the
ions, are not individually observable, precisely because of the problem with the activity coeffi-
cients. Thus, the problem of obtaining individual activity coefficients of the ions and the problem
of obtaining individual activities of the same species is really the same problem.

Individual ionic activity coefficients can be defined on a conventional basis by introducing some
arbitrary choice. This is can be made by adopting some expression for the activity coefficient of
a single ion. The activity coefficients of all other ions then follow via electroneutrality relations.
The activities for all the ions are then also determined (cf. Bates and Alfenaar, 1969). Because
this applies to the hydrogen ion, such an arbitrary choice then determipét eech conven-

tions are usually made precisely for this purpose, and they are generally knuwecades. The

NBS pH scale, which is the basis of nearly all modern conventjpiHaheasurement, is based

on the Bates-Guggenheim equation (Bates, 1964):
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A ﬁ
IogyCI_ = 100 (98)

1+ 15/

This scale is significant not only to the measuremepHobut of corresponding quantities (e.qg.,
pCl, pBr, pNa) obtained using other specific-ion electrodes (cf. Bates and Alfenaar, 1969; Bates,
1973; Bates and Robinson, 1974).

The Bates-Guggenheim equation, like the Davies equation and the B-dot equation, is an extended
Debye-Huckel formula. However, if one applies the Davies equation or the B-dot equation to the
chloride ion, the result is not precisely identical. The difference approaches zero as the ionic
strength approaches zero, and is not very significant quantitatively in the low range of ionic
strength in which either the Davies equation or the B-dot equation has useful accuracy. Never-
theless, the use of either of these equations in uncorrected form introduces an inconsistency with
measuregH values, as use of the Davies equation for example would interpyet the being

on an implied “Davies” scale.

Activity coefficients (and activities) of ions can be moved from one scale to another. The general
relation for converting from scale (1) to scale (2) is (Knauss, Wolery, and Jackson, 1991):

2 1) _4 2 1
logy{”) = logy{” = ~(logy|* ~logy ) (99)
]

For example, if we evaluate the Davies equation for all ions, we may take the results as being on
scale (1). To convert these to the NBS scale (here scale (2)), we tpkie ittreto be the chloride

ion and evaluate the Bates-Guggenheim equation. We then apply the scale conversion equation
to every other iom.

In EQ3/6, activity coefficients are first calculated from the “raw” single-ion equations. They are
then immediately rescaled, unless no rescaling is to be done. Thus, rescaling occurs during the
iteration process; it is not deferred until convergence has been achieved. The user has control
over rescaling via the option switapg?2. If iopg2 = 0, all single-ion activity coefficients and
activities are put on the NBS scaleidipg2 = -1, no rescaling is performed.djpg2 = 1, all sin-

gle-ion activity coefficients and activities are put on a scale which is defined by the relation:

IogyH+ =0 (100)

This has the effect of making the activity and the molality of the hydrogen ion numerically equal.
This may have some advantages in comparing with experimental measurements of the hydrogen
ion molality. Such measurement techniques have recently been discussed by Mesmer (1991).

The problem of scaling the activity coefficients of ions is more acute in concentrated solutions,
and the need to discriminate among different scales in geochemical modeling codes has only
been addressed as such codes have been written or modified to treat such solutions (e.g., Harvie,
Mgller, and Weare, 1984; Plummer et al., 1988).
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3.5. Pitzer’'s Equations

3.5.1. Introduction

Pitzer (1973, 1975) proposed a set of semi-empirical equations to describe activity coefficients

in aqueous electrolytes. These equations have proven to be highly successful as a means of deal-
ing with the thermodynamics of concentrated solutions (e.g., Pitzer and Kim, 1974). Models
based on these equations have been developed to describe not only solution properties, but also
equilibrium between such solutions and salt minerals (e.g., Harvie and Weare, 1980; Harvie,
Mgller, and Weare, 1984). The utility of these models in geochemical studies has been well es-
tablished. For example, such models have been shown to account for the mineral sequences pro-
duced by evaporation of seawater (Harvie et al., 1980), the process of trona deposition in Lake
Magadi, Kenya (Monnin and Schott, 1984), and the formation of the borate-rich evaporite depos-
its at Searles Lake, California (Felmy and Weare, 1986).

Pitzer’s equations are based on a semi-theoretical (see Pitzer, 1973) interpretation of ionic inter-
actions, and are written in terms of interaction coefficients (and parameters from which such co-
efficients are calculated). There are two main categories of such coefficients, “primitive” ones
which appear in the original theoretical equations, but most of which are only observable in cer-
tain combinations, and others which are “observable” by virtue of corresponding to observable
combinations of the primitive coefficients or by virtue of certain arbitrary conventions. Only the
observable coefficients are reported in the literature.

There is a very extensive literature dealing with Pitzer's equations and their application in both
interpretation of experimental data and calculational modeling. A complete review is beyond the
scope of the present manual. Discussion here will be limited to the equations themselves, how to
use them in EQ3/6, and certain salient points that are necessary in order to use them in an in-
formed manner. Readers who wish to pursue the subject further are referred to reviews given by
Pitzer (1979, 1987, 1992). Jackson (1988) has addressed the verification of the addition of
Pitzer’s equations to EQ3/6.

In EQ3/6, the Pitzer’s equations option is selected by setting the optiaogtab= 1. A sup-
porting data file consistent with this option must also be supplied datgl = datal.hmwor
datal.pit). If iopgl = 1 and the supporting data file is not of the appropriate type, the software
terminates with an error message.

Pitzer’s equations are based on the following virial expansion for the excess Gibbs energy:

[
m —
= RT%M(Nf(l) + ElZ)\”(I)n n; +[1—El2u”kn nkD (101)
W ik
wherew,, is the number of kilograms of solvent waté) is a Debye-Huckel function describ-

ing the long-range electrical interactions to first order, the substrjpadk denote aqueous
solute species, amglis the number of moles of tih solute species. The equation also contains

two kinds of interaction or virial coefficients: thg are second order interaction coefficients, and
thepj are third order interaction coefficients. A key element in the success of Pitzer’s equations
is the treatment of the second order interaction coefficients as functions of ionic strength. As will
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be discussed later in more detail, #)econsist of both theoretically defined and empirical parts,
while thep, are completely empirical. As the term is used here, “empirical” means that at least

some of the parameter values required to evaluate a quantity must be obtained by fitting experi-
mental data.

The sums in the interaction coefficient terms are actually double and triple sums. As the number
of components in a system increases, the number of interaction coefficients of the type shown
above becomes very large. It turns out there are many moreXqf &mel p; than can actually

be observed, other than in combination. For example, in the equation for the excess Gibbs energy,
it is quickly obvious thak, andA,4 can only be seen in the combinatidgL+ A,4), and a sim-

ilar situation holds in the case of thg. This leads to the first simplification in dealing with

these coefficients, which is that those with the same subscripts (regardless of order or permuta-
tion) are required to be equal (Pitzer, 1973). This is not the end of the story, as other constraints
(mostly related to electrical neutrality) force even more simplifications (which will be addressed
later).

A set of thermodynamically consistent equations for the activity coefficients follows by applica-
tion of the partial differential equations given previously. In the case of solute species, this leads
to:

2 2

3 (7 O 0y O [l
Iny; = Big(l)"'zz)\ij(l)mj +Z%§%ﬁjk(l)+3uijkgﬂjmk (102)
i il

wheref'(I) is the derivativelf/dl and\';(1) is similarlydA;;/dl. For water, the corresponding result
is:

na, = —%n—é(lf'(l)—f(l))
+ L5 (0 () + A (1)mem 2y 1 mm m0
Q% ij ij i Z ijk" i kD (103

The activity of water is closely related to the osmotic coefficignt (

Ina, = —%n%p (104)

The thermodynamic properties of water are often discussed in the physical chemistry literature
in terms of the osmotic coefficient instead of the activity of water (or the mole fraction activity
coefficient of water).

The Debye-Hiickel model used in Pitzer’s equations is not the usual Debye-Hiickel-charging for-
mulation exemplified in the Davies or B-dot equations, but a different one derived by Pitzer
(1973) and called the Debye-Huickel-osmotic model. The relevant equations are:
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f(1) = —ELAde’n (1+b.J1) (105)

(1) = N
f(l) = —2Aw%|n(l+b,\ﬂ)+mg (106)

The Debye-Hdckel paramet8y, is related to the more familid, 1o by:

2.303A
A = — 10 (107)

¢ 3

The parametds is assigned a constant value of 1.2 (Pitzer, 1973). Theoretically, this is the prod-
ucté’tBy; thus the hard core diameter af@5s effectively fixed at a value of about 3.65A (and
somewhat different values at other temperatures). Differences in the hard core diameters of var-
ious ions in solution are not explicitly accounted for (this is the case also in the Davies equation).
However, the interaction coefficient terms of the equation effectively compensate for this. A very
important feature of the Debye-Htickel-osmotic model is that it, like the Debye-Hickel-charging
model, is consistent with the Debye-Huckel limiting law:

2
logy; - ~A, 10% Jl. as 1 -0 (108)

3.5.2. Solutions of Electrolytes

In a pure solution of aqueous neutral electrol¢ the following combinations of interaction
coefficients are observable:

z z
By,o(1) = A,o(1) + [ 2X 0N ) + [ ZMIAL (1 109
mx(1) mx (1) 22, mm ) 22, xx(D (109)
1 1
5 5 |
7012 2 |2
Chax = 3§_X Hymx + |4 Ulvnxxg (110)
M Zy 0

For example, the osmotic coefficient for such a solution can be written in the form (Pitzer, 1973):

AV P
o1 > ar(y )
3 (111)
[2V,,V[] EQ(V v )—E
MYX_ @ MY X ¢ 2
+ ——Bux(Nmyy + -——— m
0 Vyx O MX MX E Vorx E MXx M x

Appearing in this equation B,‘&X , Which is given by:
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Byix(1) = Byx(1) + 1B (1) (112)

HereB'yx(l) is the derivative oByx(l) with respect to the ionic strength.

The ionic strength dependenceaﬁx was defined by Pitzer (1973) to take the following form:

BYx(1) = Bix + Byxe adh (113)

wherea was assigned a constant value of B,@( [S{g)lgj , alongﬁ&jgp , are parameters

whose values are determined by fitting experimental data, such as for the osmotic coefficient.
Corresponding to the above equation is:

0 1
Bux(1) = BUX + Biaxa(avi) (114)
where:
2 =
9(x) = BSH1-(1+x)e™) (115)
X
Pitzer and Mayorga (1974) proposed a descriptioBf;pk in the case of 2:2 electrolytes that is

based on an additional fitting parameter:

(1) 1! G 2!

BYx(1) = Blax + Buk (116)

Herea is assigned a value of 1.4 amglone of 12.0 an@,(vf))( is the additional fitting parameter.
Corresponding to this is:

0 1
Bux(1) = Biax + Bixa(ay /1) +Bika(a ) (117)
We consider first the exponential function in eqs (113) and (117). This is shown in Figure 2 for
the three commonly used valuesiofAt zero ionic strength, this function has a value of unity.
Thus,B‘,& B(O) [3(1) orB‘,& B(O) B(l) B(z) . The magnitude of each term con-
taining BI(\/IX or BMX decreases exponentially as the ionic strength increases, approaching zero
as the ionic strength approaches infinity (a limit which is not of physical interest). Most of the

decay takes place in the very low ionic strength range. Thus, the teﬂ,ﬁ%in B,(v? nd are im-
portant parts of the model, even in dilute solutions.
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1.0

exp(-avI)

Figure 2. Behavior of the exponential function governing the ionic strength dependence of second-order
interactions among cations and anions.

The functiong(x) is shown in Figure 3 for the three commonly usedhlues. It resembles the
above exponential function, though it does not decay quite so rapidly. This function may be ex-
panded as follows:

2 3
- [2x_3x, 4x  5x . [
g(x) = 1_2EB! ~ 7 + = "6l tq (118)

This shows thag(x)= 1 atx = 0 ( = 0). Thus, at zero ionic strengtB,,y = B,(\%( + B,(v& or

Bux = B,(\;)))< + B,(v}))( + B,(vf))( . It can be shown thai(x) approaches zero agandl) approach in-

finity.

The development thus far shows that there are two major categories of interaction coefficients.
TheAjj; and they;y in terms of which the theoretical equations were originally derived are what

we will call the primitive interaction coefficients. The observable combinations of these, such as

B,(v?))(, [3,(\,& : B,ﬁ,?g( , andC(,&x , are what we will call the observable interaction coefficients. This

latter kind of interaction coefficient represents the model data that are reported for the various
systems for which Pitzer’s equations have been fit to experimental data.
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g(avl)

Figure 3. Behavior of the g(x) function governing the ionic strength dependence of second-order
interactions among cations and anions.

It is possible to rewrite the equations lor; andln a, in complex mixtures in terms of the ob-

servable interaction coefficients. An example of such equations was suggested by Pitzer (1979)
and adopted with changes in notation by Harvie, Mgller, and Weare (1984). These equations are
much more complex than the original form written in terms of the primitive interaction coeffi-
cients. They have been incorporated into computer codes, such as that of Harvie, Mgller, and
Weare (1984), PHRQPITZ (Plummer et al., 1988), and SOLMINEQ.88 (Perkins et al., 1990). As
noted in the previous section, there is no unique way to construct equations for single-ion activity
coefficients. Furthermore, direct usage of such equations constitutes implicit adoption of a cor-
respondingpH scale. In the case of the single-ion activity coefficient equation suggested by
Pitzer, this could be termed the “Pitzer” scale.

The equations fdn y; andin a,, which are evaluated in EQ3/6 are those written in terms of the

primitive interaction coefficients. The set of these which is used is not the generalized theoretical
set, which is not obtainable for the reasons discussed previously, but a practical set that is ob-
tained by mapping the set of reported observable interaction coefficients using a set of equations
that contain arbitrary conventions. These mapping equations impplgeale. We will show that

the conventions chosen here match those suggested by Pitzer (1979), so thiphhgtiaie is
identical to his.

The basic guides to choosing such mapping conventions are pleasing symmetries and the desir-
ability of minimizing the number of conventional primitive interaction coefficients with non-

zero values. In the case of the second order coefficients, both of these considerations suggest the
following definitions:
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(119)

Aum) =0
Ayx(1) =0 (120)
Aux(1) = Byx(1) (121)
Analogous to the formulas used to descig, , One may write:
Max(1) = Ak + Apxata/h) (122)
or:
(123)

0 2
Aux(D) = A0+ A g, /1y + 2D g(a, )

From the principle of corresponding terms, it follows that the corresponding mapping equations

are:
)\,(\;,)Vl =0 forn=0, 2 (124)

)\g(n))( =0 forn=0,2 (125)

(126)

)\,(vr,]g( = B,(vr& for n =0, 2
Evaluation of the equations fbry, andln a,, also requires the ionic strength derivatives of the
Ajj coefficients. These are given by:

Myx(1) = Aﬁ,ﬂ(g(x)%iﬂg (127)

or.
. @ a0%0, @ 0?20
)\MX(I) = Aux9 (X)[b/\/ilj-l- )\ng(x)[bﬂm (128)

whereg'(x) is the derivative ofj(x) (with respect tx, notl), given by

2
' 4 — X
g(x) = _EX_S%_E X%+X+E%

The principle of pleasing symmetry suggests the following mapping equations for dealing with

(129)

the C‘,& x parameter:
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1|z
Hvmx = g = Crix (130)
Zy
1
1| 2|2 ~o
Hmxx = =/=| Cumx (131)
6 2z,

The twop coefficients are then related by:

Mmmx — Hmxx

(132)
Zy 124

These are in fact the mapping equations used in EQ3/6. However, the principle of minimizing
the number of conventional primitive interaction coefficients would suggest instead mapping re-
lations such as:

1
1|z4|2
Hmmx = 35— C(I&X (133)
X
Hyxx = O (134)

Note that with this set of mapping relations, a diffepgiscale would be implied.

In mixtures of aqueous electrolytes with a common ion, two additional observable combinations
of interaction coefficients appear (Pitzer, 1973; Pitzer and Kim, 1974):

8 o(1) = Apnr() = M BN ()= M BN () (135)
MM’ mne(D) =7 PAnm (D =7 - D
and:
Bz [Bz,0
Wpmmrx = BHmmrx — DBZ EUMMX e E“MMX (136)

HereM andM' are two cations andis the anion, oM andM' are two anions andis the cation.
From previously adopted mapping conventions, it immediately follows that the corresponding
mappings are given by:

A1) = Bypr(1) (137)
@%D Bz, O 0
Hmmx = 6[wMMX gz, Sz, mmx BV%“M‘M‘XE (138)
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In the original formulation of Pitzer’s equations (Pitzer, 1973)Ptjg coefficient is treated as
a constant. It was later modified by Pitzer (1975) to take the following form:

Oune(1) = “Bum+ “Bmm(1) (139)

O\m (1) corresponds to th@ij of Harvie, Mgller, and Weare (1984). The first term is a con-

stant and accounts for short-range effects (this iei}he of Harvie, Mgller, and Weare). The sec-
ond term, which is the newer part, is entirely theoretical in nature and accounts for higher-order
electrostatic effects. Only th%GMM. part is obtained by fitting. Corresponding to this is the
equation:

Aane(D = Amme+ Amme() (140)

The relevant mapping relation is then:
S S
AMM' = Bmm (141)

The I:)u\/u\/r(l) part is obtainable directly from theory (Pitzer, 1975):

£ Zy I0qm) I0%w)
Ovm = W%(XMM-)— XgIM - X'\gM E (142)
where:
loo gf a1 2
J(x) = )—J%L+q+ > —¢€ %/ dy (143)
0
in which:
q= _%%;V (144)
and:
Xij = 62isz(pﬁ (145)

The derivative of “Amm(1)  is given by:
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E
E,, L A()
Mum(1) = 570

RAVEY . Xmmd Cmn) X vem)
+ 0 Ctmmy ) — > - 2 O
0 g1® (146)
Expansion ofl(x) gives (Pitzer, 1975):
2
J(x) = — %%In x+0.41971) + ... (147)

Application of L'Hospital's rule shows thd{x) goes to zero asgoes to zero (hence also as the
ionic strength goes to zerd)x) is a monotonically increasing function. S@'{X), which ap-
proaches a limiting value of 0.25xgoes to infinity. The functiod(x) and its derivative are
approximated in EQ3/6 by a Chebyshev polynomial method suggested by Harvie and Weare
(1980). This method is described in detail by Harvie (1981, Appendix B, in dxgis referred

to asJy(x)); this method is also described in the review by Pitzer (1987, p. 131-132).

Pitzer (1979) showed that substitution of the observable interaction coefficients into the single-
ion activity coefficient equation gives the following result for cafidin

Inyy = zyf'+ 25 My[Byya + (ZMACyy,l +
a

ZZm eMc + z zmcma[ZMBl + ZMCca+ qJMca] +
c a
2

1 . z .
Ez z mama'[zf/le aa * llJMaa‘] + 7Mz z mcmc‘e ce T
a a c c

ZMDZ C ccC z a aa zzz . aDJ‘CCa ucaaD

£ 0% |z DD (148)
Herea denotes anions, denotes cations, and:
fl
Y=z 14
> (149)
Chix
Cyyx = ——— (150)
2 /‘ZMZX‘
>mz = z mm, (151)
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(The single-ion equation for an anion is analogous). As pointed out by Pitzer, the unobservability
of single-ion activity coefficients in his model lies entirely in the last term (the fourth line) of the
equation and involves the primitive interaction coefficieis A, Heca @aNdUcaa His suggest-

ed conventional single-ion activity coefficient equation is obtained by omitting this part. This re-
quires the affected primitive interaction coefficients to be treated exactly as in the previously
adopted mapping equations. This approach could in fact have been used to derive them.

In theory, the relevant data required to evaluate Pitzer’s equations for complex mixtures of rela-
tively strong aqueous electrolytes can all be obtained from measurements of the properties of

pure aqueous electrolytes (giving the observable interaction coeﬁiﬁ%)&ts[s,(& [3,(\42))( : , and
C‘,&X) and mixtures of two aqueous electrolytes having a commonsﬁm,\g. W anek ).
There is one peculiarity in this fitting scheme in tﬁ'ﬁy\m. Is obtainable from more than one

mixture of two electrolytes having a common ion, because this parameter does not in theory de-
pend on that ion. Thus, the value adopted may have to be arrived at by simultaneously consider-
ing the experimental data for a suite of such mixtures.

3.5.3. Solutions of Electrolytes and Nonelectrolytes

In general, it is necessary to consider the case of solutions containing nonelectrolyte solute spe-
cies in addition to ionic species. Examples of such uncharged species include molecular species
such ayaqy COx(aqy CHa(agy H2Sagy C2HsOH(ag)y andSiOyaqy strongly bound complexes,

such adHgClzzq) andUO,COz5qy and weakly bound ion pairs such@aCO;(5q)and

CaSQaq) The theoretical treatment of these kinds of uncharged species is basically the same.

There are practical differences, however, in fitting the models to experimental data. This is sim-
plest for the case of molecular neutral species. In the case of complexes or ion pairs, the models
are complicated by the addition of corresponding mass action equations.

The treatment of solutions of electrolytes using Pitzer’s equations is quite standardized. In such
solutions, there is one generally accepted relation for describing single-ion activity coefficients,
though it may be expressed in various equivalent forms. Thus, in such solutions there is only one
implied “Pitzer’pH scale. Also, the set of parameters to be obtained by regressing experimental
measurements is well established. Unfortunately, this is not the case for the treatment of solutions
containing both electrolytes and nonelectrolytes.

Harvie, Mgller, and Weare (1984) used Pitzer’s equations to construct a model of all of the major
components of seawater at’25 They modified the equations for electrolyte systems to include
some provision for neutral species-ion interactions. Additional modification was made by Felmy
and Weare (1986), who extended the Harvie, Mgller, and Weare model to include borate as a
component. The Felmy and Weare equation for the activity of water (obtained from their equa-
tion for the osmotic coefficient) is:
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Ina, = _z ZB—f+ZZmCma(B(p +ZC.,)

Q QO 2

0 O
+ z z mcmc‘gbcc + zmaq)aa'cg
a

cc>c

]
+S Y mamam§a+zmcwcca

aa>a

U

+ zzmn C nc+zzmn a na+zzzmn Cc a nca%
n r n r a (152)

In this equation¢ denotes a cation ardan anion, and the following definitions are introduced:
Z = z‘zi‘mi (153)
i
S E E,

= eij+ eij(|)+| eij(l) (154)

The first three lines are equivalent to the mixture formulation given by Pitzer (1979). The fourth
line (last three terms) is the new part. Hedenotes a neutral speciag, andA,, are second

order interaction coefficients describing neutral species-ion interactiong,&nsl an observ-

able third order coefficient. These new interaction coefficients are treated as constants. The terms
in Apcandhn, were introduced by Harvie, Mgller, and Weare (1984) to treat the sgjes,)

The term in{,.aWas put in by Felmy and Weare (1986) and is a third order interaction coeffi-
cient. It was necessary to include it in the equations to account for interactions involving the spe-
ciesB(OH)(aq)

The corresponding single-ion equation for catibtakes the following form:

NV = ZyF + S Mal 2By, + ZCyyal
a

U] [l
+ z mcSZCDMc + z manMcaE
c a

+z z mamanMaa ‘ZM‘zzmc a ca

aa>a

+ 2zmn)‘nM + z zmnmaznaM

(155)
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Here CDiJ- is thed;; of the earlier notation and:

F = g+zzmc My ca+z z MMy ®'ce
c a

cc>c

+z z m,m,®'5 4

a a'>sa (156)

The first three lines are equivalent to Pitzer’'s suggested single-ion activity coefficient equation.
The fourth line (last two terms) is the new part. The corresponding equation for anions is analo-
gous. The corresponding equation for fith neutral species is:

Inyy = ZZmC)\NC+ ZZmaANa+ZZmCmaZNca (157)

To deal with the fact that thg,; and A5 are only observable in combination, Harvie, Mgller,
and Weare (1984) adopted the convention that:

=0 158
N HY (158)

These equations were presented for the modeling of specific systems, and are not completely
general. They are missing some terms describing interactions involving neutral species. A set of
complete equations is given by Clegg and Brimblecombe (1990). Their equation for the activity
coefficient of a neutral solute species is:

Inyy = ZZm )\Nn+22m )\NC+22ma Na
C a

+ 62 zmnmc“Nnc+ 62 z mnma“Nna

n c n a

* 32 m cMNce® BZma“Naa+ 62 zmcma“Nca

c a

+GZ z mcmc'“ch+6z z MyMaHNaa

cc>c aa>a

+3zmnuNnn+6z mN n“NNn-I_6 z z m n‘“Nnn‘
nzN nzN n'zN (159)

This is a complete and general representation of the activity coefficient of a neutral species in
terms of all possible second order and third order primitive interaction coefficients. The first line
of this equation contains the same terms,jnand A, as appear in the Felmy-Weare equation.

This line is augmented by an addition term which describes second order interactions among neu-
tral species (and which was also pointed out by Pitzer, 1987). The third line in this equation is
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equivalent to the term iy, that appears in the Felmy-Weare equation. Clegg and Brimble-

combe (1990) have pointed out that this observable interaction coefficient is related to the corre-
sponding primitive interaction coefficients by the relation:

3‘ZX‘ 3z,
Cnmx = BHymx = Hymm T 5 Huxx (160)
Zm 12«

The second, fourth, and fifth lines consist of terms not found in the Felmy-Weare equation.

In a solution of a pure aqueous nonelectrolyte, the activity coefficient of the neutral species takes
the form:

2
Inyy = 2myA NNt SMHNNN (161)

This activity coefficient is directly observable. Hence the two interaction coefficients on the right
hand side are also observable. In a study of the solubility of aqueous ammonia, Clegg and Brim-
blecombe (1989) found that the term includingyy Was significant only for concentrations

greater than 25 molal (a solution containing more ammonia than water). They therefore dropped
this term and reported model results only in terms@f Similarly, Barta and Bradley (1985)

found no need for pyn term to explain the data for pure solution<C@ gy HoSaqy and
CHy(aqy @nd no such term was apparently required by Felmy and Weare (1986) to explain the
data forB(OH)(aq) Pitzer and Silvester (1976) report a signifigagy term for undissociated

phosphoric acid. This result now appears somewhat anomalous and has not been explained. The
bulk of the available data, however, suggest thatfig term is generally insignificant in most

systems of geochemical interest and can be ignored without loss of accuracy.

This result suggests that in more complex solutions, terMgiknnny K @Ndiyne can

also often be ignored. While there may be solutions in which the full complement of these terms
are significant, one could argue that they must be so concentrated in nonelectrolyte components
that they have little relevance to the study of surface waters and shallow crustal fluids (though
some deep crustal fluids are richG,). Furthermore, one could argue that to address such so-

lutions, it would be more appropriate to use a formalism based on a different kind of expansion
than the one used in the present treatment (see Pabalan and Pitzer, 1990).

In an aqueous solution consisting of one nonelectrolyte and one electrolyte, the activity coeffi-
cient of the neutral species takes the form:

InyN = 2mN)\NN+2(mM)\NM+mX)\NX)
2
+ 6my (My By vt My Ensd T MyMyCmx t 3Mynnn (162)

Three new terms appear. The resemblance of the tevjgjandAyx to a traditional Setchenow

term has been pointed out by various workers (e.g., Felmy and Weare, 1986; Pitzer, 1987). Work
reported by Clegg and Brimblecombe (1989, 1990) for a number of such systems containing am-
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monia showed that the most important of the three new terms were the sggantif) term
and the third liynw Hnny) term. They defined these using the following conventions:

A .=0 (163)

= 164
lJ'N, N, CI 0 (164)

Note that the first of these conventions conflicts with the corresponding convention adopted by
Harvie, Mgller, and Weare (1984), though it matches that proposed by Pitzer and Silvester (1976)
in a study of the dissociation of phosphoric acid. a weak electrolyte. Clegg and Brimblecombe
found that in one system, the use of the fouffj& term was also required, though the contri-

bution was relatively small. No use was required of the lagiy) term, as was shown by fitting
the data for pure aqueous ammonia.

There seems to be some disagreement in the literature regarding the above picture of the relative
significance of thep(ynm, Hnnx) term versus that of thigx term, although the seemingly con-

tradictory results involve nonelectrolytes other than ammonia. We have noted above that Felmy
and Weare (1986) usedéx term to explain the behavior of boric acid-electrolyte mixtures.

It is not clear if they considered the possibility ofigNw, Mnnx) term. Pitzer and Silvester

(1976) found no apparent need to includgpgfy, Mnny term or & yvx term to explain the ther-
modynamics of phosphoric acid dissociation in electrolyte solutions. The data on aqueous silica
in electrolyte solutions of Chen and Marshall (1981), discussed by Pitzer (1987), refjuisg a

term, but noiynw Mnnx term. A similar result was obtained by Barta and Bradley (1985) for
mixtures of electrolytes witE Oy aq) HoSag) anNdCHyaqy Simonson et al. (1987) interpret data

for mixtures of boric acid with sodium borate and sodium chloride and of boric acid with potas-
sium borate and potassium chloride exclusively in terms of theNjjg} &nd second\m, Anx)

terms, using neither of the third order terms for nonelectrolyte-electrolyte interactions.

The unnm, Bnny term can only be observed (and hence is only significant) when the concen-

trations of both the nonelectrolyte and the electrolyte are sufficiently high. In contrast, evaluating
the {yux term requires data for high concentrations of the electrolyte, but low concentrations of

the nonelectrolyte will suffice. Some nonelectrolytes, such as aqueous silica, are limited to low
concentrations by solubility constraints. Thus, the results of Chen and Marshall (1981) noted by
Pitzer (1987) are not surprising. In the case of more soluble nonelectrolytes, the range of the
available experimental data could preclude the evaluation ofifpg( Unyny) term. This may

be why Pitzer and Silvester (1976) reported no need for such a term to describe the data for mix-
tures of electrolytes with phosphoric acid and why Barta and Bradley (1985) found no need for
such a term for similar mixtures of electrolytes Wit@ ,q) HoSaq) aNdCHyaqy The data an-
alyzed by Felmy and Weare (1986) correspond to boric acid concentrations of about one molal,
which may not be high to observe this term (or require its use). In the case of Simonson et al.
(1987), who also looked at mixtures of electrolytes and boric acid, the need for no third order
terms describing nonelectrolyte-electrolyte interactions is clearly due to the fact that the concen-
trations of boric acid were kept low to avoid the formation of polyborate species.
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The equations for solutions containing nonelectrolytes can be considerably simplified if the mod-
el parameters are restricted to those pertaining to solutions of pure aqueous nonelectrolytes and
mixtures of one nonelectrolyte and one electrolyte. This is analogous to the usual restriction in
treating electrolyte solutions, in which the parameters are restricted to those pertaining to solu-
tions of two electrolytes with a common ion. Furthermore, it seems appropriate as well to drop
the terms inuynn The equation for the activity coefficient of a neutral electrolyte in electrolyte-

nonelectrolyte mixtures then becomes:
| 2m +2§ Met 3 maA 0
NYN = “MNANN MeAN ™ ) Ma/AN
C a aD

H U
* 6mN§ MeMNNG* z MaMN Na%-'_ z z mcmaZNca (165)

The reduction in complexity is substantial. In the context of using Pitzer’s equations in geochem-
ical modeling codes, this level of complexity is probably quite adequate for dealing with non-
electrolytes in a wide range of application.

If a higher level of complexity is required, the next step is probably to add in tepgNand
Ann- The first of these has been discussed previously and is obtained from data on pure aqueous

nonelectrolytes. The second must be obtained from mixtures of two aqueous electrolytes (one
could argue that this is also analogous to the treatment of electrolytes). This higher level of com-
plexity may suffice to deal with at least so@@,-rich deep crustal fluids and perhaps other flu-

ids of interest in chemical engineering. However, an even higher level of complexity would
probably be best addressed by a formalism based on an alternate expansion, as noted earlier.

The observability and mapping issues pertaining to the remaining parameters may be dealt with
as follows. In the case afyn, N0 mapping relation is required because this parameter is directly

observable. The same is truepfyy andAys, If the higher level of complexity is required.

TheAnpm andAny, andpynyv andpyny are only observable in combinations, but can be dealt
with by adopting the following respective conventions:

Ay 3=0 (166)
U oNg = 0 (167)
wherel is a reference ol H™ as suggested by Felmy and Weare, 1986CI" as suggested
by Pitzer and Silvester, 1976, and Clegg and Brimblecombe, 1989, 1990). In any data file used
to support code calculations, the choice of reference ion must be consistent. This may require the

recalculation of some published data.

The {nyx parameter is observable and can be mapped into primitive form by adopting the fol-
lowing conventions:
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Cnmx
Umx = g (170)
These relations are analogous to those defined fc[tf@h@ parameter.

The above conventions correspond well with the current literature on the subject. However, the
treatment of the\yy andAyx, andpyym @andpynx though valid and functional, still stands out

in that it is not analogous to, or a natural extension of, the conventions which have been univer-
sally adopted in the treatment of electrolyte solutions. The logical extension, of course, is to de-
fine observable interaction coefficients to represent the primitive coefficients which can only be
observed in combination, and to then follow Pitzer (1979) in determining exactly which parts of
the theoretical equations constitute the non-observable part. The conventions would then be de-
fined so as to make these parts have zero value.

The suggested process can be shown to be consistent with the above mapping conventions for all
the other coefficients treated above, includipgx. However, the process which worked so

nicely for electrolytes fails to work faqw-Anx @andunynvrMnnx: We will demonstrate this for
the case of they-Anx. Application of the above equation to the case of an aqueous mixture of

a neutral speciedljand a neutral electrolyt®&iX) immediately shows that the corresponding ob-
servable combination of primitive interaction coefficients is given by:

Lamx = [24Anm * 2utnix (171)
In such a system, the activity coefficient of the neutral species can be written as:

_ 2
Inyy = ZM_I_—‘ZX‘VMXLNMXIT]MX (172)

In the manner of Pitzer (1979), one can show that the relevant term in the single-ion activity co-
efficient for cationM expands in the following manner:

I-nMX‘

Zx" B

m
2§mn)\nM = 2§mn ng”‘zx.‘)\”x (173)
whereX' is some reference anion. Whéns CI", we have the convention proposed by Pitzer and
Silvester (1976) and followed by Clegg and Brimblecombe (1989, 1990). The first term on the
right hand side is the relevant observable part; the second term is the non-observable part. Fol-
lowing the logic of Pitzer (1979), we could set the second term to zero. This would have the effect
of defining the following mapping relations:

Ayx =0 (174)
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(175)

Although this makes the relevant non-observable part vanish in the single-ion activity coefficient
equation for all cations, it forces the complementary part in the corresponding equation for anions
to not vanish, as we will now show. The relevant part of the anion equation gives the following
analogous result:

nMx_Zz \Zx\ (176)

25 MAny = 22

whereM' is some reference cation. As before, the second term on the right hand side is the non-
observable part. Using the above mapping equatioRyjgr this can be transformed to:

2 .
- z nZM ZXLnM‘X‘ (177)

25 MAny = 22

Thus, under the conventions defined above, the non-observable part of the single-ion activity co-
efficient equation for anions does not vanish.

There are alternatives, but none are particularly outstanding. For example, one could reverse the
situation and make analogous conventions so that the non-observable part of the anion equation
vanishes, but then the non-observable part of the cation equation would not vanisiMighen

H*, we have the convention proposed by Felmy and Weare (1986). One could also try a symmet-
rical mapping, based on the following relation:

Z
AnM = ﬁ)\,\,x (178)

This would lead to the following mapping relations:

A VR

= —M 179
NM =z + [2,]) NMX (179)
Aoy = 2 (180)

Unfortunately, this would lead to a non-vanishing non-observable part in the equations for both
cations and anions.

3.5.4. Temperature and Pressure Dependence

Pitzer's equations were originally developed and applied to conditionS©fa2fsl atmospheric
pressure (e.g., Pitzer and Kim, 1974). The formalism was subsequently applied both to activity
coefficients under other conditions and also to related thermodynamic properties which reflect
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the temperature and pressure dependence of the activity coefficients (see the review by Pitzer,
1987).

The first effort to extend the Pitzer formalism to high temperature was a detailed study of the
properties of aqueous sodium chloride (Silvester and Pitzer, 1977). In this study, the data were
fit to a complex temperature function with up to 21 parameters per observable interaction coef-
ficient and which appears not to have been applied to any other system. In general, the early ef-
forts concerning the temperature dependence of the activity coefficients focused mainly on
estimating the first derivatives of the observable interaction coefficient parameters with respect
to temperature (e.g., Silvester and Pitzer, 1978). The results of the more detailed study of sodium
chloride by Silvester and Pitzer (1977; see their Figures 4, 5, and 6) suggest that these first de-
rivatives provide an extrapolation that is reasonably accurate up to ab6Gt 100

In more recent work, the temperature dependence has been expressed in various studies by a va-
riety of different temperature functions, most of which require only 5-7 parameters per observ-
able interaction coefficient. Pabalan and Pitzer (1987) used such equations to develop a model
for the systenNa-K-Mg-CI-SQ-OH-H,O which appears to be generally valid up to about

200°C. Pabalan and Pitzer (1988) used equations of this type to built a model for theMgstem
CI-SQy-OH-H,0 that extends to 30C. Greenberg and Mgller (1989), using an elaborate com-

pound temperature function, have constructed a model folahe Ca-Cl-SQ-H,0 system that

is valid from 0-250C. More recently, Spencer, Mgller, and Weare (1990) have used a more com-
pact equation to develop a model for MeK-Ca-Mg-Cl-SQ-H,0 system at temperatures in

the range -60 to 2%&.

The pressure dependence of activity coefficients has also been looked at in the context of the
Pitzer formalism. For descriptions of recent work, see Kumar (1986), Connaughton, Millero, and
Pitzer (1989), and Monnin (1989).

3.5.5. Practical Aspects

In practice, the matter of obtaining values for the observable interaction coefficients is more com-
plicated. Not all models based on Pitzer’s equations are mutually consistent. Mixing reported
data can lead to inconsistencies. For the most part, differences in reported values for the same
coefficient are functions of the exact data chosen for use in the fitting process, not just whose
data, but what kind or kinds of data as well. Some older reported values for the mixture parame-

ters (e.g., Pitzer, 1979) are based on fits not employin'@ﬁﬂﬁw formalism, which has become
firmly entrenched in more recent work.

Some differences in the values of reported Pitzer parameters are due to minor differences in the

values used for tha® Debye-Hiickel parameter (e.g., 0.39 versus 0.392; see Plummer et al.,
1988, p. 3, or Plummer and Parkhurst, 1990). The general problem of minor discrepancies in this
and other limiting law slope parameters has been looked at in some detail by Ananthaswamy and
Atkinson (1984). Recently, Archer (1990) has also looked at this problem and proposed a method
for adjusting reported Pitzer coefficients for minor changes in Debye-Hickel parameters without
resorting to refitting the original experimental data.
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There has also been some occasional modification of the basic activity coefficient equations
themselves. For example, in treating the activity coefficients of alkali sulfate salts at high tem-
perature, Holmes and Mesmer (1986a, 1986b) changed the recommended valaepair#ms-

eter from 2.0 to 1.4. Also Kodytek and Dolejs (1986) have proposed a more widespread usage of

the B|(\/|2))( parameter, based on the empirical grounds that better fits can be obtained for some sys-

tems. The usage of this parameter was originally restricted to the treatment of 2:2 electrolytes
(Pitzer and Mayorga, 1973).

The formal treatment of speciation in the solutions (assumptions of which species are present)
can also lead to different models. Association phenomena were first recognized in the Pitzer for-
malism in order to deal with phosphoric acid (Pitzer and Silvester, 1976) and sulfuric acid (Pitzer,
Roy, and Silvester, 1977). In general, ion pairs have been treated formally as non-existent. An
exception is in the model of Harvie, Mgller, and Weare (1984), who erttpleg ion pair spe-

cies:CaCQ;(aqy MYCO;(aqy andMgOH".

Components which form strong complexes have received relatively little attention in the Pitzer
formalism, presumably because of the much greater experimental data requirements necessary to
evaluate the greater number of parameters associated with the greater number of species. How-
ever, Millero and Byrne (1984) have used Pitzer’s equations to develop a model of activity coef-
ficients and the formation of lead chloro complexes in some concentrated electrolyte solutions.
Huang (1989) has also recently looked at some examples of complex formation in the context of
the Pitzer formalism. However, because strong complexing can not be represented even mathe-
matically by the interaction coefficient formalism without taking explicit account of the associ-
ated chemical equilibria, and because such models are more difficult to develop, the practical
application of the Pitzer formalism remains limited mostly to systems of relatively strong elec-
trolytes, molecular nonelectrolytes, and a few weak nonelectrolytes.

3.5.6. Pitzer's Equations in EQ3/6: Current Status

The present treatment of Pitzer’s equations in EQ3/6 is somewhat limited, particularly in regard

to some of the advances that have been made with these equations in the past few years. These
limitations have to do with the state of the existing data files which support the use of Pitzer’s
equations, the treatment of the temperature dependence of the interaction coefficients, and the
treatment of neutral solute species.

Thehmw data file is an implementation of the model of Harvie, Mgller, and Weare (1984). This
model is restricted to 2&. Thepit data file is based mostly on the data summarized by Pitzer
(1979). These data include the first order temperature derivatives of the interaction coefficients.
The nominal temperature range of this data file is *COThese data are not based on the cur-

rently universally accepted formalism introduced by Pitzer (1975).

EQ3/6 uses or ignores tfi@ formalism, depending on the value of a flag parameter on the data
file. The temperature dependence, if any, is handled by using first and second order temperature
derivatives of the interaction coefficients, which are expected for use at temperatures other than

25°C. The code permits (2))< parameter to be specified on the data file for any electrolyte. The
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o parameters are also provided on the data file for each electrolyte. Thus, non-standard values
can be employed if desired.

The temperature dependence is presently limited to a representation in terms of a second-order
Taylor’s series in temperature. This requires the presence on the supporting data file of first and
second temperature derivatives (see the EQPT User’s Guide, Daveler and Wolery, 1992). No
provision has yet been made for the more sophisticated representations proposed for example by
Pabalan and Pitzer (1987) or Spencer, Mgller, and Weare (1990).

EQ3/6 is presently quite limited in terms of the treatment of nonelectrolyte components by means
of Pitzer’s equations. This limitation is expressed in the structure of the data files and the map-

ping relations presently built into the EQPT data file preprocessor. These are presently set up to
deal only with electrolyte parameters. However, it is possible to BGteAnns Anm, @NdAnx

parameters as though they w@,‘é)))( parametersAg@ndAyx parameters that are part of
the model of Harvie, Mgller, and Weare (1984) are included omrtivedata file in this manner.

The present version of EQPT can not handl€ gy interaction coefficient; however.

The means of storing and representing interaction coefficient data in EQ3/6 deserves some com-
ment. There is a natural tendency to represghy a two-dimensional array, apg, by a three-

dimensional array. However, arrays of this type would be sgiarsexample);; =0 for many
i, j). and many of the entries would be duplicates of otigrs 4, etc.). Therefore, thg; are
represented instead by three parallel one-dimensional arrays. The first contajpsahes

themselves, the second contains indices identifyingtihepecies, and the third identifies he
th species. The treatment is analogousifprwhich only requires an additional array to identify

thek-th species. These arrays are constructed from data listed datéialata files. Coeffi-
cients which must be zero by virtue of the mapping relations or other conventions are not includ-
ed in the constructed arrays. Also, the storage scheme treats for exgmpis\; as one

coefficient, not two.
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4. Activity Coefficients of Solid Solution Components

4.1. Introduction

The thermodynamic activities;] of solid solution components are always defined on the basis
of mole fractions. Thus, they can be described by the product of their mole frag)ians! their
rational (mole fraction) activity coefficients;}:

a = XA, (181)

The same treatment is typically applied to all components in non-aqueous liquid phases. Itis also
applied to water in aqueous solutions (cf. Chapter 3).

Mole fraction ideality is the reference ideality when dealing with solid solutions. Therefore, the

corresponding excess Gibbs energ@%" (see Chapter 3). The relevant differential equation
linking this with the mole fraction activity coefficients is:

na, = LG
' RT on,

(182)

whereR is the gas constant aiidhe absolute temperature. Given an expression for the excess
Gibbs energy, this equation gives a guaranteed route to thermodynamically consistent results (cf.
Wolery, 1990).

Problems involving the thermodynamic consistency of activity coefficients in non-aqueous phas-
es seem to be uncommon. However, consistency may be tested using various relations, such as
the following form of the cross-differentiation rule (cf. Wolery, 1990):

dinA; _ alnA,

ani anj

The issue of sufficiency in proving consistency using this and related equations (Gibbs-Duhem
equations and sum rules) is addressed by Wolery (1990).

(183)

In most speciation-solubility calculations, the activity coefficients of solid solution components
only affect the corresponding calculated saturation indices; they do not change the model of the
aqueous solution itself (i.e., the speciation). However, if an equilibrium relation involving a solid
solution phase is used as a constraint in defining a speciation-solubility problem, all of the model
results may be affected by the choice of activity coefficient model. The results may similarly af-
fected when such a constraint is used in mass transfer calculations, including reaction path cal-
culations.

Mixing tends to stabilize a solid solution relative to its end-member components. Thus, an aque-
ous solution may be supersaturated with respect to a solid solution, yet undersaturated with re-
spect to each of the pure end members. Consequently, a solid solution may form in a system in
which some or none of the pure end members would form. This effect is true in the ideal case, in
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which the activity coefficient has a value of unity. If the activity coefficient is less than unity, this
stabilizing effect is increased. If it is greater than unity, it is lessened.

In general, the activity coefficient of a solid solution component depends on the composition of
the solid solution. This is in turn is normally expressed in terms of the mole fractions of the com-
ponents. In order to use an equilibrium constraint involving a solid solution component in a spe-
ciation-solubility calculation, the user must provide this composition in order to allow
calculation of the activity coefficient of the component involved. In mass transfer calculations
involving solid solutions in equilibrium with an agueous solution, the solid solution composition
is itself a subset of the unknowns to be calculated. In speciation-solubility and other kinds of
equilibrium calculations, it is necessary to calculate a saturation index for a solid solution which
is not presumed to be in equilibrium with the aqueous phase. This presents a problem, because
no composition is defined. This is solved in EQ3/6 by finding the composition which maximizes
the computed saturation index (Bourcier, 1985, 1989).

In liquid solutions, the solutes may mix over the whole volume of the solution. This type of mix-
ing is sometimes referred to as molecular mixing. It is commonly applied to non-aqueous liquids,
such as a solution composed of hydrocarbons. In the ideal case, the activity coefficient of each
component is unity. In aqueous solutions and other solutions involving a solvent with a high di-
electric constant, this concept is modified to account for ionic dissociation. The concept of mo-
lecular mixing has been applied many times to solid solutions (cf. the examples presented later
in this chapter), and is predicated on the use of end-member components (for example, calcite
[CaCQ;] and magnesiteMgCOs] in magnesian calcit€Ca,Mg)CQy]). The activity coefficients

of these components in the non-ideal case are then described using interaction coefficients more
or less resembling those used in Pitzer’s equations to describe the activity coefficients of aqueous
species.

In crystalline solids, mixing tends rather strongly to occur over well-defined sites in the crystal
structure (see for example Wood and Fraser, 1977, or Nordstrom and Munoz, 1985). Some ions
may mix over more than one kind of site. Vacancies may be involved in the mixing process. They
may be created or destroyed by substitutions of one ion for another of different electrical charge.
Mixing which takes account of such effects is referred to as site mixing. In site-mixing models,
the concept of ideality is modified from that appropriate to molecular mixing, though still based
on the mole fractions of components. It is possible to utilize as the components species such as
ions, vacancies, and framework moieties instead of end members. However, the more common
practice is to continue using end-member components. This is followed in the present version of
EQ3/6. However, the activity coefficient of an end-member component in an ideal site mixing
model may have a value other than unity. A site-mixing model will appear to be ideal in this sense
only if there is only one site, an ion substitutes for others of the same charge type, and vacancies
are not present on the site. Site mixing then effectively reduces to molecular mixing.

Nearly all of the site-mixing models that have been proposed for the various solid solutions are
ideal in the site-mixing sense (see for example Viani and Bruton, 1992). The only parameters of
such models are site-mixing parameters. It is possible to consider site-mixing models which are
non-ideal even in the site-mixing sense. These would be described by both site-mixing parame-
ters and interaction coefficients. No models of this type are presently treated in EQ3/6.
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In EQ3/6, all solid solution models are defined on the supporting data file (see Chapters 3 and 4
of the EQPT User’s Guide, Daveler and Wolery, 1992). At present (through the R16 set of data
files), only thecom file contains any solid solutions. All of these are treated with ideal site-mix-

ing models (the exception being olivine, which is treated according to a binary regular solution
model). The actual types of models used on the data file are definedjbyl tiheeg array. The
corresponding parameters (site-mixing parameters, interaction coefficients, and parameters used
to compute interaction coefficients) are stored on the data file aptharray. The elements of

this array are represented belovpgs In EQ3NR and EQ6, solid solutions are presently ignored

unless the option switabpt4 is set to a value greater than or equal to 1.

The various models presently treated in EQ3/6 are discussed in the following sections. To avoid
confusion, we will write the activity, mole fraction, activity coefficient, and related parameters

of a solid solution component with a§” subscript in place ofi*” Here o denotes the compo-

nent itself (takes the place af); andy the solid solution (in order to be completely explicit

about which solid solution is being addressed).

4.2. Ideal Solution, with One Optional Site-Mixing Parameter

The first activity coefficient model for solid solutions in EQ3/6 is for an ideal solution in either

the molecular-mixing sense or a limited site-mixing model in which mixing is confined to one

site and vacancies are ignored. The former is a special case of the latter. This model corresponds
tojsol = 1 and is characterized by the equation (Wood and Fraser, 1977; Viani and Bruton, 1992):

Ny
a5y = Xoy (184)
whereNy, is the site mixing parameter. This formulation is equivalent to:
Iog)\mp = (NLp - 1)|°9chp (185)

If Ny = 1, the above model is mathematically equivalent to an ideal molecular-mixing model
(Iog)\(leJ = 0).

TheN, parameter is stoichiometric in nature. In essence, it is the number of formula units of the
site on which mixing occurs per formula unit of the solid solution framework. In principle, the
formula for all the end-member components of a solid solution can be written so as tyield

=1, hencdog)\OLlJ =0 .

In the case of heterovalent single-site solid solutions such as clays and zeolites, vacancies are in-
volved. In order to simplify the solution model and preserve the simple relationship defined by
egs (184) and (185), Viani and Bruton (1992) have chosen to treat such solid solutions according
to a model in which the mixing entities are ions or ion-vacancy complexes. Thus, two sodium ion
entities might mix with a calcium ion-vacancy entity.

TheNy, parameter is obtained from the parameters read from the data file according to:
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NLp = p7L1J (186)

4.3. Third-Order Maclaurin Model for a Binary Solution

The third-order Maclaurin model for a binary solution correspong®le 2. It is taken from
Helgeson et al. (1970). The activity coefficients of the two end-member components are given

by:

l0gAy,, = 1 [ EWZ‘“%Z DW—LE%Z] (187)

2.30RT

T[szw Mune, dﬂgu%§+§Nw+"V%+"V%gJ (189)

092y = 5 30R
HereWyy, Way, andWs, are interaction coefficients. There are no site-mixing parameters.

The formulation represented by eqs (187) and (188) is highly unsymmetrical. In order to satisfy
the condition thatog)\2L1J - 0 as - 0 ,theinteraction coefficients are required to satisfy the

relation:

W. W.
__2¢ "3y
Wy = —— 5 (189)

The interaction coefficients are obtained from the parameters read from the data file according to:

WlLLl = p1L1J (190)
Woy = Poy (191)
Wiy = Pay (192)

However,Wy, is actually recalculated using eq (189).

4.4. Regular Solution Model for a Binary Solution

The regular solution model for a binary solution correspon@otae= 3. It is also called a para-
bolic Maclaurin model. For a discussion of this model, see Saxena (1973, p. 11-12). The activity
coefficients of the two end-member components are given by:

1 2

Iog)\1L1J = 2.303?TWLUX2 (193)
_ 1 2
Iog)\2Lp = —2.30:~RTW¢X1 (194)
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HereW,, is the single interaction coefficient. There are no site-mixing parameters. This formu-
lation is symmetrical.

The interaction coefficients are obtained from the parameters read from the data file according to:

WLp = p1Lp + pzq;T + pSLpP (195)

Thus, the interaction coefficient in this model can be treated as a function of temperature and
pressure. On theomdata file in the R10 and R16 sets, there is a regular solution model for the
solid solution olivine. Th@,, andp, parameters are set to zero, so the interaction coefficient

is actually treated as a constant. A non-unit site-mixing parameter is also givepj; paeam-
eter, but this is not used.

4.5. Cubic Maclaurin Model for a Binary Solution

The cubic Maclaurin model for a binary solution correspong@sota= 4. For a discussion of this
model, see Saxena (1973, p. 16). The activity coefficients of the two end-member components
are given by:

_ 1 2 3
Iog)\1L1J = 2.30:~RT[(ZW2LU —Wltp)x2 + 2(W1Lp —W2¢)X2] (196)
logh, . = —=—[(2 242 W,
2.30R

HereW,, andWa, are interaction coefficients. There are no site-mixing parameters. This for-
mulation is asymmetrical.

The interaction coefficients are obtained from the parameters read from the data file according to:
W1L1J = p1L1J + psz + pSLpP (198)

WZLLI = p4Lp + p5¢T + pﬁlpP (199)

4.6. Guggenheim Polynomial Model for a Binary Solution

The Guggenheim polynomial model for a binary solution corresporjgsite 5. For a discus-
sion of this model, see Saxena (1973, p. 14-15). The activity coefficients of the two end-member
components are given by:

1 2 3 4

3 1 2 3 4
100A 5, = 5307 (Wi =8Way, *+ 5Way )X] + (4, — 16Wa )Xy + 12Wax7]  (201)
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HereWyy, Wy, andWsy, are interaction coefficients. There are no site-mixing parameters. This
formulation is asymmetrical.

The interaction coefficients are obtained from the parameters read from the data file according to:

_ 2

Wiy = PpytPoy T+ Py T (202)
_ 2

Woy = Pay t Psy T+ Pgy T (203)
2

Way = Pry t Pgy T+ Pgy T (204)

The full form of this model can be used in the present version of EQ3/6, although the parameters
Py for k=7 are now intended to be reserved for site-mixing parameters.

4.7. Regular Solution Model for a Ternary Solution

The regular solution model for a ternary solution correspongdsite 6. For a discussion of this
model, see Prigogine and Defay (1954, p. 257). The activity coefficients of the three end-member
components are given by:

_ 1 2 2
0071y = 230t WazyXe * WagyXs + (Wigy = Wagy + Wagy )Xl (205)
10GA g, = —mmee [ Wy X2+ Wy X2 + (W ) — W 0 + W
09Ny = Z30mT WiawXe T WaayXs * (Wigy =Wagy + Wagy) Xy Xs] (206)
100A 5 = = [W, . X2+ W X2+ (W W
093y = 30T ViawXs T WasyXe * (Wigy =Wipy + Wagy) Xy Xl (207)

HereWy, Wy, andWs, are interaction coefficients. There are no site-mixing parameters. This
formulation is symmetrical.

The interaction coefficients are obtained from the parameters read from the data file according to:

WlZLLl = Pyy (208)
W13LLI = Pyy (209)
W23Lp = p3L1J (210)
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5. Basis Species: Key Concepts

5.1. Basis Species

In the EQ3/6 system, there is a set of mastbasisspecies. In Chapter 2, this concept was in-
troduced via the notion that one such species is associated with each chemical element and its
associated mass balance (eh\g!, for Na). If oxidation-reduction is considered, one additional
species such &3, ) for e must be added, which is associated with charge balance. Every re-

maining species (aqueous, mineral, or gas) is formally associated with a reaction which destroys
it. For example, an aqueous complex is paired with its dissociation reaction, and a mineral with
its dissolution reaction. The basis species are used as a set of generalized “building blocks” in
writing chemical reactions. The reactions are then written in terms of only the single associated
species and the set of basis aqueous species.

We will call a basis set as defined abowatrect basisset. It is the minimal basis set required for
chemical modeling. The number of species in this set, in the general case including a redox spe-
cies, is given by:

sg = ert1l (211)

whereet is the number of chemical elements in the system of interest.The redox species itself
will be denoted as the-th species. In the case of systems in which there is no oxidation-reduc-
tion, we will simply treat the redospecies as being inactive.

A speciation-solubility problem concerning an aqueous solution deals only with mass balances
involving species in one (aqueous) phase. Therefore, the basis set in EQ3NR consists entirely of
aqueous species. These are defined (at least initially) on the supporting data file-igng,is

the solvent. The redox species used in EQ3Dp(g, which is treated in this context as a fictive

agueous species; the conventiogialsed by some other modeling codes is another example of
such. The other basis species are simple species likely to dominate their respective mass balance
relationships, at least in many instances.

Basis species are usually chosen as mono-elemental speciesNa*ClaadCa2+. Some are also
comprised of oxygen and/or hydrogen (eS@f‘ andB(OH)z(aq)- No basis species on a sup-
porting data file is permitted to be comprised of more than one chemical element other than ox-
ygen or hydrogen. The purpose of this restriction is to avoid certain problems that would
otherwise arise in defining the total concentrations of the basis species. Such problems do not
arise in the case of dealing with elemental oxygen and hydrogen because no meaningful analyt-
ical values exist for the total concentrations of the associated basis sﬁg@'@sandHJ“or of

these elements themselves. The concentration of water as measured by its mole fraction is im-
plicitly fixed by the concentrations of the solute components. The concentration of the hydrogen

ion is analytically determined via tipéd or some other approach not involving a total concentra-
tion.
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Using a strict basis set, all mass balance relationships can be defined in terms of chemical ele-
ments and the coefficients describing the elemental compositions of all species. The charge bal-
ance relationship can be defined in terms of the electrical charges of the species. All non-basis
species appearing in these balance equations are related to the basis species via the associated
chemical reactions. The concentrations of these non-basis species are then determined by the
concentrations of the basis species through the associated mass action equations, assuming that
the activity coefficients appearing in these equations are known. Thus, if the concentrations of
the basis species are known, they may be used to span (compute) the complete speciation of the
system. In mathematics, a set with such properties is usually called a basis, which is actually
where the ternbasis setn the present context is derived.

In thermodynamic modeling, one deals in an algebraic sens@ eghations im unknowns.

The use of a basis set which is strict requires assuming that the concentration of every non-basis
species appearing in a balance equation satisfies a corresponding mass action equation. This has
the effect of requiring the modeled system to be in a complete state of internal chemical equilib-
rium. There is simply no mechanism in this construction to deal with even one simple reaction

in a state of disequilibrium. The concept of internal equilibrium as used here refers to a system
which excludes any non-basis species that do not appear in the balance equations. Thus, an aque-
ous solution may be in a state of internal equilibrium, but still supersaturated with respect to cal-
cite. The mineral in this context is a non-basis species, but it does not appear in the balance
equations which describe the aqueous solution. The system consisting of the same aqueous solu-
tion plus the mineral, however, is not in a state of internal equilibrium.

In EQ3NR, the modeled system consists exclusively of the aqueous solution. Systems including
other phases are treated in EQ6. Nevertheless, it is apparent from the above example that in order
to model systems with some internal disequilibrium, one must expand the basis set beyond the
confines of the strict basis. In the example given above, we would make the mineral a basis spe-
cies. However, since the associated reaction is presumed to be in disequilibrium, the associated
mass action equation is not used as a governing constraint. In order to maintain a balance of
equations im unknowns, it is necessary to introduce a mass new balance equation for the new
basis species. In the present example, this is just a statement of how much of the mineral is
present in the system. Note that this is a new kind of mass balance relation not related to a chem-
ical element.

The same principle holds in modeling an aqueous solution. One might wish to compute a model
in whichFe>* is not in equilibrium withFe?*. If Fe?* is already in the strict basis set, one must

addFe>* to the basis set (or vice versa). In this case, the situation is more complicated, as the
new basis species may have its own ion pairs and complexes appearing in the associated mass
balance. This is a simple concept. However, it requires rethinking the description of mass balanc-
es, as the number of mass balance equations now exceeds the number of chemical elements. As
we will show, a better concept is to associate the mass balance relations with corresponding basis
species, not with the chemical elements.

We now show how to develop this more generalized concept for defining mass balance relations.
Consider the following reaction:
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HgCl, = Hg”" +3CI (212)

This is represented in the software by paired arrays of reaction coefficients (floating point num-
bers) and names of the corresponding species (character variables). If you ask the question, how
many chlorides is the non-basis species on the left hand side equivalent to, a human being will
invariably answer the question by looking at the subscript “3” in the chemical formula of the spe-
cies. In the software, this is equivalent to looking up the elemental composition of the species in
the appropriate data array. Thus, this mechanism produces the required coefficient for evaluating
the contribution of this species to a mass balance relation based on a chemical element. This is
really the answer to the question, to how many chlorines (not chlorides) is this species equivalent.
This is not what is presently desired, and a different approach is required.

The original question can be more accurately answered by looking at the reaction coefficients.
Since reactions must satisfy mass and charge balance to be valid, the required information must
be available there. A human being would probably answer the question by looking at the coeffi-
cient on the right hand side of the reaction. However, the coefficient of the non-basis species on
the left hand side must also be considered to obtain the correct answer in the general case. To
emphasize this, we note that the reaction can also be written as:

2HgCly = 2Hg"" +6CI (213)

Although a reaction whose coefficients have not been reduced to the lowest common denomina-
tor is unlikely to be written in any of the EQ3/6 data files, it is not prohibited. Also, some reac-
tions written with a unit coefficient for the associated non-basis species require fractional
coefficients. An example is:

1
2

3+ _ 2+ + 1

One might reasonably wish to avoid the fractions and write instead:

3+ _ 2+ +
4Fe™ +2H,0()) = 4Fe” +4H" + 0, (215)

Furthermore, certain actions taken by the code as it executes, such as basis switching, may cause
a reaction to be rewritten, and there is no general restriction requiring the new reaction to have a
unit coefficient for the associated non-basis species.

In the software, the coefficients of products are defined as positive numbers and those of reac-
tants as negative ones. For the basis species, these coefficients are symbblizedhsres

denotes a basis species atie reaction. The non-basis species associated witkthhegqueous
reaction is denoted g/, and its reaction coefficient is symbolizedty,. Thus, the factor giv-

ing the stoichiometric equivalence of such a species tg-théasis species is given by:

Ugg = —— (216)
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In a speciation-solubility problem, the mass balance equation fertthéasis species is then:
'T
Mg = Mg+ ) UgpgMg (217)
r =1
wherer is the reaction associated with #ieth speciesi( = s"—sg ; see Section 9.2) apd  is

the number of reactions for the dissociation of non-basis aqueous species. Considerable care
must be used in the application of such a formulation. Mathematically, it is quite rigorous. Phys-
ically, however, there are some potential problems. The quantity on the left hand side may or may
not correspond to something that can be obtained by chemical analysis and therefore have phys-
ical as well as mathematical meaning. The formulation can be applied to any basis species. In the

case 0fO0yg) or €', these have no physical meaning, as these are only hypothetical aqueous spe-
cies in the first place. In the casett, the total concentration has no physical significance. Its
value is uniquely established only because one normally chooses to put this species in the basis
setinstead 0DH". In the case dfl,O), the computed total concentration is also technically non-

physical and depends on whichtf or OH" is chosen as a basis species.

It was pointed out earlier that basis species on the EQ3/6 data files are restricted in composition
to no more than one chemical element other that oxygen and hydrogen. This is done to protect
the physical meaning of the total concentrations of basis species othegmgmﬁ , andOy(g),

for which there is no possibility of physical meaning, anyway. To illustrate the problem, consider

the following three reactions in whi¢tgCls™ is used as a basis species in pladegst:
Hg”" +3CI” = HgCl, (218)
HgBrg +3Cl" = HgCl; + 3Br (219)

Consider the mass balance of chloride and the contribution to itHgsth Applying eq (216)

to the first reaction above gives a stoichiometric coefficient of -3. The same result is obtained for
the bromide complex in the second reaction. The chloride complex itself has a stoichiometric co-
efficient of zero.

In EQ3NR and EQ6, the chloride complex in the above example is likely to strongly dominate
the mass balance of dissolved mercury, giving an incentive to consider switching it into the basis
in place of the mercuric ion. The codes deal with this situation by continuing to define the sto-
ichiometric factors appearing in the mass balance relations in terms the reactions as they were
written prior to basis switching, modified only for stoichiometric factors relating the new basis
species to the old ones.

5.2. Organization and Treatment of Basis Species

The set of basis species on an EQ3/6 data file is divided into two parts: the strict basis and the
auxiliary basis. The species in the strict basis set correspond one-to-one with the chemical ele-
ments, except faD,g), which is used as a hypothetical aqueous species, and which corresponds
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to charge balance. These species appear first in the overall list of aqueous species. The solvent,
H2O(y. is the first aqueous species.The hypothetical aqueous sPggjgs the last. The species

in the strict basis set are not associated with any reactions, as are all other species.

The auxiliary basis species follow the strict basis species. For the most part, they represent chem-
ical elements in different oxidation states. However, they may also include any species which do
not readily equilibrate with other basis species according to the associated reactions. Auxiliary
basis species are used like strict basis species as “building blocks” in writing reactions for various
species on the data file. In EQ3NR, an auxiliary basis species may be treated as either a basis
species or a non-basis species. The choice is up to the user in each case. By default, an auxiliary
basis species is eliminated from the active basis set (excé&pi fgyandHyaq), Which are spe-

cial cases). Any reactions for other species written in terms of this species will be rewritten to
reflect this. However, an auxiliary basis species is treated as an active basis species if the user
provides an appropriate matching input onittpait file, such as a total concentration. The non-

basis aqueous species follow the auxiliary basis species. In the present version of EQ3/6, a spe-
cies defined as a non-basis species on the data file can not be treated as an active basis species
unless it is switched with an existing member of this set. This prevents defining an additional
mass balance relation for this species. If it is desired to use such a species in the active basis set
for the purpose of defining an additional such relation, it is necessary to modify the data file,
moving the species into the auxiliary basis set.

An input model constraint, such as a total concentration, is required for each master aqueous spe-
cies in order to perform a speciation-solubility calculation. However, as discussed in Chapter 6,
there are limitations on the constraints that can be placed on a given basis species, depending on
whether it is in the strict basis or the auxiliary basis. The user needs to be keenly aware of which
species are in which set. Users should consult either the retiataitdata file or theslist (spe-

cies list) file written by EQPT when it processes this file.

The user may specify selected examples of basis-switching awptitefile. This provides a

means of changing the set of basis species at run time. For example, a strict basis species may be
exchanged with an auxiliary basis species. This puts the latter in the strict basis, the former in the
auxiliary set. A basis species may also be switched with a non-basis species. A basis switch caus-
es reactions to be re-written in terms of the new basis set. Judicious basis switching can improve
the code numerics, sometimes making the difference in whether the iteration converges or not.
As a general rule, a basis species should not make up an insignificant part of the associated mass
balance when a total concentration is used as the input constraint. The compositional restrictions
on basis species on the EQ3/6 data file do not apply to basis switching made when running
EQ3NR or EQ6G.

A basis switch involving a non-basis species causes the corresponding input constraints (such as
those represented by tbep anduphaseparameters; see Chapter 6), to be reassigned to the spe-

cies brought into the basis set. For exampl&l(ibH), is to be switched into the basis set in
place ofAl**, for whichjflag = 16 (log activity constant) arusp = -5.0 (the desired value), the

model actually specified is one in which the log activitAfOH), is -5.0. In this case, speci-

fying a basis switch actually changes the definition of the problem. However, in a switch involv-
ing a basis species constrained to satisfy a specified total concentration, the total concentration

-75-



is recomputed by a stoichiometric adjustment to match the species moved into the basis. In this
case, the problem itself is not really changed,; it is merely expressed in different terms.

Setting thgflag = 30 for an auxiliary basis species causes the species to be eliminated from the
active basis set. As noted above, this is the default condition for most such species. Elimination
from the active basis set causes reactions originally written in terms of the eliminated species to
be rewritten. For example, consider the following reaction:

FeSQ, = Fe*" +s0; (220)

Elimination ofFe3* from the basis set causes this to be rewritten as:

¥ 1 2+, .+, 1 -
FeSG, +5H,0() = Fe* +H™ + 70, +5Sq (221)

2(9)

Thus,FeSQ" now appears to be, and is treated as, a compléezziSf Elimination thus has the

effect of combining mass balances. In this cBs&’ and its complexes are folded into the mass
balance foF€?*. Note that the reaction f6leSQ"* on the data file must be the first, not the sec-

ond, of the two above reactions. OtherwEeSQ" would have been considered a complex of
Fe?* from the start. If one did not eliminae>* from the active basis séeSQ* would be
incorrectly folded in to the mass balanceFef*, and missing from that &3

In the majority of cases, there are only one or two auxiliary basis species for a given chemical
element. When there is more than one such auxiliary basis species, the species can be “chained.”
The first such species must be related through its associated reaction to the corresponding strict
basis species. This can also be done in the case of the second, third, etc., such basis species. How-
ever, the second such auxiliary basis species could be directly related to the first such auxiliary
basis species. The third could be directly related to the first or second, etc. Of course, a non-basis
species can be directly related to any basis species.

Chaining is not significant in the case of most chemical elements. Carbon, however, is an excep-
tion. A large number of organic species are now present a@oth@ndsup data files because

of the inclusion of such in SUPCRT92 from the work of Schock and Helgeson (1990). Several

of these are treated as auxiliary basis species, the majority as non-basis species of which all are
directly related to one of the organic species in the auxiliary basis. The basic problem with or-
ganics in a geochemical modeling code is that they may often be treated as compi&@g of

when this is not what is desired. In the “R7” versions ottt andsup data files, each of the
several organic species in the auxiliary basis set is directly relakt#d@g . In order to model

organic-free systems without the unexpected appearance of organics in the model, it is necessary
to enter on thenput file a zero concentration for each organic species in the auxiliary basis set.
In future versions of the data files, one such species (probably 'acetic acid(aq)’) may be set up as

a sort of master organic species. Only this organic species will be directly relat€®4o All
other organic species in the auxiliary basis set will be directly related to this master organic spe-
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cies. Then all organics can be kept out of a computed model by enteringgputhile a zero
concentration for just the master organic species.

5.3. Stoichiometric Conversions of Analytical Data

The analytical data used to define speciation-solubility problems in EQ3NR pertain to the basis
species on the supporting data file employed in a given run. To use the code correctly, one must
know what the species are, and it is often necessary to correct the analytical data one is provided
in order to provide a stoichiometric match.

For example, the river water test case of Nordstrom et al. (1979) includes the following data:
* Si8.52 mg/L.
* B 0.050 mg/L.
« PO,> 0.210 mg/L.

The species on thgata0.comdata file which respectively correspond to these components are
SiOx(aqy B(OH)(aq) andHPO42'. The problem is that, for example, 8.52 mg/ISaE not equiv-
alent to 8.52 mg/L 08i0,(5qy A stoichiometric conversion, of the sort common in analytical
chemistry, must be done. This is illustrated in the present case by:

M. o
_ W S0

CngL, Si0y g = My, s CmgL, si (222)
whereM,, ; is the molecular weight of the component labelddhe atomic weight dii is 28.086
g/mole and that oD is 15.999g /mole. The molecular weight)0, ,q)is therefore 60.0840
g/mole. The ratio of the molecular weights is therefore 2.1393, and the 8.52 n&ilk tifere-
fore equivalent to 18.23 mg/L &i0,,q) By following this method, it can be shown that the
0.050 mg/L ofBis equivalent to 0.286 mg/L &(OH)3(5q), and that the 0.210 mg/L E‘D43' is

equivalent to 0.212 mg/I cHiPO42'. Corrections are analogous if the data are concentrations in
mg/kg of solution.

The situation is much simpler if the analytical data are reported as molalities or molarities, as no
conversion is generally necessary. For example, 0.0001 8iada¢quivalent to 0.0001 molal

SiOx(aqy

The code user must make any necessary stoichiometric conversions before entering the data on
theinput file. EQ3NR contains no provisions for direct input of data corresponding to dissolved
components other than the basis species appearing on the data file used, so it is not possible for
it to make these conversions for the user.
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6. The EQ3NR Input File: Setting up the Problem

6.1. Input File Characteristics and Contents

We examine in this chapter the EQ3MNRut file. This file is the means by which the user spec-
ifies a problem to be solved by the code. The user must supply a comgatéddile, and the

results obtained may differ if the problem is run with more than one such data file. Some exam-
ples of EQ3NRnput files are presented in this chapter, and the reader will find more examples,
along with the correspondirgytput files, in Chapter 7. Still more examples are given in Appen-
dix F of the EQ6 Theoretical Manual and User’s Guide (Wolery and Daveler, 1992).

The EQ3NRnNput file presently exists in one of two formats. The first is of the type used in pre-
vious versions of the code (e.g., Wolery, 1983). This is a compact form more suitable for use by
experienced users. We will refer to this as the “W” format. A newer optional form (Daveler and
Bourcier, unpublished) has a menu-style format that is much less compact, but which may be eas-
ier to use for less experienced users. We will refer to this as the “D” format. The present manual
will focus more on the “W” format, as this naturally leads into a discussion of the relevant code
variables. Some examples will be given of problems presented in both formats.

The recommended way of creating a meput file is to use an old one as a template. This works
best if the old one is as close as possible to the desired new one. To this end, a representative
selection of sample input files is included in the distribution package for EQ3/6 (Wolery and
Daveler, 1992a). The distribution package also includes some software which converts input files
in “W” format to “D” format. Using this template approach reduces the necessary knowledge a
user must have concernimgput file formats, and minimizes the need to consult the related doc-
umentation.

The “W” formatinput file is read by the code moduteadx.f. The source code for this module

is extensively documented internally by of comment lines. On-line access to the source code of
this module may helpful to users, serving as a kind of on-line documentation. The “D” format
input file is read by the modulelninp.f, which calls a number of other modules in carrying out
this function (the EQ3NR moduledtypl.f, rdtyp2.f, rd3tds.f, rdtyp4.f, rdtyp5.f, and

rdtyp9.f, and the EQLIB moduleasitypO.f, rdtyp6.f, rdtyp7.f, andrdtyp8.f). The source codes

of these modules may also be helpful to users as on-line documentation.

An input file of either format contains a title field to provide space for internal documentation.

In addition, annput file may contain remarks in comment lines. These are marked by an asterisk
in column one and are analogous to comment lines in FORTRAN source code. They may appear
anywhere in thenput file.

Regardless of which format ofput files is used, EQ3NR writes an “instant echo” ofitiyut

file on theoutput file. That is to say, after the code has read a line or closely related group of
lines, it echoes their contents. This is particularly helpful in identifying the causes of read format
errors, which most commonly occur when a line is missing or out of the proper sequence. This
feature also provides a record of thput file used for a given run. However, it does not include
comment lines. If necessary, a logtut file may be recovered (less comment lines) by extract-
ing the echo from theutput file.
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The user is cautioned that the number of lines in an EQBPIR file in either format is variable.

Whether or not some potential lines appear in a given file depends upon the contents of other
lines. Some items, such as the constraints applied to the basis species, appear on successive lines
until a terminator appears. Certain options, if invoked, require corresponding additional lines of
input. The file structure has been chosen so that the size iaptitefile reflects the size of the

problem.

There are no species index numbers for users to bother with. Internally, EQ3NR sets up its own
internal indexing schemes at run time. Users deal with species in terms of their names, which are
24-byte character variables. These are much easier to remember and are instantly recognizable.
However, the names must match perfectly with those on the data file used or EQ3NR will not
recognize them. In such a case, the code will write an error message and terminate activity on the
current problem input.

EQ3NR input problems may be stacked onitipeit file so that the code will read one problem,
solve it, read another, solve it, and so on, in one job. In most cases, if an error is caught in one
problem input, the code will proceed to the next problem input, if any.

A short summary of the contents of the EQ3iNBut file in “W” format is given in on the fol-

lowing pages. Parameters for which default values are recommended are marked with an asterisk.
To take the default for a given parameter, leave the corresponding input field blank. Following
the short summary is a discussion ofitiput file parameters themselves. The user need not en-

ter values for all of these. Some may not appear on specific exampiesitofiles, depending

on other parameters. This summary is followed by an example of an EQ3NR input file in both
“W” and “D” formats (more examples are given in Chapter 7).

Short Summary of the EQ3NRput file (“W” format):

Parameters Format

Do n from 1, ending with the string

‘'endit. 'in column 1:
utitl (n)

End do

tempc

rho, tdspkg, tdspl
(enter only one ofdspkg, tdspl)

fep, uredox
(enter eithefep or uredox)

tolbt (*), toldl(*), tolsat(*)
itermx (*)

ioptl - iopt10
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(a80)

(12x,e12.5)
(3(12x,e12.5))

(12x,e12.5,12x,a24)

(3(12x,e12.5))
(12x,i2)
(12x,10i5)



iopgl -iopgl0 (12x,10i5)

ioprl -ioprl0 (12x,10i5)
ioprll - iopr20 (12x,10i5)
iodbl - iodb10 (12x,10i5)
uebal (12x,a24)
nxmod (12x,i2)

If nxmod > 0O:

Don = 1,nxmod:

uxmod(j,n), j =1, 3) (12x,i24),
jxmod(n), kxmod(n), xlkmod(n) (12x,i2,22x,i2,22x,e12.5)
End do
End if

Do until ‘endit.’ starting in column 1 of thasisline is encountered:

ubasign) (26x,a24)
uspecign) (24x,a24)
jflag(n), csp(n) (10x,i2,8x,e12.5)

If jflag (n) > 17 andflag (n) < 21:

uphasi(n), uphas2n) (10x,a24,11x,a24)
End if
End do
If iopt4 = 2:
Do until 'endit." starting in column 4 of tlwsolb line is encountered:
usolb(n) (3x,a24)
Do until 'endit." starting in column 7 of thnemb line is encountered:
(umemby(i,n), xbarb (i,n) (6x,a24,3x,f10.4)
End do
End do
End if

(*) Default values are recommended (i.e., leave these blank ampiltefile)
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Summary of EQ3NRhput file parameters

utitl

tempc
rho
tdspkg
tdspl
fep

uredox

tolbt
toldl

tolsat

itermx

ioptl

iopt2

iopt3

Up to 100 lines of text that describe the input problem, terminated by an 'endit." beginning in col-
umn 1.

Temperature;C.
Aqueous solution density, g/ml. The default value is 1.0.
Total dissolved salts, mg/kg of solution.
Total dissolved salts, mg/L (do not enter bothdsfpkg andtdspl).
Redox parameter:

=pe ifioptl =-2.

=Eh ifioptl =-1.

= log oxygen fugacity ifoptl = 0.

Name of an auxiliary master species; this defines a redox couple that specifies the oxygen fugacity
(iopt2 = 1; enter only one dép, uredox).

Convergence tolerance on Newton-Raphson residual functions. The default value i§.1 x 10
Convergence tolerance on Newton-Raphson correction terms. The default value .1 x 10

Saturation tolerance; this only determines whether or not a mineral is listed as “saturated” on the
output file; it has no effect on Newton-Raphson iteration. This value is used to test the affinity,
not the saturation index. The default value is 0.5 kcal; reasonable values range from 0.1 kcal to
1.0 kcal.

Limit on the number of Newton-Raphson iterations. The default value is 30.
Option switch for determining the redox parameter input:

-3 = This option instructs the code to look for an input constrain®g in a normal
constraint block for a basis species (ggpech jflag, csp, uphasl, anduphas2below;
in this caseuspecb='02(g)"). By choosiniflag = 19, 20, or 21, the oxygen fugacity
can by fixed by a heterogenous reaction for a mineral, solid solution end-member
component, or gas species, respectively (defined bypghaslanduphas2inputs,
see below).

-2 = Thepeis specified irfep.

-1 = TheEhis specified irfep.

0 = The log oxygen fugacity is specifiedfap.

1 = An aqueous redox couple identified by tinedox variable
constrains the oxygen fugacity.

Option switch for automatic basis switching:
0 = Turns it off.

1 =Turns it on.

Option switch for writing aickup file for input to EQ6:
-1 = Nopickup file is generated.

0 = Apickup file is generated.
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iopt4 Option switch for solid solutions:
0 = Solid solutions are ignored.
1 = Only solid solutions for which compositions are given orirtpat file are considered.

2 = Both input and hypothetical solid solutions are considered.

iopt5 Option switch, not currently used.
iopt6 Option switch, controls convergence testing:
-1 = Only residual functions are tested.

0 = Both residual functions and correction terms are tested.

iopt7 Option switch, determingsickup file format:
0 = Normal version 7.0 format.

1 = Post-7.0 version format (do not use).

iopt8 - iopt10
Option switches, not currently used.

iopgl Activity coefficient option switch- choice of basic equations:
-1 = Use the Davies equation.
0 = Use the B-dot equation.
1 = Use Pitzer’'s equations.
Caution: a compatibldatal file must be used.
iopg2 Activity coefficient option switch- choice @H scale:
-1 = Evaluate single-ion expressions and use as is.

0 = Convert results from single-ion expressions to the NBScale.

1 = Convert results from single-ion expressions to the scale on \ldgjvn+ =0.
ioprl Print option switch for species read from the data file:
0 = Do nothing.

1 = List all the species after the data file has been read (this can be lengthy).

iopr2 Print option switch for reactions read from the data file:
0 = Do nothing.
1 = Print all reactions (this can be extremely lengthy).
2 = Also print thdog K values.

3 = Also print the coefficients of the interpolating polynomials.

iopr3 Print option ordering switch for the aqueous species distribution table:
0 = Present in order of decreasing concentration.

1 = Present in the order in which the species appeared on the data file.

iopré Print option cutoff switch for the aqueous species distribution table:
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0 = Print all aqueous species.
1 = Print only those with concentrations greater than 13 hdolal.
2 = Print only those with concentrations greater than 1% holal.

3 = Do not print the aqueous species distribution.

iopr5 Print option cutoff switch for the mass balance percentage tables:
-1 = Do not print.
0 = Print, cutting off at 99% of the total for each table.

1 = Print all species in each table.

iopré Print option switch for the mean ionic properties table:
0 = Do nothing.
1 = Print the table.
iopr7 Print option for mineral affinity/saturation index tables:
-1 = Do not print.
0 = Print, excluding minerals whose affinities are less than -10 kcal.

1 = Print data for all minerals.

iopr8 Print option for hard core diameters and hydration numbers of aqueous species:
-1 = Do not print.
0 = Print, these data.
iopr9 Print option switch for Pitzer interaction coefficients:
0 = Print only warnings, if any.
1 = Print the species in the model and the number of coefficients.

2 = Print the species and the associated pairs and triplets of species for which the coefficients

are defined.
ioprl0 Print option switch for the mean ionic properties table:
0 = Do nothing.

1 = Print the stoichiometric concentrations of the basis species.
ioprll - iopr20
Print option switches, not currently used.
iodbl Debugging print option switch for general informational messages:
0 = Do nothing.
1 = Print certain messages which may be of diagnostic value.

2 = Print a higher level of such messages.

iodb2 Debugging print option switch for pre-Newton-Raphson optimization:

0 = Do nothing.
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1 = Print a summary of the optimization process.

2 = Print a more detailed summary.

iodb3 Option switch for the iteration variable kill option:
0 = Do nothing.

1 = Invoke the killer option (this is intended for the use of
code developers only).

iodb4 Debugging print option switch for Newton-Raphson iteration:
0 = Print a summary of the process.

1 = Print a more detailed summary of the process.

iodb5 Debugging print option switch for stoichiometric equivalence factors:
0 = Do nothing.

1 = Print the equivalence factors for oxygen and hydrogen mass
balances only.

2 = Print the equivalence factors for all mass balances.
iodb6 Debugging print option switch for calculation of equivalence factors:
0 = Do nothing.
1 = Print details of these calculations.
iodb7 Debugging print option switch for reactions:
0 = Do nothing.

1 = Print the reactions on a file calldit, before and after any basis switching operations
(intended for use only by code developers).

iodb8 -iodb10

Debugging print option switches, not currently used.

uebal Name of ionic species for electrical balancingjebalis 'pickl.’, the code
picks a species; ifebalis blank, no electrical balancing is done. In most
instances, users should not have the code do electrical balancing.

nxmod Number of alter/suppress options (number of species to be suppressed doghogalues are
to be modified).

uxmod Name of a species to be suppressed or whose corresponding equilibrium constant is to be modified
for use in the current run.

0 = pure mineral.

1 = solid solution.

2 = special reactant.
3 = aqueous species.
4 = gas.

kxmod The nxmod alter/suppress option (paaod anduxmod):
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-1 = Suppress.
0 = Replace thivg K by xlkmod.
1 = Augment théog K by xlkmod units.

2 = Thelog K changed as if the corresponding Gibbs energy of reaction were
decremented bylkmod kcal/mole.

xlkmod Equilibrium constant alteration function (see above).

ubasis The name of a run-time basis species (if not the samspash the name of the species to switch
into the basis set in place of the species whose name is inpsfech).

uspecb The name of a data file basis species.

jflag The option flag which defines the type of input constraint (see below).

csp A floating point datum whose meaning is determined by the corresponding valugflaighap-
tion flag; usually this is a concentration of some type.

uphasl The name of an aqueous basis species or a mineral, solid solution, or gas species required to define
an input constraint under thféag = 17, 18, 19, 20, and 21
options.

uphas2 The name of solid solution end-member component required to define an input constraint under
thejflag = 20 option.

usolb The name of a solid solution for which a composition is entered for the purpose of computing the
corresponding affinity and saturation index.

umemb The name of an end-member component of the solid-solution whose name is imgnibin

xbarb The mole fraction of a solid solution end-member component whose name is inpgnmb.

Table ofjflag Options:

iflag Ccsp
-1 Suppression option- resp input.; This has the same effect as entering a concentration of zero.

This is a convenient way to keep unwanted auxiliary basis species from appearing in the model.
Total molality.

Total molarity.

Total concentration, mg/L.

Total concentration, mg/kg of solution.

Free molality.

Free molarity.

Free concentration, mg/L.

N~ o o~ w N B+, O

Free concentration, mg/kg of solution.
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16
17

18
19

20

21

27

30

Free concentration, ASTP)/cn? solution.
The log activity. This is the means of enteff)(-pH = IogaH+ ).

Combination log activity function- enter the name of the corresponding ion as
uphasl This is the means of enteripgCl (-pHCI = IogaH+ + IogaCI_ ).

Mean log activity- enter name of corresponding ion@sasl

Equilibrium with a pure mineral- rasp input; enter name of mineral as
uphasl.

Equilibrium with a solid solution end-member componentesminput; enter name of the solid
solution asiphasland the name of the end membeupbas?2

Equilibrium with gas- enter the log fugacity of the gasspsenter the name of the gasughasl

Equilibrium with other basis species, but unconstrained by any mass balance relatispsano
put; this option is available only for auxiliary basis species. This is the defa} gy and
Hagaay

Eliminate an auxiliary basis species from the active basis sespput. This is the default for
all auxiliary basis species other th@p,q)andHy(aqy

Example of an EQ3Nhput file in “W” format.

EQ3NR input file name= swmaj.3i
Description= "Sea water, major ions only"

Version number= 3245

Stage number= 01

Created 06/08/90 Creator=T.J. Wolery
Revised 06/08/90 Revisor=T.J. Wolery

Sea water, including only the major ions. This is a considerably
pared-down version of swtst.3i, which contains the full benchmark
sea water test case of Nordstrom et al. (1979, Table III).

Purpose: to test the code on a small problem involving a moderately
concentrated solution. The activity coefficients of the aqueous
species are calculated from the B-dot equation and related equations.

References

Nordstrom, D. K., et al.,
models for equilibrium
E. A., editor, Chemical

1979, A comparison of computerized chemical
calculations in aqueous systems, in Jenne,
Modeling in Aqueous Systems, ACS Symposium

Series, v. 93, American Chemical Society, Washington, D.C.,

p. 857-892.

endit.
tempc= 25

rho=  1.02336 tdspkg= 0. tdspl= 0.
fep= 0.500 uredox=

tolbt= 0. toldl=

itermx= 0
* 1 2
iopt1-10= -1
iopgl-10= 0
ioprl-10= 0
iopr11-20= 0
iodb1-10= 0
uebal= none
nxmod= 0

coCoow
co9ocos

tolsat= 0.

co9ocow
co9ocoo
co®o°e~ o
coPoo®
co9oo©
co9o°5
co®Po©°

data file master species= na+

switch with species=
jflag= 3 csp=10768.

data file master species= k+

switch with species=
jflag= 3 csp=399.1

data file master species= ca++

switch with species=
jflag= 3 csp=412.3

data file master species= mg++

switch with species=
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jflag= 3 csp=1291.8

data file master species= h+
switch with species=
jflag= 16 csp=-8.22

data file master species= hco3-
switch with species=
jflag= 0 csp=.002022

data file master species= cl-
switch with species=
jflag= 3 csp=19353.

data file master species= so04--
switch with species=
jflag= 3 csp=2712.

endit.

The EQ3NRnNput file in “D” format is illustrated by the following example, which contains the
same problem that was just presented in “W” format. The mapping between the two is largely
self-evident. The most immediately obvious characteristic afi@ut file in “D” format is its

use of the “|” character to delimit fields in which data are entered. Note that an asterisk (“*”) is
used to mark the choice of units for entering total dissolved salts. It may also be used to choose
among two of the options for electrical balancing (“code selects” and “not performed”). If elec-
trical balancing is to be done on a specified ion, the name of the ion should simply be entered in
the field provided. The principal option switches are set in blocks in which an asterisk is used to
mark the desired choice. If more than one choice is marked for the same option, the code writes
an error message and execution stops. In the case of debugging option switches, the user enters
a numerical input of 0, 1, or 2. If 2 is a valid input, a “2” appears on the line following the final
“I”. When EQ3NR reads anput file in “D” format, it immediately checks the range limits and
notes discrepancies in the instant echo omthput file. When the code reads aiput file in

“W” format, such checks are made after ithjgut file has been read.

Note that theoptl option is handled in a special way. It does not appear in the options block, but
in the block of inputs for the basis species. Here it appears as a “species” called 'REDOX'. This
is used in the example to input Bkl by entering the corresponding string 'EH'". The available
options are as follows:

ioptl “D” format string Meaning

-3 'REDOX COUPLE' A normal basis species input line fgf,(ds expected to
immediatelyfollow the 'REDOX" input line. The “D” format
string for this option is not descriptive of the actual option;
something like 'O2 INPUT’ would have been a better choice.

-2 'PE' pe.
-1 'EH' Eh, volts.
0 'LOGFO2' log oxygen fugacity.
1 'REDOX COUPLE' Use redox couple definedurgdox input. The auxiliary basis

species corresponding tathdox variable is defined by
the species on the species inputiimediatelyfollowing the
'REDOX’ input line. It is not defined in the constraint field
on the 'REDOX' input line itself, as one might expect.

Although these strings are listed here in upper case, the code does not consider case in interpret-
ing them. Similar strings noted below are treated in the same manner.
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Instead of enteringlaxmod number to define the type of anXmod” alter/suppress option, one
uses one of the following strings:

kxmod “D” format string Meaning

-1 'SUPPRESS' Suppress the phase/reaction.
0 'REPLACE' Replace thieg K.
1 '"AUGMENTK' Augment thdog K.
2 '"AUGMENTG' Thelog K changed as if the corresponding Gibbs energy of reaction

were decremented bytkmod kcal/mole.

Thejflag options are also handled in “D” format by character strings. These are listed in the fol-
lowing table.

jflag “D” format string

0 'MOLALITY'
1 'MOLARITY"
2 'MG/L'
3 'MG/KG'
4 'FREE MOLAL'
5 'FREE MOLAR'
6 'FREE MGIL'
7 'FREE MG/KG'
8 'FREE CM3/CM' ()
16 'LOG ACTIVITY (1)
17 'LOG ACTIVITY COMBO' (t1)
18 'LOG MEAN ACTIVITY"
19 'MINERAL'
20 'SOLID SOLUTION'
21 'GAS'
27 'DEPENDENT!
30 'ELIMINATED'

(*) This is a typographical error in the code.
(T) One may use the string 'PH' to enterphie
(T1) One may use the string 'PHCL' to entergHEl
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Example of the same EQ3NRout file in “D” format.

EQ3NR input file name= swmaj.3i |
Description= "Sea water, major ions only" |
VVersion number= 3245 Stage number= 01 |
Created 06/08/90 Creator=T.J. Wolery |
Revised 06/08/90 Revisor= T.J. Wolery |

Sea water, including only the major ions. This is a considerably |
pared-down version of swtst.3i, which contains the full benchmark |
sea water test case of Nordstrom et al. (1979, Table III). |

Purpose: to test the code on a small problem involving a moderately |
concentrated solution. The activity coefficients of the aqueous |
species are calculated from the B-dot equation and related equations. |

References |

Nordstrom, D. K., et al., 1979, A comparison of computerized chemical |
models for equilibrium calculations in aqueous systems, in Jenne, |
E. A., editor, Chemical Modeling in Aqueous Systems, ACS Symposium |
Series, v. 93, American Chemical Society, Washington, D.C., |

p. 857-892. |
| I
Temperature (C) | 25.00 |Density(gm/cm3)| | 1.02336 |
Total Dissolved Salts | | mg/kg | mg/l |*not L:lSBd |
Electrical Balancing on | | code selects |*not:pen‘ormed|

SPECIES | BASIS SWITCH/CONSTRAINT | CONCIENTRATION| UNITSOR TYPE |
|

redox | | 0.5000 leh |
na+ | | 10768. |mg/kg |
k+ | | 399.10 |mg/kg |
cat+ | | 412.30 |mg/kg |
mg++ | | 1291.8 |mg/kg |
h+ | | 8.2200 |ph |
hco3- | |0.20220E-02 |molality |
cl- | | 19353. |mg/kg |
sod-- | | 2712.0 Img/kg |

Input Solid Solutions |

none | | | |

|
SUPPRESSED SPECIES (suppress,replace,augmelntk,augmentg) value |
|

none | | |

OPTIONS |

- SOLID SOLUTIONS - |
* ignore solid solutions |
process hypothetical solid solutions |
process input and hypothetical solid solutions |
- LOADING OF SPECIES INTO MEMORY - |
* does nothing |
lists species loaded into memory |
- ECHO DATABASE INFORMATION - |
* does nothing |
lists all reactions |
lists reactions and log K values
lists reactions, log K values and polynomial coef. |
- LIST OF AQUEOUS SPECIES (ordering) - |
* in order of decreasing concentration |
in same order as input file |
- LIST OF AQUEOUS SPECIES (concentration limit) - |
* all species |
only species > 10**-20 molal |
only species > 10**-12 molal |
not printed |
- LIST OF AQUEOUS SPECIES (by element) -
* print major species
print all species |
don't print |
- MINERAL SATURATION STATES -
* print if affinity > -10 kcals |
print all |
don't print |
- pH SCALE CONVENTION -
* modified NBS |
internal |
rational |
- ACTIVITY COEFFICIENT OPTIONS -
* use B-dot equation |
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Davies' equation |
Pitzer's equations |
- AUTO BASIS SWITCHING - |
* off |

on |
- PITZER DATABASE INFORMATION - |
* print only warnings
print species in model and number of Pitzer coefficients |
print species in model and names of Pitzer coefficients |
- PICKUP FILE -
* write pickup file |
don't write pickup file |
- LIST MEAN IONIC PROPERTIES - |
* don't print |
print |
- LIST AQUEOUS SPECIES, ION SIZES, AND HYDRATION NUMBERS -
* print
don't print |
- CONVERGENCE CRITERIA - |
* test both residual functions and correction terms |
test only residual functions
|
|
DEBUGGING SWITCHES (o-off, 1,2-on, default is off) |
|

0 generic debugging information |2

0 print details of pre-Newton-Raphson iteration |2
0 print details of Newton-Raphson iteration |

0 print details of stoichiometric factors |2

0 print details of stoichiometric factors calculation |
0 write reactions on RLIST
0 list stoichiometric concentrations of master species |
0 request iteration variables to be killed
|

|
DEVELOPMENT OPTIONS (used for code development)

|

none |

|
TOLERANCES (desired values) (defallults) |
|

|
residual functions | |1.e-10 |
correction terms | |1.e-10 |
saturation state | 10.5 |
number of N-R iterations | 130 |

EQ3NRIinput files in “D” format are treated differently from ones in “W” format in one impor-

tant way. The input from files in “D” format are checked against allowed range limits, where such
exist, as soon as the relevant lines of data are read. Error or warning messages may therefore ap-
pear right after these lines in the instant echo portion afultput file. Essentially the same

checks are made for input in “W” format, but after the current problem has been read from the
input file. Any relevant error or warning messages therefore appear after the instant echo on the
output file.

6.2. Cautions

In the absence of analytical data, it is recommended that users take the default corjtlamn of

= 27 for the auxiliary basis speci®g,q)andHyq) The reason is that one (or the other) will

then usually have a low but sufficiently high concentration to insure some poising of the oxygen
fugacity. This has little significance if one is not passing the solution model on to EQ6. However,
if one does, this is helpful in avoiding computational difficulties in that code which may arise in
trying to treat very ill-poised systems. As an example, a user might be interested in the dissolu-
tion of a feldspar i€O,-charged water. This problem appears to have no redox aspect, but EQ6

expects a problem to have a redox aspect unless the user invokes special optionj{gpme

is not present in the modeled solution and these special options are not invoked, the code will run
with very small step sizes, trying to do the nearly impossible job of accurately calculating the ox-
ygen fugacity when there is hardly anything present to define it. If on running EQ3NR one sets
ioptl = 0 and setkep to -0.700, the oxygen fugacity will at the atmospheric value and a concen-
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tration ofO,(5q) Will be computed which is in equilibrium with this. This is enough to poise the

system in the example cited, and EQ6 can then be run quite nicely without having to invoke the
above noted special options.

If the user creates an aqueous system model in which data are input for an auxiliary basis species
but not for the corresponding strict basis species, the results from the code calculation may not
be what the user intended. Suppose an analyst reports 2 mg/L of dissoleedome water. On

all of the existing EQ3/6 data fileB?* is the strict basis species aRef’ is in the auxiliary
basis. Generally speaking, the quantity reported by the analyst really means total dissolved iron

of either form. To input this correctly, the user must enter 2 mg/E€dt. Then lettingflag for
Fe3* default to 30, the mass balances for the two forms are combined and the calculation is done
correctly. On the other hand, if the user inputs 2 mg/IE&F, thejflag value forFe?* will de-

fault to -1, an internal value equivalentfiag = 0 andcsp= 0. In other wordsFe?* (and its
associated ion pairs and complexes) will be absent from the model, and the input total concen-

tration will be distributed only amor@a3+ and its ion pairs and complexes.

As a general rule, it is not wise to create EQ3NR models in which an auxiliary basis species is
present in the absence of the corresponding strict basis species. The calculations may be valid.
However, the resulting aqueous solution model can not be input to EQ6. In situations in which
an auxiliary basis species is present in the actual absence of the corresponding strict basis species,
the roles of these species should be reversed by a basis switch. The instructions for the switch
and the desirefflag andcsp values should be entered on thgut file as input for the original

strict basis species. As thepinput is initially interpreted in terms of this species, and will then

be recalculated by the code for stoichiometric equivalence with the species switched into the
strict basis set, it may be necessary to recalculate the analytical data for stoichiometric equiva-
lence with the original basis species. The code will then invert this same calculation when it
makes the basis switch.
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7. Sample Problems: Inputs and Outputs

7.1. Introduction

This chapter presents thgut and output files for several speciation-solubility modeling prob-
lems that are successfully executed by EQ3NR. Each example begins with a short discussion.
Theinput file andoutput files are then presented. The reader is encouraged to compapithe

file examples presented here with thput file description presented in Chapter 6. Note that
eachoutput file begins with an “instant” echo of theput file. The examples presented here

were run on a Sun SPARCstation IPC using optimized code, using the “W” format input files and
the “R10”com andhmw data files. More examples of EQ3Ntput files can be found in Ap-
pendix F of the EQ6 Theoretical Manual and User’s Guide (Wolery and Daveler, 1992). The ex-
amples presented here are relatively simple. ifwot files addressing more complex problems

are presented without external comments or computed results in Appendix E.

On theoutput files one will occasionally see “+999” and “-999”. These are respectively treated
in EQ3/6 as the logarithms of plus infinity and zero, respectively. In the context of their appear-
ance in these files, they generally signify a condition of “no data.”.

7.2. Sea Water Test Case, with Major Cations and Anions Only

The first sample problem is the sea water test case from Nordstrom et al. (1979), but in which
only the major cations and anions are included. This simplified test case is a classic example in
geochemistry (Garrels and Thompson, 1962; Garrels and Christ, 196tplhdle was pre-

sented in both “W” and “D” formats in the previous chapter, and will not be repeated here. We
will here focus on theutput file. The correspondingickup file is presented in Chapter 8. The
datalfile used is theomfile, and the activity coefficients are computed from the B-dot equation

(iopgl=0).

Theoutput file for this problem is presented in its entirety. The output begins with the name of
the code and the version identificatioE@3NR, version 3245.1090R124 "). This is fol-

lowed by a copyright notice and a set of disclaimers. This in turn is followed by a time and data
stamp (Run 09:31  3Dec91 ").

The instant echo of theput file appears following the line;-* reading the inputfile

--- ". Theinput file contents appear shifted one character to the right, to be consistent with the
use of older carriage control conventions. If all goes well this is followed by a blank line and the
message,-*- the input file has been successfully read ---

The next action of the code is to read dia¢al file. Note that the code prints messages when it
starts (=-- reading the datal file --- ") and finishes (*-- the datal file
has been successfully read --- ") this action.

This is followed by “EQ3NR”in large block letters. The code name and version identification are
given, along with the version identification for the EQLIB library. The title fromrpat file

is printed, followed by the name and version identification of the supporting data file. Problem
and data file statistics are then printed, followed by a list of the problem inputs, including any
default values or truncated values taken by the code. The table appearing under the header
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“--- input constraints --- " is part of this summary. It is followed by a table headed

by “--- inactive aqueous species --- ". The entries in this table, if any, correspond

to species which are either lacking thermodynamic data or have been suppressed by user options
on theinput file.

This is followed by the table headed by-‘modified input constraints --- ”

This lists the model inputs as they have been modified by the program before Newton -Raphson
iteration commences. The modified constraints may differ from the original ones in several ways.
They include all conversions of concentration units to the molal scale, any defaults provided by
the program, and the effects of any basis switching. This table also shows the status of any aux-
iliary basis species that pertain to the model but which were not listed mptitdile. Users

should make it a point to examine this table to ensure that the model they are getting is indeed
the one they want.

At this point, the code has set up the problem and is ready to solve it. The code then sets up start-
ing estimates and refines them somewhat according to a pre-Newton-Raphson optimization al-
gorithm described in Chapter 9. If this is successful, the code wrtesptimization

ended within requested limits --- ". This step is not always successful, which

leads to the appearance of a message to that effect. However, this does not mean that the code
has or will fail to solve the problem. It only means that the optimization algorithm failed to satisfy

a set of tolerances before handing the problem over to hybrid Newton-Raphson iteration.

Some data are then printed showing the progress of hybrid Newton-Raphson iteration. The user
does not need to be concerned with these data as long as the iteration process succeeds. The print-
ing of these data on tlwutput file is primarily done to provide an obvious break between the
problem setup and the problem results. If iteration is successful, a message is printed to that effect
(“Hybrid newton-raphson iteration converged in 4 steps. ").

The data that follow should all be self-explanatory. Note that in the table headed-by “

distribution of aqueous species ----- " many organic species appear. This oc-

curs because the code is treating these species as complex¥350fThis problem was dis-

cussed in Chapter 5 (at the end of Section 5.2). The R10 versionofilamdsup data files

have a small number of organic species are in the auxiliary basis. There is a larger number of non-
basis organic species, which are related by their associated reactions to these auxiliary basis spe-
cies. These in turn are each relateH@05". Looking in the table headed by-modified

input constraints --- ", we see what the species are and that jleg values have

been assigned default values of 30. This eliminates them from the active basis set and causes

them and all related non-basis organic species to be treated as comple&€x of

Knowing what these auxiliary basis species are, one could go back anflantei0 andcsp=

0 for each of them, and then no organic species would appear in the computed model, which is
really what one might normally desire. However, in this case, the results are not sensibly different
from those that were desired anyway. Because the oxygen fugacity is high, the computed con-
centrations of all of these organic species are vanishingly small from a practical point of view.
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Organic species can be more easily kept out of a speciation model using the newer R16 data files.
The species 'acetic acid(aq)', one of the organics in the auxiliary basis, is now treated as the
“mother” of all other organics. This was accomplished by writing the reactions of the other or-
ganic auxiliary basis species so that these species are converted to acetic acid instead of bicar-
bonate. Thus, enterinfilag = 0 andcsp= 0 for acetic acid suffices to prevent the appearance of
any organic species (caution: the spe€lblg ,q)is not treated as an organic; enfieig = 0 and

csp= 0 for it as well if this species is not desired). Similarly, on the R16 data files, the species
S,% is the “mother” of other polysulfide species sucBg#sandS,>, andS,05%" is the “mother”

of similar partially oxidized sulfur species suctf®,% andS,0s>". The R16 data files became

available close to the publication deadline for this series of reports. It was not feasible to update
the examples using these data files.

In the *----- summary of aqueous redox reactions ----- ", we see that the
tabulated redox parameters have the same values for all of the redox couples in the table. This
indicates that all these couples are in mutual equilibrium. This is not a scientific conclusion about
the chemistry of sea water. Rather, it is an example that what comes out of a model must be con-
sistent with what went into it. The input constraints for this problem assumed this equilibrium.

In the *----- summary of stoichiometric mineral saturation states -

---- ", note that low to moderate supersaturations are predicted for several carbonate minerals,
including calcite and aragonite. These are to be expected for surface sea water(ae@3or
example, Berner, 1971).

Note that when the code is done with this problem, it looks for another mpthdile. Not find-
ing any, it terminates by writing run time statistics.

The EQ3NRoutput file for the sea water test case

EQ3NR, version 3245R124

Copyright (c) 1987, 1990 The Regents of the University of California,
Lawrence Livermore National Laboratory. All rights reserved.

Supported by EQLIB, version 3245R153

Copyright (c) 1987, 1990 The Regents of the University of California,
Lawrence Livermore National Laboratory. All rights reserved.

This work was produced at the University of California,
Lawrence Livermore National Laboratory (UC LLNL) under
contract no. W-7405-ENG-48 between the U. S. Department of
Energy (DOE) and The Regents of the University of California
(University) for the operation of UC LLNL. Copyright is
reserved to the University for purposes of controlled
dissemination, commercialization through formal licensing,

or other disposition under terms of Contract 48; DOE

policies, regulations, and orders; and U. S. statutes.

DISCLAIMER

This computer code was prepared as an account of work
sponsored by an agency of the United States Government.
Neither the United States Government nor the University of
California nor any of their employees, makes any warranty,
express or implied, or assumes any liability or responsi-
bility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately-owned
rights. Reference herein to any specific commercial,
product, process, or service by trade name, trademark,
manufacturer, or otherwise, does not necessarily constitute
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or imply its endorsement, recommendation, or favoring by the
United States Government or the University of California.
The views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States
government or the University of California, and shall not

be used for advertising or product endorsement purposes.

LLNL YUCCA MOUNTAIN PROJECT DISCLAIMER

The Lawrence Livermore National Laboratory, a participant in
the Yucca Mountain Project, has not determined that this
software constitutes "approved code" for the conduct of
"quality affecting work" for the Yucca Mountain Project.

Run 09:31 3Dec91

--- reading the input file ---

EQ3NR input file name= swmaj.3i
Description= "Sea water, major ions only"
Version number= 3245 Stage number= 01
Created 06/08/90 Creator= T.J. Wolery
Revised 06/08/90 Revisor=T.J. Wolery

Sea water, including only the major ions. This is a considerably
pared-down version of swtst.3i, which contains the full benchmark
sea water test case of Nordstrom et al. (1979, Table IlI).

Purpose: to test the code on a small problem involving a moderately
concentrated solution. The activity coefficients of the aqueous
species are calculated from the B-dot equation and related equations.

References

Nordstrom, D. K., et al., 1979, A comparison of computerized chemical
models for equilibrium calculations in aqueous systems, in Jenne,
E. A., editor, Chemical Modeling in Aqueous Systems, ACS Symposium
Series, v. 93, American Chemical Society, Washington, D.C.,
p. 857-892.

endit.
tempc= 0.25000E+02
rho= 0.10234E+01 tdspkg= 0.00000E+00 tdspl= 0.00000E+00
fep= 0.50000E+00 uredox=
tolbt= 0.00000E+00  toldl= 0.00000E+00 tolsat= 0.00000E+00
itermx= 0
8 9 10

ioprl-10=
iopr11-20= 0
iodb1-10= 0
uebal= none
nxmod= 0
data file master species= na+
switch with species=
jflag= 3 csp= 0.10768E+05
data file master species= k+
switch with species=
jflag= 3 csp= 0.39910E+03
data file master species= ca++
switch with species=
jflag= 3 csp= 0.41230E+03
data file master species= mg++
switch with species=
jflag= 3 csp= 0.12918E+04
data file master species= h+
switch with species=
jflag= 16 csp=-0.82200E+01
data file master species= hco3-
switch with species=
jflag= 0 csp= 0.20220E-02
data file master species= cl-
switch with species=
jflag= 3 csp= 0.19353E+05
data file master species= so4--
switch with species=
jflag= 3 csp= 0.27120E+04
endit.

7

0
0

0
0
0

co®o©°
co®Po°
co®o©°
co®Po°

--- the input file has been successfully read ---

--- reading the datal file ---

--- the datal file has been successfully read ---

* note - (eqlib/inbdot) The following aqueous species
have been assigned a default hard core diameter of

4.000 Angstroms-
cacl2(aq)
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caco3(aq)
caso4(aq)
kel(aq)
khso4(aq)
koh(aq)
mgco3(aq)
nach3coo(aq)

eeee qqgq 33333 n n rrr

e qq 3nmnrr

eeee g g 33 nnn rrr

e qgq 3nnnrr

eeee qqgq 3333 n nr r
q

eq3nr.3245R124x
supported by eqlib.3245R153

EQ3NR input file name= swmaj.3i
Description= "Sea water, major ions only"
Version number= 3245 Stage number= 01
Created 06/08/90 Creator=T.J. Wolery
Revised 06/08/90 Revisor= T.J. Wolery

Sea water, including only the major ions. This is a considerably
pared-down version of swtst.3i, which contains the full benchmark
sea water test case of Nordstrom et al. (1979, Table IlI).

Purpose: to test the code on a small problem involving a moderately
concentrated solution. The activity coefficients of the aqueous
species are calculated from the B-dot equation and related equations.

References

Nordstrom, D. K., et al., 1979, A comparison of computerized chemical
models for equilibrium calculations in aqueous systems, in Jenne,
E. A, editor, Chemical Modeling in Aqueous Systems, ACS Symposium
Series, v. 93, American Chemical Society, Washington, D.C.,
p. 857-892.

data0.com.R10
THERMODYNAMIC DATABASE
generated by gembochs/INGRES 15-apr-91

the activity coefficients of aqueous solute species
and the activity of water are calculated according to the
b-dot equation plus others

temperature= 25.00 degrees celsius
pressure= 1.0132 bars

78 elements are in the data base
100 elements can be loaded into memory
9 elements are active in this problem

852 aqueous species are in the data base

258 aqueous species were loaded into memory
800 aqueous species can be loaded into memory
133 aqueous species are active in this problem

773 aqueous reactions are in the data base
179 aqueous reactions were loaded into memory
699 aqueous reactions can be loaded into memory

886 minerals are in the data base

84 minerals were loaded into memory
850 minerals can be loaded into memory
84 minerals are active in this problem

12 solid solutions are in the data base
50 solid solutions can be loaded into memory

76 gases are in the data base

16 gases were loaded into memory
80 gases can be loaded into memory
16 gases are active in this problem
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ioptl
iopt2
iopt3
ioptd
iopts
iopt6
iopt7
iopt8
iopt9

-1 (redox option switch)

0 (automatic basis switching switch)
0 (interfacing output control switch)
0 (turn-on solid solutions switch)

0 (not used)

0 (conwv. test criteria switch)

0 (0/1 3245/post-3245 pickup file)

0 (not used)

0 (not used)

iopth_: 0 (not used)

gl = O (act. coeff. choice)

g2 = 0 (ph scale convention switch)

g3 = 0 (not used)

g4 = 0 (not used)

g5 = 0 (not used)

g6 = 0 (not used)

g7 = 0 (not used)

g8 = 0 (not used)

g9 = 0 (not used)

g10 = 0 (not used)

ioprl = 0 (list loading of species)

iopr2 = 0 (list reactions and log k values)

iopr3 = 0 (aqueous species print order control)
iopr4 = 0 (aqueous species print cut-off control)
iopr5 = 0 (mass balance percentages print control)
iopré = 0 (mean ionic act coeff print control)
iopr7 = 0 (mineral affinity print control)

iopr8 = 0 (ion size and hydr. no. print control)
iopr9 = 0 (pitzer coefficients tabulation)

ioprl0 = O (print concbs array)
ioprll = 0 (not used)
ioprl2 = 0 (not used)
ioprl3 = 0 (not used)
ioprl4 = 0 (not used)
ioprl5 = 0 (not used)
ioprl6 = 0 (not used)
ioprl7 = 0 (not used)
ioprl8 = 0 (not used)
ioprl9 = 0 (not used)
iopr20 = 0 (not used)

iodbl = 0 (printinfo. messages switch)

iodb2 = 0 (print pre-newton-raphson optimizations switch)
iodb3 = 0 (request iteration variables to kill)

iodb4 = 0 (print newton-raphson iterations switch)

iodb5 = 0 (list stoichiometric equivalences)

iodb6 = 0 (controls iodb5 level of detail)

iodb7 = 0 (write reactions on file rlist switch)

iodb8 = 0 (not used)

iodb9 = 0 (not used)

iodb10 = 0 (not used)

solution density = 1.02336 g/ml

total dissolved salts = 0.00 mg/kg solution
total dissolved salts = 0.00 mg/l
tolbt = 0.10000E-05 (convergence tolerance on residual functions)

told

= 0.10000E-05 (convergence tolerance on correction terms)

tolsat = 0.50000E+00 (phase saturation tolerance, does not affect

species

na+
k+
cat++
mg++
h+
hco3-
cl-
S04--

(o-phth)--

convergence)

--- input constraints ---
csp jflag input type/co-species

1.07680E+04 3 tot conc, mg/kg
3.99100E+02 3 tot conc, mg/kg
4.12300E+02 3 tot conc, mg/kg
1.29180E+03 3 tot conc, mg/kg
-8.22000E+00 16 log activity
2.02200E-03 0 tot conc, molal
1.93530E+04 3 tot conc, mg/kg
2.71200E+03 3 tot conc, mg/kg

--- inactive aqueous species ---

benzene(aq)
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--- modified input constraints ---

species csp jflag input type/co-species
cat++ 1.02874E-02 0 tot conc, molal
cl- 5.45882E-01 0 tot conc, molal
h+ -8.22000E+00 16 log activity
hco3- 2.02200E-03 0 tot conc, molal
k+ 1.02076E-02 0 tot conc, molal
mg++ 5.31496E-02 0 tot conc, molal
na+ 4.68382E-01 0 tot conc, molal
S04-- 2.82313E-02 0 tot conc, molal
o-phth)-- 0.00000E+00 30 eliminated species
acetic acid(aq) 0.00000E+00 30 eliminated species
acetone(aq) 0.00000E+00 30 eliminated species
benzene(aq) 0.00000E+00 30 eliminated species
clo4- 0.00000E+00 30 eliminated species
co2(aq) 0.00000E+00 30 eliminated species
c03-- 0.00000E+00 30 eliminated species
ethane(aq) 0.00000E+00 30 eliminated species
h2(aq) 0.00000E+00 27 dependent species
hs- 0.00000E+00 30 eliminated species
methane(aq) 0.00000E+00 30 eliminated species
methanol(aq) 0.00000E+00 30 eliminated species
02(aq) 0.00000E+00 27 dependent species
oh- 0.00000E+00 30 eliminated species
S03-- 0.00000E+00 30 eliminated species

--- optimization ended within requested limits ---

iter= 0
del( )= 0.00000E+00, delfnc=0.00000E+00
beta(conc so4-- )= 7.30728E-02, betfnc= 0.00000E+00
bbig= 7.30728E-02, ubbig= so4--
bneg= 0.00000E+00, ubneg= none
bgamx= -1.52413E-04, ubgamx= mg4(oh)4++++
bsigmm=0.00000E+00
bxi= 0.00000E+00
btfcnr=0.00000E+00

iter= 1

del(conc so4-- )=-2.71823E-02, delfnc= 0.00000E+00

beta(conc so4-- )= 4.33286E-03, betfnc= 9.40705E-01
bbig= 4.33286E-03, ubbig= so4--

bneg= 0.00000E+00, ubneg= none

bgamx= 3.79456E-03, ubgamx= mg4(oh)4++++
bsigmm= -4.72140E-03

bxi= -7.47492E-03

btfcnr= 9.66315E-01

iter= 2

del(conc so4-- )=-1.78199E-03, delfnc= 9.34443E-01

beta(conc so4-- )= 8.88619E-05, betfnc= 9.79491E-01
bbig= 8.88619E-05, ubbig= so4--

bneg= 0.00000E+00, ubneg= none

bgamx= 1.61629E-04, ubgamx= mg4(oh)4++++
bsigmm= -1.18720E-04

bxi=-3.19161E-04

btfcnr=9.97835E-01

iter= 3

del(conc so4-- )=-3.60684E-05, delfnc= 9.79759E-01

beta(conc so4-- )= 1.86766E-06, betfnc= 9.78982E-01
bbig= 1.86766E-06, ubbig= so4--

bneg= 0.00000E+00, ubneg= none
bgamx= 3.78998E-06, ubgamx= mg4(oh)4++++
bsigmm= -1.99320E-06
bxi= -7.48465E-06
btfcnr=9.98734E-01

iter= 4

del(conc so4-- )=-7.53517E-07, delfnc= 9.79109E-01

beta(conc so4-- )= 4.07346E-08, betfnc= 9.78189E-01
bbig= 4.07346E-08, ubbig= so4--

bneg= 0.00000E+00, ubneg= none

bgamx= 8.28345E-08, ubgamx= mg4(oh)4++++
bsigmm= -4.06084E-08

bxi=-1.63586E-07

btfcnr=9.98643E-01

Hybrid newton-raphson iteration converged in 4 steps.
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element  mgl/l mg/kg moles/kg

o 0.91080E+06 0.89001E+06 0.5562741837E+02
ca 421.93 412.30 0.1028743958E-01

cl  19805. 19353. 0.5458822606E+00

h  0.11451E+06 0.11190E+06 0.1110187334E+03
c 24.854 24.286 0.2022000015E-02

k 408.42 399.10 0.1020760495E-01

mg  1322.0 1291.8 0.5314955849E-01

na  11020. 10768. 0.4683822421E+00

S 926.41 905.26 0.2823129792E-01

species mg/l mg/kg moles/kg

h2o 0.10256E+07 0.10021E+07 0.5562741837E+02
cat++ 421.93 412.30 0.1028743958E-01

cl- 19805. 19353. 0.5458822606E+00

h+ 0.11451E+06 0.11190E+06 0.1110187334E+03
hco3- 126.26 123.38 0.2022000015E-02

k+ 408.42 399.10 0.1020760495E-01

mg-++ 1322.0 1291.8 0.5314955849E-01

na+ 11020. 10768. 0.4683822421E+00

s04-- 2775.4 2712.0 0.2823129792E-01

--- equivalent composition of the aqueous phase (cte balances) ---

original basis existing basis

species moles/kg h2o species moles/kg h2o

h2o 0.5562741837E+02 h20 0.5562741837E+02
cat++ 0.1028743958E-01 ca++ 0.1028743958E-01
cl- 0.5458822606E+00 cl- 0.5458822606E+00
h+ 0.1110187334E+03 h+ 0.1110187334E+03
hco3- 0.2022000015E-02 hco3- 0.2022000015E-02
k+ 0.1020760495E-01 k+ 0.1020760495E-01
mg++ 0.5314955849E-01 mg++ 0.5314955849E-01
na+ 0.4683822421E+00 nat 0.4683822421E+00
S04-- 0.2823129792E-01 so04-- 0.2823129792E-01

single ion activities and activity coefficients are here defined
with respect to the modified nbs ph scale

ph eh pe
modified nbs ph scale 8.2200 0.5000 8.4522E+00
rational ph scale 8.1079 0.5066 8.5642E+00

phcl=  8.6852

activity of water = 0.98233
log activity of water = -0.00774

true osmotic coefficient= 0.91574
stoichiometric osmotic coefficient= 0.88520

sum of true molalites= 1.0809268297521
sum of stoichiometric molalities= 1.1182172082006

true ionic strength= 0.6226746935852
stoichiometric ionic strength= 0.6966516633063

equiv/kg

sigma(mz) cations =  0.5599125897E+00
sigma(mz) anions = -0.5589585101E+00
total charge =  0.1118871100E+01
mean charge =  0.5594355499E+00
charge imbalance =  0.9540796580E-03

total charge = sigma(mz) cations + abs ( sigma(mz) anions )
mean charge = 1/2 total charge
the electrical imbalance is

0.853E-01 per cent of the total charge
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0.171  per cent of the mean charge
0.170 per cent of sigma(mz) cations
0.171  per cent of abs ( sigma(mz) anions )

----- activity ratios of ions -----

log (act(cat++ )/ actth+)xx2) = 13.7680

log ( act(cl- )x act(h+)xx 1) = -8.6852

log ( act(hco3- )xact(h+)xx 1) = -11.2683

log ( act(k+ )/actth+)xx1)=  6.0012

log ( act(mg++ )/ act(h+)xx2)= 14.5174

log ( act(na+ )/actth+)xx1)=  7.6792

log ( act(so4-- )x act(h+)xx 2) = -19.0522

log ( act(acetic acid(aq) )= -125.8688

log ( act(acetone(aq) ) )= -248.3402

log ( act(clo4- )x act(h+)xx 1) = -63.0544

log ( act(co2(aq) )= -4.9159

log ( act(co3-- )x act(h+)xx2) = -21.5971

log ( act(ethane(aq) )= -209.3925

log (act(h2(aq) ) )= -36.4494

log ( act(hs- ) x act(h+)xx 1) = -118.7090

log ( act(methane(aq) ) )= -116.7571

log ( act(methanol(aq) ) )= -100.1856

log ( act(o2(aq) ) )= -19.3301

log ( act(oh- )xact(h+)xx 1) = -14.0028

log ( act(so03-- )xact(h+)xx2) = -56.0115

----- distribution of aqueous species -----

species molal conc logconc logg activity log act

cl- 0.5244E+00 -0.2804 -0.1848 0.3426E+00 -0.4652
na+ 0.4449E+00 -0.3518 -0.1891 0.2878E+00 -0.5408
mg++ 0.4072E-01 -1.3902 -0.5325 0.1195E-01 -1.9226
nacl(aq) 0.1648E-01 -1.7830 0.0000 0.1648E-01 -1.7830
S04-- 0.1322E-01 -1.8788 -0.7334 0.2442E-02 -2.6122
k+ 0.9981E-02 -2.0008 -0.2180 0.6042E-02 -2.2188
cat++ 0.9268E-02 -2.0330 -0.6390 0.2128E-02 -2.6720
mgso4(aq) 0.7531E-02 -2.1232 0.0000 0.7531E-02 -2.1232
naso4- 0.6650E-02 -2.1772 -0.1559 0.4644E-02 -2.3331
mgcl+ 0.4638E-02 -2.3336 -0.1891 0.3001E-02 -2.5227
hco3- 0.1281E-02 -2.8924 -0.1559 0.8946E-03 -3.0483
caso4(aq) 0.6712E-03 -3.1731 0.0000 0.6712E-03 -3.1731
nahco3(aq) 0.3672E-03 -3.4351 0.0000 0.3672E-03 -3.4351
cacl+ 0.2271E-03 -3.6437 -0.1891 0.1470E-03 -3.8328
mghco3+ 0.1794E-03 -3.7462 -0.1891 0.1161E-03 -3.9353
kso4- 0.1601E-03 -3.7955 -0.1559 0.1118E-03 -3.9514
mgco3(aq) 0.7927E-04 -4.1009 0.0000 0.7927E-04 -4.1009
kel(aq) 0.6629E-04 -4.1786 0.0000 0.6629E-04 -4.1786
cacl2(aq) 0.5676E-04 -4.2460 0.0000 0.5676E-04 -4.2460
cahco3+ 0.3277E-04 -4.4846 -0.1891 0.2120E-04 -4.6736
caco3(aq) 0.3147E-04 -4.5020 0.0000 0.3147E-04 -4.5020
c03-- 0.3068E-04 -4.5132 -0.6439 0.6964E-05 -5.1571
co2(aq) 0.1080E-04 -4.9667 0.0508 0.1214E-04 -4.9159
naco3- 0.9382E-05 -5.0277 -0.1559 0.6552E-05 -5.1836
oh- 0.2523E-05 -5.5980 -0.1848 0.1649E-05 -5.7828
naoh(aq) 0.3100E-06 -6.5086 0.0000 0.3100E-06 -6.5086
caoh+ 0.7574E-07 -7.1207 -0.1891 0.4901E-07 -7.3097
h+ 0.7799E-08 -8.1079 -0.1121 0.6026E-08 -8.2200
koh(aq) 0.3416E-08 -8.4665 0.0000 0.3416E-08 -8.4665
hso4- 0.2008E-08 -8.6972 -0.1559 0.1402E-08 -8.8531
hcl(aq) 0.4414E-09 -9.3552 0.0000 0.4414E-09 -9.3552
mg4(oh)4++++ 0.1287E-11 -11.8904 -2.7012 0.2561E-14 -14.5915
khso4(aq) 0.5789E-12 -12.2374 0.0000 0.5789E-12 -12.2374
02(aq) 0.4161E-19 -19.3808 0.0508 0.4677E-19 -19.3301
h2so4(aq) 0.8468E-20 -20.0722 0.0000 0.8468E-20 -20.0722
clo- 0.8399E-25 -25.0758 -0.1559 0.5866E-25 -25.2317
hclo(aq) 0.1309E-25 -25.8832 0.0000 0.1309E-25 -25.8832
ho2- 0.2519E-29 -29.5988 -0.1559 0.1759E-29 -29.7547
formate 0.9274E-36 -36.0328 -0.1559 0.6476E-36 -36.1887
h2(aq) 0.3161E-36 -36.5001 0.0508 0.3553E-36 -36.4494
hso5- 0.2356E-37 -37.6279 -0.1559 0.1645E-37 -37.7838
S03-- 0.1452E-38 -38.8381 -0.7334 0.2682E-39 -39.5715
hso3- 0.3713E-40 -40.4302 -0.1559 0.2593E-40 -40.5861
formic acid(aq) ~ 0.2209E-40 -40.6558 0.0000 0.2209E-40 -40.6558
clo2- 0.1789E-42 -42.7473 -0.1559 0.1250E-42 -42.9032
clo3- 0.2721E-46 -46.5652 -0.1559 0.1900E-46 -46.7211
h2so3(aq) 0.1592E-46 -46.7980 0.0000 0.1592E-46 -46.7980
s02(aq) 0.1153E-46 -46.9382 0.0000 0.1153E-46 -46.9382
hclo2(aq) 0.1114E-47 -47.9532 0.0000 0.1114E-47 -47.9532
S208-- 0.8163E-53 -53.0882 -0.7334 0.1508E-53 -53.8216
clo4- 0.2241E-54 -54.6496 -0.1848 0.1464E-54 -54.8344
S206-- 0.2098E-62 -62.6782 -0.7334 0.3876E-63 -63.4116
S205-- 0.5643E-85 -85.2485 -0.7334 0.1043E-85 -85.9819
methanol(aq) 0.6522-100 -100.1856 0.0000 0.6522-100 -100.1856
hs- 0.4964-110 -110.3042 -0.1848 0.3244-110 -110.4890
S204-- 0.4126-110 -110.3844 -0.7334 0.7624-111 -111.1178
h2s(aq) 0.1900-111 -111.7213 0.0000 0.1900-111 -111.7213
S-- 0.3383-114 -114.4707 -0.7334 0.6251-115 -115.2041
S203-- 0.1576-115 -115.8025 -0.7334 0.2911-116 -116.5359
methane(aq) 0.1750-116 -116.7571 0.0000 0.1750-116 -116.7571
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acetate 0.5623-122 -122.2500 -0.1559 0.3927-122 -122.4060

mgch3coo+ 0.1350-122 -122.8695 -0.1891 0.8738-123 -123.0586
nach3coo(aq) 0.7468-123 -123.1268 0.0000 0.7468-123 -123.1268
hs203- 0.2595-123 -123.5859 -0.1559 0.1812-123 -123.7418
cach3coo+ 0.1955-123 -123.7089 -0.1891 0.1265-123 -123.8980
acetic acid(aq)  0.1353-125 -125.8688 0.0000 0.1353-125 -125.8688
$306-- 0.3869-147 -147.4124 -0.7334 0.7148-148 -148.1458
ethyne(aq) 0.2582-183 -183.5880 0.0000 0.2582-183 -183.5880
ethanol(aq) 0.2015-188 -188.6957 0.0000 0.2015-188 -188.6957
ethylene(aq) 0.7020-193 -193.1537 0.0000 0.7020-193 -193.1537
s2-- 0.2320-196 -196.6346 -0.7334 0.4286-197 -197.3680
ethane(aq) 0.4050-209 -209.3925 0.0000 0.4050-209 -209.3925
propanoate 0.1592-212 -212.7979 -0.1559 0.1112-212 -212.9538
s406-- 0.5749-216 -216.2404 -0.7334 0.1062-216 -216.9738
propanoic acid(aq) 0.5105-216 -216.2920 0.0000 0.5105-216 -216.2920
acetone(aq) 0.4569-248 -248.3402 0.0000 0.4569-248 -248.3402
1-propyne(aq)  0.7997-270 -270.0971 0.0000 0.7997-270 -270.0971
$3-- 0.1329-278 -278.8766 -0.7334 0.2455-279 -279.6100

1-propanol(aq) 0.6533-279 -279.1849 0.0000 0.6533-279 -279.1849
1-propene(aq) 0.3364-281 -281.4731 0.0000 0.3364-281 -281.4731

propane(aq) 0.5617-300 -300.2505 0.0000 0.5617-300 -300.2505
butanoate 0.1481-303 -303.8295 -0.1559 0.1034-303 -303.9854

butanoic acid(aq) 0.4147-307 -307.3822 0.0000 0.4147-307 -307.3822
s506-- 0.1125-313 -313.9488 -0.7334 0.2078-314 -314.6823

2-butanone(ag)  0.0000E+00 -339.0859 0.0000 0.0000E+00 -339.0859
1-butyne(aq) 0.0000E+00 -361.1213 0.0000 0.0000E+00 -361.1213
s4-- 0.0000E+00 -361.3385 -0.7334 0.0000E+00 -362.0719
1-butanol(ag)  0.0000E+00 -370.8836 0.0000 0.0000E+00 -370.8836
1-butene(aq) 0.0000E+00 -372.6808 0.0000 0.0000E+00 -372.6808
n-butane(aq) 0.0000E+00 -391.1640 0.0000 0.0000E+00 -391.1640
pentanoate 0.0000E+00 -394.7512 -0.1559 0.0000E+00 -394.9071
pentanoic acid(ag) 0.0000E+00 -398.2820  0.0000 0.0000E+00 -398.2820
2-pentanone(aq) ~ 0.0000E+00 -430.2495 0.0000 0.0000E+00 -430.2495
s5-- 0.0000E+00 -444.0203 -0.7334 0.0000E+00 -444.7537
1-pentyne(ag)  0.0000E+00 -452.1309 0.0000 0.0000E+00 -452.1309
1-pentanol(aq)  0.0000E+00 -460.6032 0.0000 0.0000E+00 -460.6032
1-pentene(aq)  0.0000E+00 -463.7123 0.0000 0.0000E+00 -463.7123
n-pentane(aq)  0.0000E+00 -482.1474 0.0000 0.0000E+00 -482.1474
hexanoate 0.0000E+00 -485.7755 -0.1559 0.0000E+00 -485.9314
hexanoic acid(ag) 0.0000E+00 -489.2916 0.0000 0.0000E+00 -489.2916
2-hexanone(aq) ~ 0.0000E+00 -521.0979 0.0000 0.0000E+00 -521.0979
1-hexyne(aq) 0.0000E+00 -543.2359 0.0000 0.0000E+00 -543.2359
1-hexanol(ag) ~ 0.0000E+00 -552.2359 0.0000 0.0000E+00 -552.2359
1-hexene(aq) 0.0000E+00 -554.5535 0.0000 0.0000E+00 -554.5535
n-hexane(aq) 0.0000E+00 -573.2742 0.0000 0.0000E+00 -573.2742
heptanoate 0.0000E+00 -576.7339 -0.1559 0.0000E+00 -576.8898
heptanoic acid(ag) 0.0000E+00 -580.1547 0.0000 0.0000E+00 -580.1547
2-heptanone(aq) ~ 0.0000E+00 -612.0489 0.0000 0.0000E+00 -612.0489
1-heptyne(ag) =~ 0.0000E+00 -634.3775 0.0000 0.0000E+00 -634.3775
1-heptanol(aq) ~ 0.0000E+00 -644.2425 0.0000 0.0000E+00 -644.2425
1-heptene(aq) ~ 0.0000E+00 -645.5264 0.0000 0.0000E+00 -645.5264
n-heptane(aq) ~ 0.0000E+00 -664.2253 0.0000 0.0000E+00 -664.2253
octanoate 0.0000E+00 -667.6849 -0.1559 0.0000E+00 -667.8408
octanoic acid(ag) 0.0000E+00 -670.8858 0.0000 0.0000E+00 -670.8858
2-octanone(aq) ~ 0.0000E+00 -702.9999 0.0000 0.0000E+00 -702.9999
1-octyne(aq) 0.0000E+00 -725.3872 0.0000 0.0000E+00 -725.3872
l1-octanol(ag) ~ 0.0000E+00 -734.9736 0.0000 0.0000E+00 -734.9736
1-octene(aq) 0.0000E+00 -736.6386 0.0000 0.0000E+00 -736.6386
n-octane(aq) 0.0000E+00 -755.2202 0.0000 0.0000E+00 -755.2202

aqueous species accounting for 99% or more of ca++

species molal conc  per cent
cat++ 0.9268E-02 90.09
caso4(aq) 0.6712E-03 6.52
cacl+ 0.2271E-03 2.21
cacl2(aq) 0.5676E-04 0.55
total 99.37

aqueous species accounting for 99% or more of cl-

species molal conc  per cent
cl- 0.5244E+00 96.06
nacl(aq) 0.1648E-01 3.02
total 99.08

aqueous species accounting for 99% or more of hco3-

species molal conc  per cent
hco3- 0.1281E-02 63.36
nahco3(aq) 0.3672E-03 18.16
mghco3+ 0.1794E-03 8.87
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mgco3(aq) 0.7927E-04 3.92

cahco3+ 0.3277E-04 1.62
caco3(aq) 0.3147E-04 1.56
co3-- 0.3068E-04 1.52
total 99.00

aqueous species accounting for 99% or more of k+

species molal conc per cent
k+ 0.9981E-02 97.78
kso4- 0.1601E-03 1.57
total 99.35

aqueous species accounting for 99% or more of mg++

species molal conc per cent
mg++ 0.4072E-01 76.62
mgso4(aq) 0.7531E-02 14.17
mgcl+ 0.4638E-02 8.73
total 99.51

aqueous species accounting for 99% or more of na+

species molal conc per cent
na+ 0.4449E+00 94.98
nacl(aq) 0.1648E-01 3.52
naso4- 0.6650E-02 1.42
total 99.92

aqueous species accounting for 99% or more of so4--

species molal conc  per cent
S04-- 0.1322E-01 46.82
mgso4(aq) 0.7531E-02 26.68
naso4- 0.6650E-02 23.56
caso4(aq) 0.6712E-03 2.38
total 99.43

couple eh,volts  pe- log fo2  ah, kcal

default 0.500 0.8452E+01 -16.432 11.531
acetic a/lhco3-  0.500 0.8452E+01 -16.432 11.531
acetone(/hco3-  0.500 0.8452E+01 -16.432 11.531
clo4- /cl- 0.500 0.8452E+01 -16.432 11.531
ethane(a/hco3- 0.500 0.8452E+01 -16.432 11.531
h2(aq) /h20 0.500 0.8452E+01 -16.432 11.531
hs- /so4-- 0.500 0.8452E+01 -16.432 11.531
methane(/hco3- 0.500 0.8452E+01 -16.432 11.531
methanol/hco3- 0.500 0.8452E+01 -16.432  11.531
o02(aq) /h2o 0.500 0.8452E+01 -16.432 11.531
s03-- /so4-- 0.500 0.8452E+01 -16.432 11.531

couple affinity, kcal

none

(minerals with affinities .It. -10 kcal are not listed)

mineral log g/k aff, kcal state mineral log g/k  aff, kcal state
anhydrite -0.978 -1.334 aragonite 0.507 0.691 ssatd
arcanite -5.249 -7.161 artinite -1.928 -2.631

bassanite -1.627 -2.219 bischofite -7.292 -9.948

bloedite -5.782 -7.888 brucite -1.796  -2.450

calcite 0.651  0.888 ssatd caso4:0.5h2o(beta) -1.795 -2.448
dolomite 3.235 4.414 ssatd dolomite-dis 1691 2.307 ssatd
dolomite-ord 3.235 4414 ssatd epsomite -2.627 -3.584
gaylussite -4.613 -6.294 glauberite -3.509 -4.787
gypsum -0.817 -1.115 halite -2.5692 -3.536
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hexahydrite -2.855 -3.894 huntite 1.946 2.654 ssatd

hydromagnesite -3.387 -4.621 ice -0.146 -0.200 satd
kainite -6.931 -9.455 kalicinite -5.551 -7.573
kieserite -4.276 -5.833 lansfordite -1.631 -2.225
magnesite 0.955 1.303 ssatd mgl.25s04(0h)0.5:0 -6.024 -8.219
mgl.5s04(oh) -6.222  -8.488 mirabilite -2.632  -3.590
monohydrocalcite -0.190 -0.260 satd na2co3 -7.091 -9.674
na2co3:7h20 -5.910 -8.063 na4dca(so4)3:2h20 -6.794  -9.269
nahcolite -3.476 -4.743 natron -5.598 -7.637
nesquehonite -1.770 -2.414 oxychloride-mg -5.537 -7.553
pentahydrite -3.186 -4.347 periclase -6.826 -9.312
picromerite -7.192 -9.811 pirssonite -4.749 -6.479
starkeyite -3.566 -4.865 sylvite -3.530 -4.816
syngenite -4.742 -6.469 thenardite -3.385 -4.618
thermonatrite -6.880 -9.386

2 approx. saturated pure minerals
0 approx. saturated end-members of specified solid solutions
0 saturated end-members of hypothetical solid solutions

7 supersaturated pure minerals
0 supersatd. end-members of specified solid solutions
0 supersatd. hypothetical solid solution phases

gas fugacity log fugacity

c(9) 0.195644-173 -173.70853
ca(g) 0.219654-141 -141.65826
ch4(g) 0.123922-113 -113.90685
cl2(g) 0.937359E-30 -30.02809
co(g) 0.507670E-40 -40.29442
co2(g) 0.357270E-03  -3.44700
h2(g) 0.452523E-33 -33.34436
h20o(g) 0.255185E-01  -1.59314
h2s(g) 0.184894-110 -110.73308
hcl(g) 0.101490E-14 -14.99358
k(g) 0.174855E-70 -70.75732
mg(g) 0.830804-118 -118.08050
na(g) 0.434634E-68 -68.36188
02(g) 0.370023E-16 -16.43177
s2(g) 0.372234-180 -180.42918
s02(g) 0.779493E-47 -47.10819

----- end of output -----
--- pickup file has been successfully written ---

--- reading the input file ---
--- no further input found ---

start time = 09:31 3Dec9l
end time =09:31  3Dec91

usertime = 5.170
cputime=  0.960
normal exit

7.3. The Sea Water Test Case, Using Pitzer's Equations

The preceding test case can also be run using Pitzer’s equations. The results presented here were
obtained using themw data file, which is based on Harvie, Mgller, and Weare (1984). The only
functional difference between tigut file used here and that in the previous case isdpgt

= 1in the present case. Timput files are shown in both “W” and “D” formats. Theatput file

is reproduced here beginning with the message announcing the end of Newton-Raphson iteration.

The results differ from those in the previous section because the underlying models are different.

In fact, some quantities, including individual species molalities and activity coefficients, can not

be compared in a meaningful way. This is due to the fact that the models utilize different sets of
species to represent the systems. Note that far fewer species appear in the present case. The only
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ion pairs represented &BaCO3(3qy MJCO3(5q) andMgOH". Also note that no organics appear
on the preserdutput file, as there are none in this model.

Some parameters which can be compared are the activities and activity coefficients of the elec-
trically neutral species common to both models (mostly basis species). For the ions, electrically
neutral combinations of these parameters can also be compared. The single-ion activities and ac-
tivity coefficients themselves can be compared, but not in a truly exact sense. Note that in both
the present case and the previous onepfpgel option switch is set to 0, causing all single-ion
activities and activity coefficients to be normalized to the BiScale. However, the exact def-

inition of this scale in a solution as concentrated as sea water has some ionic strength dependence,
and the ionic strength of this water is slightly different in the two models (0.6964 versus 0.6227
molal). The saturation indices of the various minerals common to both models can be compared
with no problem. In the present case, $iéor calcite is +0.645; in the previous case, it was

+0.651. This is reasonably good agreement, though the results in the present case are without
doubt more accurate.

The EQ3NRinput file (swmajp.3i), the sea water benchmark test case using Pitzer’'s equations

("W” format):

EQ3NR input file name= swmajp.3i

Description= "Sea water, major ions only, using Pitzer's equations"
Version number= 3245 Stage number= 01

Created 06/08/90 Creator=T.J. Wolery

Revised 06/08/90 Revisor= T.J. Wolery

Sea water, including only the major ions. This is a considerably
pared-down version of swtst.3i, which contains the full benchmark sea
water test case of Nordstrom et al. (1979, Table IlI).

Purpose: to test the code on a small problem involving a moderately
concentrated solution, using Pitzer's equations to calculate the
activity coefficients of the aqueous species. Input file swmaj.3i
runs the same problem using the B-dot equation and related equations
instead of Pitzer's equations. Input file swmajd.3i runs the same
problem using the Davies equation.

This problem is best addressed using the thermodynamic data base of
Harvie, Moller, and Weare (1984).
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tempc= 25.

rho= 1.02336 tdspkg= 0. tdspl= 0.

fep= 0.500 uredox=
tolbt= 0. toldl=
itermx= 0
* 1 2
ioptl-10= -1
iopgl-10= 1
ioprl-10= 0
iopr11-20= 0
iodb1-10= 0
uebal= none
nxmod= 0

tolsat= 0.

co®Poe~N o

3
0
0
0
0
0

cofoos
co@oou
co®o%o
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co®o°

data file master species= na+
switch with species=
jflag= 3 csp=10768.

data file master species= k+
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switch with species=
jflag= 3 csp=399.1

data file master species= ca++
switch with species=
jflag= 3 csp=412.3

data file master species= mg++
switch with species=
jflag= 3 csp=1291.8

data file master species= h+
switch with species=
jflag=16 csp=-8.22

data file master species= hco3-
switch with species=
jflag= 0 csp=.002022

data file master species= cl-
switch with species=
jflag= 3 csp=19353.

data file master species= so04--
switch with species=
jflag= 3 csp=2712.

endit.

The EQ3NHRnput file (swmajp.3i), sea water benchmark test case using Pitzer’s equations (*D”

format)

EQ3NR input file name= swmajp.3i |
Description= "Sea water, major ions only, using Pitzer's equations" |
VVersion number= 3245 Stage number= 01

Created 06/08/90 Creator=T.J. Wolery |
Revised 06/08/90 Revisor= T.J. Wolery |

Sea water, including only the major ions. This is a considerably |
pared-down version of swtst.3i, which contains the full benchmark sea |
water test case of Nordstrom et al. (1979, Table IlI).

Purpose: to test the code on a small problem involving a moderately |
concentrated solution, using Pitzer's equations to calculate the
activity coefficients of the aqueous species. Input file swmaj.3i |
runs the same problem using the B-dot equation and related equations |
instead of Pitzer's equations. Input file swmajd.3i runs the same
problem using the Davies equation. |

This problem is best addressed using the thermodynamic data base of |
Harvie, Moller, and Weare (1984).
|

References |

[
Harvie, C. E., Moller, N., and Weare, J. H., 1984, The prediction |
of mineral solubilities in natural waters: The Na-K-Mg-Ca-H-CI-SO4- |
OH-HCO3-C0O3-C02-H20 system to high ionic strengths at 25 C: |
Geochimica et Cosmochimica Acta, v. 48, p. 723-751. |

Nordstrom, D. K., et al., 1979, A comparison of computerized chemical |
models for equilibrium calculations in aqueous systems, in Jenne, |
E. A., editor, Chemical Modeling in Aqueous Systems, ACS Symposium |
Series, v. 93, American Chemical Society, Washington, D.C., |

p. 857-892. |
| I
Temperature (C) | 25.00 |Density(gm/cm3)| | 1.02336 |
Total Dissolved Salts | | mg/kg | mg/l |*not L:lSBd |
Electrical Balancing on | | code selects |*not:pen‘ormed|

I
SPECIES | BASIS SWITCH/CONSTRAINT | CONCENTRATION| UNITS OR TYPE |
|

redox | | 0.5000 leh |
na+ | | 10768. |mg/kg |
k+ | | 399.10 |mg/kg |
cat+ | | 412.30 |mg/kg |
mg++ | | 1291.8 |mg/kg |
h+ | | 8.2200 |ph

hco3- | |0.20220E-02 |molality |
cl- | | 19353. |mg/kg |
so4-- | | 2712.0 Img/kg |

Input Solid Solutions |

none | | | |

|

SUPPRESSED SPECIES (suppress,replace,augmelntk,augmentg) value |
|
I

none | | |
|
I
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OPTIONS |

- SOLID SOLUTIONS - |
* ignore solid solutions |
process hypothetical solid solutions |
process input and hypothetical solid solutions |
- LOADING OF SPECIES INTO MEMORY - |
* does nothing |
lists species loaded into memory |
- ECHO DATABASE INFORMATION - |
* does nothing |
lists all reactions |
lists reactions and log K values
lists reactions, log K values and polynomial coef. |
- LIST OF AQUEOUS SPECIES (ordering) - |
* in order of decreasing concentration |
in same order as input file |
- LIST OF AQUEOUS SPECIES (concentration limit) - |
* all species |
only species > 10**-20 molal |
only species > 10**-12 molal |
not printed |
- LIST OF AQUEOUS SPECIES (by element) -
* print major species
print all species |
don't print |
- MINERAL SATURATION STATES -
* print if affinity > -10 kcals |
print all |
don't print |
- pH SCALE CONVENTION -
* modified NBS |
internal |
rational |
- ACTIVITY COEFFICIENT OPTIONS -
use B-dot equation |
Davies' equation |
* Pitzer's equations |
- AUTO BASIS SWITCHING - |
* off |

on |
- PITZER DATABASE INFORMATION - |
* print only warnings
print species in model and number of Pitzer coefficients |
print species in model and names of Pitzer coefficients |
- PICKUP FILE -
* write pickup file |
don't write pickup file |
- LIST MEAN IONIC PROPERTIES - |
* don't print |
print |
- LIST AQUEOUS SPECIES, ION SIZES, AND HYDRATION NUMBERS -
* print |
don't print |
- CONVERGENCE CRITERIA - |
* test both residual functions and correction terms |
test only residual functions

|

|
DEBUGGING SWITCHES (o-off, 1,2-on, default is off) |

|

|

generic debugging information 12
print details of pre-Newton-Raphson iteration |2
print details of Newton-Raphson iteration |
print details of stoichiometric factors |2

print details of stoichiometric factors calculation |
write reactions on RLIST

list stoichiometric concentrations of master species |
request iteration variables to be killed

[sYsYsYsleloYala)

|
DEVELOPMENT OPTIONS (used for code developrﬁent)
|
|

none |
|
|
TOLERANCES (desired values) (defaults) |
|
|
residual functions | |1.e-10 |
correction terms | [1.e-10 |
saturation state | 10.5 |
number of N-R iterations | 130 |
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The EQ3NRvutput file (swmajp.309, the sea water benchmark test case using Pitzer’s equations

(beginning with the message announcing the eridesfton-Raphson iteration

(Material deleted)

Hybrid newton-raphson iteration converged in 4 steps.

element mgl/l mag/kg moles/kg

o 0.91080E+06 0.89001E+06 0.5562742039E+02
ca 421.93 412.30 0.1028743949E-01

cl  19805. 19353. 0.5458822600E+00

h  0.11451E+06 0.11190E+06 0.1110186924E+03
c 24.854 24.286 0.2022000000E-02

k 408.42 399.10 0.1020760493E-01

mg  1322.0 1291.8 0.5314955770E-01

na  11020. 10768. 0.4683822413E+00

S 926.41 905.26 0.2823129677E-01

species mg/l mg/kg moles/kg
h2o 0.10256E+07 0.10021E+07 0.5562742039E+02
ca++ 421.93 412.30 0.1028743949E-01
cl- 19805. 19353. 0.5458822600E+00
h+ 0.11451E+06 0.11190E+06 0.1110186924E+03
hco3- 126.26 123.38 0.2022000000E-02
k+ 408.42 399.10 0.1020760493E-01
mg++ 1322.0 1291.8 0.5314955770E-01
na+ 11020. 10768. 0.4683822413E+00
S04-- 2775.4 2712.0 0.2823129677E-01

--- equivalent composition of the aqueous phase (cte balances) ---

original basis existing basis

species moles/kg h2o species moles/kg h2o0

h2o 0.5562742039E+02 h20 0.5562742039E+02
ca++ 0.1028743949E-01 ca++ 0.1028743949E-01
cl- 0.5458822600E+00 cl- 0.5458822600E+00
h+ 0.1110186924E+03 h+ 0.1110186924E+03
hco3- 0.2022000000E-02 hco3- 0.2022000000E-02
k+ 0.1020760493E-01 k+ 0.1020760493E-01
mg++ 0.5314955770E-01 mg++ 0.5314955770E-01
na+ 0.4683822413E+00 nat 0.4683822413E+00
S04-- 0.2823129677E-01 so4-- 0.2823129677E-01

single ion activities and activity coefficients are here defined
with respect to the modified nbs ph scale

ph eh pe
modified nbs ph scale 8.2200 0.5000 8.4522E+00
rational ph scale 8.1132 0.5063 8.5590E+00

phcl=  8.6722
activity of water = 0.98198
log activity of water = -0.00790

true osmotic coefficient= 0.90273
stoichiometric osmotic coefficient= 0.90255

sum of true molalites= 1.1180579526987
sum of stoichiometric molalities= 1.1182763340013

true ionic strength=  0.6964348915728
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stoichiometric ionic strength=0.6967640957883

equiv/kg

sigma(mz) cations = 0.6052455191E+00

sigma(mz) anions = -0.6043365584E+00
total charge = 0.1209582077E+01
mean charge = 0.6047910387E+00

charge imbalance = 0.9089606646E-03

total charge = sigma(mz) cations + abs ( sigma(mz) anions )
mean charge = 1/2 total charge

the electrical imbalance is

0.751E-01 per cent of the total charge

0.150 per cent of the mean charge

0.150 per cent of sigma(mz) cations

0.150 per cent of abs ( sigma(mz) anions )

----- activity ratios of ions -----

log (act(cat++ )/ act(h+)xx2)= 13.7845

log (act(cl- )xact(h+)xx1)= -8.6722

log ( act(hco3- )xact(h+)xx 1) = -11.2062

log ( act(k+ )/actth+)xx1)=  6.0291

log ( act(mg++ )/ act(h+)xx2) = 14.5357

log ( act(na+ )/actth+)xx 1) = 7.7243

log ( act(so4-- )x act(h+)xx 2) = -19.0096

log ( act(co2(aq) ) )= -4.8609

log ( act(co3-- )xact(h+)xx2) = -21.5455

log ( act(oh- )xact(h+)xx 1) = -14.0046

----- distribution of aqueous species -----

species molal conc logconc logg actvity log act

cl- 0.5459E+00 -0.2629 -0.1893 0.3530E+00 -0.4522
na+ 0.4684E+00 -0.3294 -0.1663 0.3194E+00 -0.4957
mg++ 0.5306E-01 -1.2752 -0.6291 0.1247E-01 -1.9043
S04-- 0.2823E-01 -1.5493 -1.0204 0.2694E-02 -2.5696
cat++ 0.1026E-01 -1.9887 -0.6668 0.2210E-02 -2.6555
k+ 0.1021E-01 -1.9911 -0.1998 0.6444E-02 -2.1909
hco3- 0.1816E-02 -2.7409 -0.2452 0.1032E-02 -2.9862
co3-- 0.8641E-04 -4.0635 -1.0420 0.7844E-05 -5.1055
mgco3(aq) 0.8292E-04 -4.0813 0.0000 0.8292E-04 -4.0813
caco3(aq) 0.2456E-04 -4.6097 0.0000 0.2456E-04 -4.6097
co2(aq) 0.1224E-04 -4.9121 0.0512 0.1378E-04 -4.8609
mgoh+ 0.3362E-05 -5.4735 -0.0279 0.3152E-05 -5.5014
oh- 0.3029E-05 -5.5188 -0.2658 0.1642E-05 -5.7846
h+ 0.7706E-08 -8.1132 -0.1068 0.6026E-08 -8.2200
hso4- 0.2332E-08 -8.6322 -0.1788 0.1545E-08 -8.8110

aqueous species accounting for 99% or more of ca++

species molal conc  per cent
cat++ 0.1026E-01 99.76
total 99.76

aqueous species accounting for 99% or more of cl-

species molal conc  per cent
cl- 0.5459E+00 100.00
total 100.00

aqueous species accounting for 99% or more of hco3-

species molal conc  per cent
hco3- 0.1816E-02 89.81
c03-- 0.8641E-04 4.27
mgco3(aq) 0.8292E-04 4.10
caco3(aq) 0.2456E-04 1.21
total 99.39
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agueous species accounting for 99% or more of k+

species molal conc  per cent
k+ 0.1021E-01 100.00
total 100.00

aqgueous species accounting for 99% or more of mg++

species molal conc  per cent
mg++ 0.5306E-01 99.84
total 99.84

agueous species accounting for 99% or more of na+

species molal conc  per cent
na+ 0.4684E+00 100.00
total 100.00

aqueous species accounting for 99% or more of so4--

species molal conc  per cent
S04-- 0.2823E-01 100.00
total 100.00

couple eh, volts  pe- log fo2 ah, kcal

default 0.500 0.8452E+01 -16.432 11.531

couple affinity, kcal

none

(minerals with affinities .It. -10 kcal are not listed)

mineral log g/k aff, kcal state mineral log g/k aff, kcal state
anhydrite -0.863 -1.177 aragonite 0.458 0.626 ssatd
arcanite -5.175 -7.060 bischofite -7.311  -9.975
bloedite -5.720 -7.803 brucite -2.589 -3.532

calcite 0.645  0.880 ssatd dolomite 2312 3.154 ssatd
epsomite -2.648 -3.613 gaylussite -4.476  -6.107
glauberite -3.542 -4.832 gypsum -0.660 -0.901
halite -2.518 -3.436 hexahydrite -2.886 -3.938
kainite -6.948 -9.479 kalicinite -5.458 -7.447
kieserite -4.359  -5.947 magnesite 0.824 1.124 ssatd
mirabilite -2.412  -3.291 na2co3:7h20 -5.692 -7.765
nadca(so4)3:2h20 -6.691 -9.128 nahcolite -3.079 -4.200
natron -5.351  -7.300 nesquehonite -1.866 -2.546
oxychloride-mg -5.686 -7.757 picromerite -7.145 -9.748
pirssonite -4.630 -6.317 sylvite -3.543 -4.834
syngenite -4.736  -6.461 thenardite -3.274  -4.466
thermonatrite -6.587 -8.986

0 approx. saturated pure minerals
0 approx. saturated end-members of specified solid solutions
0 saturated end-members of hypothetical solid solutions

4 supersaturated pure minerals
0 supersatd. end-members of specified solid solutions
0 supersatd. hypothetical solid solution phases

gas fugacity log fugacity
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c02(g) 0.417773E-03  -3.37906
h2(g) 0.459241E-33 -33.33796
02(g) 0.369764E-16 -16.43208

----- end of output -----
--- pickup file has been successfully written ---

--- reading the input file ---
--- no further input found ---

start time = 17:13  5Dec91
end time =17:13  5Dec91

user time = 1.650
cputime=  0.750
normal exit

7.4. Using Mineral Solubility Constraints: An Example

This test case is taken from INTERA (1983), which used it to compare EQ3/6 with PHREEQE
(Parkhurst, Plummer, and Thorstenson, 1980). In it, dissolved calcium is constrained to satisfy
equilibrium with calcite and dissolved iron is constrained to satisfy equilibrium with hematite.
The bicarbonate is constrained to satisfy an equilib@@y fugacity of 107 bar. On top of that,

thepH is adjusted to satisfy electrical balance. ifipeit files are presented here in both formats.
Theoutput file is presented beginning with the message announcing the end of Newton-Raphson
iteration. The results shown were obtained usingonedata file. The activity coefficients were
computed from the B-dot equation. Note the appearance of the organic species, which all have
negligible concentrations at the relatively high oxygen fugacity.

Note that the calculated saturation indices for calcite and hematite written on the output file are
indeed zero. Similarly, the calculated equilibri@®, fugacity is 10 bar. ThepH adjustment

is relatively minor. In problems such as this, if the ingdtvalue is too far off the mark (usually
more than 1-®H units), convergence problems are likely to occur. More than that, problems us-
ing some of the kind of constraints used here, especially in combination, may be ill-defined and
have no realistic solution.

The EQ3NRinput file (oxcalhem.3), mineral solubility equilibrium test case (“W” format)

EQ3NR input file name= oxcalhem.3i

Description= "Oxygenated, calcite and hematite saturated solution”
Version number= 3245 Stage number= 01

Created 06/08/90 Creator=T.J. Wolery

Revised 06/08/90 Revisor= T.J. Wolery

Oxygenated, calcite and hematite saturated solution. This problem
is part of Example 4 from INTERA (1983), who report a comparison study
of EQ3/6 with PHREEQE (Parkhurst, Thorstenson, and Plummer, 1980).

Purpose: to provide a pickup file for construction of the EQ6 test
case methane.6i.

In the orginal problem, uranium was specified in terms of
U++++,

References

INTERA Environmental Consultants, Inc., 1983, Geochemical Models
Suitable for Performance Assessment of Nuclear Waste Storage:
Comparison of PHREEQE and EQ3/EQ6: Office of Nuclear Waste
Isolation, Battelle Project Management Division, Columbus, Ohio,
ONWI-473, 114 p.

Parkhurst, D. L., Thorstenson, D. C., and Plummer, L. N., 1980,

PHREEQE- A Computer Program for Geochemical Calculations: Water
Resources Investigations Report 80-96, U.S. Geological Survey,
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Reston, Virginia, 210 p.

endit.

tempc= 25.

rho= 1. tdspkg= 0. tdspl= 0.

fep= -0.70 uredox=

tolbt= 0. toldl= 0. tolsat= 0.
itermx= 0
* 1 2 3 4 5 6 7 8 910
ioptl-10= 0 0 0 0 0 O O O O O
iopgl-10= 0 0 0 0 0 0 O O O O
iopr1-10== 0 0 0 0 0 0 O O O O
iopr11-20= 0 0 0 0 0 0 O O O O
iodb1-10= 0 0 0 0 0 0 O O O O
uebal= h+

nxmod= 0

data file master species= na+
switch with species=
jflag= 0 csp=7.0e-3
data file master species= ca++
switch with species=
jflag=19 csp=0.
mineral= calcite
data file master species= fe++
switch with species=
jflag=19 csp=0.
mineral= hematite
data file master species= uo2++
switch with species=
jflag= 0 csp=4.0e-5
data file master species= hco3-
switch with species=
jflag=21 csp=-2.0
mineral= co2(g)
data file master species= so4--
switch with species=
jflag= 0 csp=1.0e-3
data file master species= cl-
switch with species=
jflag= 0 csp=5.0e-3
data file master species= h+
switch with species=
jflag=16 csp=-7.40
endit.

The EQ3NRinput file (oxcalhem.3), mineral solubility equilibrium test case (“D” format)

EQ3NR input file name= oxcalhem.3i |
Description= "Oxygenated, calcite and hematite saturated solution" |
VVersion number= 3245 Stage number= 01

Created 06/08/90 Creator=T.J. Wolery |

Revised 06/08/90 Revisor= T.J. Wolery |

[
Oxygenated, calcite and hematite saturated solution. This problem |
is part of Example 4 from INTERA (1983), who report a comparison study]|
of EQ3/6 with PHREEQE (Parkhurst, Thorstenson, and Plummer, 1980). |

[
Purpose: to provide a pickup file for construction of the EQ6 test |
case methane.6i.

In the orginal problem, uranium was specified in terms of |
U++++,

References |

INTERA Environmental Consultants, Inc., 1983, Geochemical Models |
Suitable for Performance Assessment of Nuclear Waste Storage: |
Comparison of PHREEQE and EQ3/EQ6: Office of Nuclear Waste |
Isolation, Battelle Project Management Division, Columbus, Ohio, |
ONWI-473, 114 p.

|
Parkhurst, D. L., Thorstenson, D. C., and Plummer, L. N., 1980,
PHREEQE- A Computer Program for Geochemical Calculations: Water |
Resources Investigations Report 80-96, U.S. Geological Survey, |
Reston, Virginia, 210 p.
|

I
Temperature (C) | 25.00 |Density(gm/cm3)| 1.00000 |
|
Total Dissolved Salts | | mg/kg | mg/l [*not LIISBd |
|
Electrical Balancing on |h+ | code selects | nolt performed|
|

I
SPECIES | BASIS SWITCH/CONSTRAINT | CONCENTRATION| UNITS OR TYPE |
|
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redox | | -.7000 |logfo2 |

na+ | |0.70000E-02 |molality |
ca++ |calcite | O |mineral |
fe++  |hematite | o |mineral |
uo2++ | |0.40000E-04 |molality |
hco3- |co2(g) |-2.0000 |log fugacity |
so4-- | |0.10000E-02 |molality |
cl- | |0.50000E-02 |molality |
h+ | | 7.4000 |ph

Input Solid Solutions |
|
|

none | | | |

|
|

SUPPRESSED SPECIES (suppress,replace,augmentk,augmentg) value |
|

none | | |

OPTIONS |

- SOLID SOLUTIONS - |
* ignore solid solutions |
process hypothetical solid solutions |
process input and hypothetical solid solutions |
- LOADING OF SPECIES INTO MEMORY - |
* does nothing |
lists species loaded into memory |
- ECHO DATABASE INFORMATION - |
* does nothing |
lists all reactions |
lists reactions and log K values
lists reactions, log K values and polynomial coef. |
- LIST OF AQUEOUS SPECIES (ordering) - |
* in order of decreasing concentration |
in same order as input file |
- LIST OF AQUEOUS SPECIES (concentration limit) - |
* all species |
only species > 10**-20 molal |
only species > 10**-12 molal |
not printed |
- LIST OF AQUEOUS SPECIES (by element) -
* print major species
print all species |
don't print |
- MINERAL SATURATION STATES -
* print if affinity > -10 kcals |
print all |
don't print |
- pH SCALE CONVENTION -
* modified NBS |
internal |
rational |
- ACTIVITY COEFFICIENT OPTIONS -
* use B-dot equation |
Davies' equation |
Pitzer's equations |
- AUTO BASIS SWITCHING - |
* off |

on |
- PITZER DATABASE INFORMATION - |
* print only warnings
print species in model and number of Pitzer coefficients |
print species in model and names of Pitzer coefficients |
- PICKUP FILE -
* write pickup file |
don't write pickup file |
- LIST MEAN IONIC PROPERTIES - |
*don't print |
print |
- LIST AQUEOUS SPECIES, ION SIZES, AND HYDRATION NUMBERS -
* print |
don't print |
- CONVERGENCE CRITERIA - |
* test both residual functions and correction terms |
test only residual functions

|

|
DEBUGGING SWITCHES (o-off, 1,2-on, default is off) |

|

|

generic debugging information 12
print details of pre-Newton-Raphson iteration |2
print details of Newton-Raphson iteration |
print details of stoichiometric factors |2

print details of stoichiometric factors calculation |
write reactions on RLIST

list stoichiometric concentrations of master species |
request iteration variables to be killed

[sYsYsYslsloYala)

|
DEVELOPMENT OPTIONS (used for code developrﬁent)
|
|

none |

|
TOLERANCES (desired values) (dEff:IlU|'[S) |

|

|
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residual functions | |1.e-10 |

correction terms | |1.e-10 |
number of N-R iterations | 130 |

I
| saturation state | 0.5 |
|
|
I

The EQ3NRoutput file (oxcalhem.39, mineral solubility equilibrium test case (beginning with
the message announcing the endllefvton-Raphson iteratign

(Material deleted)

Hybrid newton-raphson iteration converged in 6 steps.

element  mgl/l mg/kg moles/kg

o 0.88836E+06 0.88836E+06 0.5552474398E+02
ca 74.248 74.248 0.1852584728E-02

cl  177.26 177.26 0.5000000000E-02

fe  0.50317E-07 0.50317E-07 0.9009750988E-12
h  0.11190E+06 0.11190E+06 0.1110204565E+03
c 48.284 48.284 0.4019986372E-02

na 160.93 160.93 0.7000000000E-02

S 32.066 32.066 0.1000000001E-02

u 9.5212 9.5212 0.3999999985E-04

species mg/l mg/kg moles/kg

h2o 0.10003E+07 0.10003E+07 0.5552474398E+02
cat++ 74.248 74.248 0.1852584728E-02

cl- 177.26 177.26 0.5000000000E-02

fe++ 0.50317E-07 0.50317E-07 0.9009750988E-12
h+ 0.11190E+06 0.11190E+06 0.1110204565E+03
hco3- 245.29 245.29 0.4019986372E-02

na+ 160.93 160.93 0.7000000000E-02
S04-- 96.064 96.064 0.1000000001E-02
uo2++ 10.801 10.801 0.3999999985E-04

--- equivalent composition of the aqueous phase (cte balances) ---

original basis existing basis
species moles/kg h2o species moles/kg h2o
h2o 0.5552474398E+02 h20 0.5552474398E+02
ca++ 0.1852584728E-02 ca++ 0.1852584728E-02
cl- 0.5000000000E-02 cl- 0.5000000000E-02
fe++ 0.9009750988E-12 fe++ 0.9009750988E-12
h+ 0.1110204565E+03 h+ 0.1110204565E+03
hco3- 0.4019986372E-02 hco3- 0.4019986372E-02
na+ 0.7000000000E-02 na+ 0.7000000000E-02
S04-- 0.1000000001E-02 so4-- 0.1000000001E-02
uo2++ 0.3999999985E-04 uo02++ 0.3999999985E-04

single ion activities and activity coefficients are here defined
with respect to the modified nbs ph scale

ph eh pe
modified nbs ph scale 7.3108 0.7862 1.3290E+01
rational ph scale 7.2655 0.7889 1.3336E+01

phcl=  9.6624
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stoichiometric osmotic coefficient=

sum of stoichiometric molalities=

stoichiometric ionic strength=

activity of water = 0.99968
log activity of water = -0.00014

0.95018
0.90417

true osmotic coefficient=

0.0188859440972
0.0198469958820

sum of true molalities=

0.0131467506839
0.0139741601196

true ionic strength=

equiv/kg

0.1042838414E-01
-0.1042838413E-01
0.2085676827E-01
0.1042838414E-01
0.7865843393E-12

sigma(mz) cations

sigma(mz) anions
total charge =
mean charge =

charge imbalance =

total charge = sigma(mz) cations + abs ( sigma(mz) anions )
mean charge = 1/2 total charge

the electrical imbalance is
0.377E-08 per cent of the total charge
0.754E-08 per cent of the mean charge

0.754E-08 per cent of sigma(mz) cations
0.754E-08 per cent of abs ( sigma(mz) anions )

--- electrical balancing on h+

log activity
input -7.4000
final -7.3108
adj 0.89175E-01

activity ratios of ions -----

log (act(cat++ )/actth+)xx2)= 11.6624

log ( act(cl- )xacth+)xx1)= -9.6624

log ( act(fe++ )/ act(h+)xx2) = -7.5360

log ( act(hco3- )xact(h+)xx 1) = -9.8137

log ( act(na+ )/actth+)xx1)=  5.0998

log (act(so4-- )xact(h+)xx2) = -17.8693

log (act(uo2++ )/ act(h+)xx2) = 3.8852

log ( act(acetic acid(aq) ) )= -154.4231

log (act(acetone(aq) ) )= -306.9034

log ( act(clo4- )x act(h+)xx 1) = -32.5681

log ( act(co2(aq) ) = -3.4689

log ( act(co3-- )xact(h+)xx 2) = -20.1425

log ( act(ethane(aq) )= -261.5369

log ( act(fe+++ )/act(h+)xx3) = 0.0545

log ( act(h2(aq) = -44.3076

log ( act(hs- ) x act(h+)xx 1) = -148.9896

log ( act(methane(aq) ) )= -146.7584

log ( act(methanol(aq) ) )= -122.3211

log (act(o2(aq) ) )= -3.5983

log ( act(oh- )xact(h+)xx 1) = -13.9952

log (act(so3-- )x act(h+)xx2) = -62.6945

log (act(u+++ )/ act(h+)xx 3) = -58.4613

log (act(u++++ )/ act(h+)xx4) = -28.2603

log (act(uo2+ )/ act(h+)xx 1) = -15.2316

----- distribution of aqueous species -----

species molal conc logconc logg activity log act

na+ 0.6942E-02 -2.1585 -0.0525 0.6151E-02 -2.2110
cl- 0.4994E-02 -2.3015 -0.0500 0.4451E-02 -2.3516
hco3- 0.3511E-02 -2.4546 -0.0483 0.3141E-02 -2.5029
cat++ 0.1721E-02 -2.7643 -0.1950 0.1098E-02 -2.9592
S04-- 0.8941E-03 -3.0486 -0.1991 0.5654E-03 -3.2477
co2(aq) 0.3389E-03 -3.4699 0.0010 0.3397E-03 -3.4689
02(aq) 0.2516E-03 -3.5993 0.0010 0.2522E-03 -3.5983
caso4(aq) 0.8021E-04 -4.0958 0.0000 0.8021E-04 -4.0958
cahco3+ 0.4336E-04 -4.3629 -0.0525 0.3842E-04 -4.4154
nahco3(aq) 0.2755E-04 -4.5598 0.0000 0.2755E-04 -4.5598
naso4- 0.2568E-04 -4.5904 -0.0483 0.2298E-04 -4.6387
uo2(co3)2-- 0.2458E-04 -4.6094 -0.1991 0.1554E-04 -4.8084
u02(co3)3---- 0.1235E-04 -4.9083 -0.8063 0.1930E-05 -5.7145
caco3(aq) 0.7031E-05 -5.1530 0.0000 0.7031E-05 -5.1530
c03-- 0.4696E-05 -5.3283 -0.1926 0.3014E-05 -5.5209
nacl(aq) 0.4575E-05 -5.3396 0.0000 0.4575E-05 -5.3396
(uo2)2co3(oh)3-  0.1229E-05 -5.9103 -0.0483 0.1100E-05 -5.9587
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cacl+ 0.1112E-05 -5.9538 -0.0525 0.9854E-06 -6.0064
uo2(oh)2(aq) 0.3654E-06 -6.4372 0.0000 0.3654E-06 -6.4372
oh 0.2321E-06 -6.6344 -0.0500 0.2068E-06 -6.6844

uo2co3(aq) 0.2277E-06 -6.6426 0.0000 0.2277E-06 -6.6426
naco3- 0.6773E-07 -7.1692 -0.0483 0.6060E-07 -7.2175
h+ 0.5427E-07 -7.2655 -0.0454 0.4888E-07 -7.3108
uo2(oh)3- 0.1051E-07 -7.9783 -0.0483 0.9406E-08 -8.0266
cacl2(aq) 0.4944E-08 -8.3059 0.0000 0.4944E-08 -8.3059
caoh+ 0.3581E-08 -8.4460 -0.0525 0.3173E-08 -8.4985
hso4- 0.2944E-08 -8.5311 -0.0483 0.2634E-08 -8.5794
uo2oh+ 0.2623E-08 -8.5813 -0.0525 0.2324E-08 -8.6338
naoh(aq) 0.8311E-09 -9.0803 0.0000 0.8311E-09 -9.0803
(u02)3(co3)6(6-) 0.2507E-09 -9.6009 -1.8211 0.3784E-11 -11.4220
hcl(aq) 0.4652E-10 -10.3324 0.0000 0.4652E-10 -10.3324
U02++ 0.2936E-10 -10.5323 -0.2042 0.1835E-10 -10.7365
u02s04(aq) 0.1200E-10 -10.9209 0.0000 0.1200E-10 -10.9209
(u02)3(oh)5+ 0.6413E-11 -11.1929 -0.0525 0.5683E-11 -11.2455
(u02)3(oh)7- 0.9110E-12 -12.0405 -0.0483 0.8151E-12 -12.0888

fe(oh)3(aq) 0.7608E-12 -12.1187 0.0000 0.7608E-12 -12.1187
(uo2)2(oh)2++ 0.5198E-12 -12.2841 -0.2042 0.3248E-12 -12.4883

fe(oh)2+ 0.1336E-12 -12.8741 -0.0525 0.1184E-12 -12.9266
uo2cl+ 0.1322E-12 -12.8788 -0.0525 0.1171E-12 -12.9313
uo2(so4)2-- 0.8848E-13 -13.0531 -0.1991 0.5595E-13 -13.2522
(uo2)4(oh)7+ 0.2126E-13 -13.6725 -0.0525 0.1883E-13 -13.7250
fe(oh)4- 0.6502E-14 -14.1869 -0.0483 0.5818E-14 -14.2352
uo2(oh)4-- 0.4742E-14 -14.3241 -0.1991 0.2998E-14 -14.5231

(uo2)3(oh)4++ 0.2025E-14 -14.6936 -0.2042 0.1265E-14 -14.8978
(uo2)3(oh)5co2+  0.9136E-15 -15.0392 -0.0525 0.8096E-15 -15.0918

(uo2)2oh+++ 0.3789E-16 -16.4215 -0.4498 0.1345E-16 -16.8713
uo2cl2(aq) 0.2721E-16 -16.5653 0.0000 0.2721E-16 -16.5653
feco3+ 0.2364E-17 -17.6263 -0.0525 0.2095E-17 -17.6789
feoh++ 0.1801E-18 -18.7446 -0.2042 0.1125E-18 -18.9488
h2so4(aq) 0.1290E-18 -18.8893 0.0000 0.1290E-18 -18.8893
hclo(aq) 0.1013E-18 -18.9945 0.0000 0.1013E-18 -18.9945
clo- 0.6254E-19 -19.2039 -0.0483 0.5596E-19 -19.2522
fe+++ 0.3325E-21 -21.4781 -0.3998 0.1324E-21 -21.8780
fe++ 0.1090E-21 -21.9627 -0.1950 0.6956E-22 -22.1576
uo2+ 0.3237E-22 -22.4899 -0.0525 0.2868E-22 -22.5424
fehco3+ 0.2767E-22 -22.5580 -0.0525 0.2452E-22 -22.6105
ho2- 0.1811E-22 -22.7421 -0.0483 0.1620E-22 -22.7904
feco3(aq) 0.1126E-22 -22.9485 0.0000 0.1126E-22 -22.9485
feso4+ 0.7153E-23 -23.1455 -0.0525 0.6338E-23 -23.1980
feso4(aq) 0.6233E-23 -23.2053 0.0000 0.6233E-23 -23.2053
fecl2+ 0.3994E-24 -24.3986 -0.0525 0.3539E-24 -24.4511
fecl+ 0.2415E-24 -24.6171 -0.0525 0.2140E-24 -24.6697
fecl++ 0.1458E-24 -24.8361 -0.2042 0.9113E-25 -25.0403
clo3- 0.1093E-24 -24.9616 -0.0483 0.9776E-25 -25.0099
fe(so4)2- 0.7739E-25 -25.1113 -0.0483 0.6925E-25 -25.1596
clo4- 0.6205E-25 -25.2072 -0.0500 0.5530E-25 -25.2573

(uo2)11(co3)6(oh)1l 0.8484E-27 -27.0714 -0.1991 0.5364E-27 -27.2705
fe(oh)2(aq) 0.7307E-28 -28.1362 0.0000 0.7307E-28 -28.1362

clo2- 0.9782E-29 -29.0096 -0.0483 0.8753E-29 -29.0579
fecl2(aq) 0.4844E-29 -29.3148 0.0000 0.4844E-29 -29.3148
hso5- 0.2536E-29 -29.5959 -0.0483 0.2269E-29 -29.6442
u02(co3)3(5-) 0.3528E-30 -30.4525 -1.2627 0.1926E-31 -31.7153
fehso4++ 0.2031E-30 -30.6923 -0.2042 0.1269E-30 -30.8965
fecl4- 0.9421E-32 -32.0259 -0.0483 0.8430E-32 -32.0742
u(oh)4(aq) 0.1519E-32 -32.8185 0.0000 0.1519E-32 -32.8185
fe(oh)3- 0.7254E-33 -33.1394 -0.0483 0.6490E-33 -33.1878
hclo2(aq) 0.6329E-33 -33.1987 0.0000 0.6329E-33 -33.1987
fecl4-- 0.5435E-33 -33.2648 -0.1991 0.3437E-33 -33.4638
uo2clo3+ 0.6273E-35 -35.2025 -0.0525 0.5559E-35 -35.2550

fe2(oh)2++++ 0.2332E-35 -35.6322 -0.7850 0.3827E-36 -36.4172
fe3(oh)4(5+) 0.3268E-41 -41.4857 -1.2055 0.2036E-42 -42.6912

formate 0.3461E-43 -43.4608 -0.0483 0.3097E-43 -43.5091
h2(aq) 0.4913E-44 -44.3086 0.0010 0.4924E-44 -44.3076
S208-- 0.6070E-45 -45.2168 -0.1991 0.3838E-45 -45.4158
u(co3)4---- 0.1113E-45 -45.9537 -0.8063 0.1738E-46 -46.7599
formic acid(agq)  0.8570E-47 -47.0670 0.0000 0.8570E-47 -47.0670
S03-- 0.1337E-47 -47.8738 -0.1991 0.8455E-48 -48.0729
hso3- 0.7413E-48 -48.1300 -0.0483 0.6633E-48 -48.1783
u(co3)5(6-) 0.4365E-49 -49.3600 -1.8211 0.6590E-51 -51.1811
uoh+++ 0.5234E-50 -50.2812 -0.4498 0.1858E-50 -50.7310
uo2s03(aq) 0.8780E-52 -52.0565 0.0000 0.8780E-52 -52.0565
h2so03(aq) 0.3304E-53 -53.4810 0.0000 0.3304E-53 -53.4810
so2(aq) 0.2351E-53 -53.6288 0.0000 0.2351E-53 -53.6288
u(so4)2(aq) 0.2248E-53 -53.6482 0.0000 0.2248E-53 -53.6482
uso4++ 0.9007E-54 -54.0454 -0.2042 0.5628E-54 -54.2496
U++++ 0.1912E-56 -56.7186 -0.7850 0.3136E-57 -57.5036
ucl+++ 0.2009E-57 -57.6971 -0.4498 0.7130E-58 -58.1469
S206-- 0.2893E-70 -70.5386 -0.1991 0.1830E-70 -70.7376
U+++ 0.1138E-79 -79.9440 -0.4498 0.4038E-80 -80.3938
u02(so03)2-- 0.1683E-98 -98.7739 -0.1991 0.1064E-98 -98.9730
S205-- 0.1060-100 -100.9748 -0.1991 0.6701-101 -101.1738
methanol(aq) 0.4774-122 -122.3211 0.0000 0.4774-122 -122.3211
S204-- 0.1055-133 -133.9766 -0.1991 0.6674-134 -134.1756
hs- 0.2351-141 -141.6288 -0.0500 0.2095-141 -141.6788
h2s(aq) 0.9956-142 -142.0019 0.0000 0.9956-142 -142.0019
methane(aq) 0.1744-146 -146.7584 0.0000 0.1744-146 -146.7584
S-- 0.7870-147 -147.1040 -0.1991 0.4977-147 -147.3031
S203-- 0.5488-147 -147.2606 -0.1991 0.3470-147 -147.4596
acetate 0.1510-151 -151.8211 -0.0483 0.1351-151 -151.8695
cach3coo+ 0.2534-153 -153.5961 -0.0525 0.2246-153 -153.6487
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hs203- 0.1959-153 -153.7081 -0.0483 0.1752-153 -153.7564
nach3coo(aq) 0.5489-154 -154.2605 0.0000 0.5489-154 -154.2605
acetic acid(agq)  0.3775-154 -154.4231 0.0000 0.3775-154 -154.4231

u02s203(aq) 0.1066-155 -155.9724 0.0000 0.1066-155 -155.9724
fech3coo++ 0.1714-164 -164.7660 -0.2042 0.1071-164 -164.9702
fech3coo+ 0.2068-172 -172.6844 -0.0525 0.1832-172 -172.7370
s306-- 0.2018-177 -177.6952 -0.1991 0.1276-177 -177.8942
ethyne(aq) 0.9642-220 -220.0158 0.0000 0.9642-220 -220.0158
ethanol(aq) 0.1061-232 -232.9742 0.0000 0.1061-232 -232.9742
ethylene(aq) 0.3633-237 -237.4398 0.0000 0.3633-237 -237.4398
s2-- 0.2040-251 -251.6903 -0.1991 0.1290-251 -251.8893
ethane(aq) 0.2905-261 -261.5369 0.0000 0.2905-261 -261.5369
propanoate 0.3075-264 -264.5121 -0.0483 0.2752-264 -264.5604
propanoic acid(aq) 0.1025-266 -266.9894 0.0000 0.1025-266 -266.9894
s406-- 0.1134-268 -268.9455 -0.1991 0.7168-269 -269.1446
acetone(aq) 0.1249-306 -306.9034 0.0000 0.1249-306 -306.9034

fe(ch3coo)2+ 0.3312-308 -308.4800 -0.0525 0.2934-308 -308.5325
fe(ch3coo)2(ag)  0.0000E+00 -323.4116 0.0000 0.0000E+00 -323.4116
1-propyne(aq) ~ 0.0000E+00 -328.6679 0.0000 0.0000E+00 -328.6679
1-propanol(ag)  0.0000E+00 -345.6065 0.0000 0.0000E+00 -345.6065
1-propene(ag)  0.0000E+00 -347.9023 0.0000 0.0000E+00 -347.9023
s3-- 0.0000E+00 -356.3547 -0.1991 0.0000E+00 -356.5537

propane(aq) 0.0000E+00 -374.5379 0.0000 0.0000E+00 -374.5379
butanoate 0.0000E+00 -377.6867 -0.0483 0.0000E+00 -377.7350
butanoic acid(ag) 0.0000E+00 -380.2227 0.0000 0.0000E+00 -380.2227
s506-- 0.0000E+00 -389.0763 -0.1991 0.0000E+00 -389.2754

2-butanone(aq) 0.0000E+00 -419.7922 0.0000 0.0000E+00 -419.7922
1-butyne(aq) 0.0000E+00 -441.8352 0.0000 0.0000E+00 -441.8352
fe(ch3coo)3(aq)  0.0000E+00 -454.5947 0.0000 0.0000E+00 -454.5947
1-butanol(aq) 0.0000E+00 -459.4482 0.0000 0.0000E+00 -459.4482
s4-- 0.0000E+00 -461.2389 -0.1991 0.0000E+00 -461.4380
1-butene(aq) 0.0000E+00 -461.2530 0.0000 0.0000E+00 -461.2530
n-butane(aq) 0.0000E+00 -487.5945 0.0000 0.0000E+00 -487.5945
pentanoate 0.0000E+00 -490.7515 -0.0483 0.0000E+00 -490.7998
pentanoic acid(aq) 0.0000E+00 -493.2655 0.0000 0.0000E+00 -493.2655
2-pentanone(aq)  0.0000E+00 -533.0989 0.0000 0.0000E+00 -533.0989
1-pentyne(aq) 0.0000E+00 -554.9879 0.0000 0.0000E+00 -554.9879
s5-- 0.0000E+00 -566.3431 -0.1991 0.0000E+00 -566.5422
1-pentanol(aq) 0.0000E+00 -571.3108 0.0000 0.0000E+00 -571.3108
1-pentene(aq) 0.0000E+00 -574.4276 0.0000 0.0000E+00 -574.4276
n-pentane(aq) 0.0000E+00 -600.7209 0.0000 0.0000E+00 -600.7209
hexanoate 0.0000E+00 -603.9188 -0.0483 0.0000E+00 -603.9671
hexanoic acid(ag) 0.0000E+00 -606.4181 0.0000 0.0000E+00 -606.4181
2-hexanone(aq) 0.0000E+00 -646.0903 0.0000 0.0000E+00 -646.0903
1-hexyne(aq) 0.0000E+00 -668.2359 0.0000 0.0000E+00 -668.2359
1-hexanol(aq) 0.0000E+00 -685.0866 0.0000 0.0000E+00 -685.0866
1-hexene(aq) 0.0000E+00 -687.4117 0.0000 0.0000E+00 -687.4117
n-hexane(aq) 0.0000E+00 -713.9908 0.0000 0.0000E+00 -713.9908
heptanoate 0.0000E+00 -717.0203 -0.0483 0.0000E+00 -717.0686
heptanoic acid(aq) 0.0000E+00 -719.4243 0.0000 0.0000E+00 -719.4243
2-heptanone(aq)  0.0000E+00 -759.1843 0.0000 0.0000E+00 -759.1843
1-heptyne(aq) 0.0000E+00 -781.5206 0.0000 0.0000E+00 -781.5206
1-heptanol(aq) 0.0000E+00 -799.2362 0.0000 0.0000E+00 -799.2362
1-heptene(aq) 0.0000E+00 -800.5277 0.0000 0.0000E+00 -800.5277
n-heptane(aq) 0.0000E+00 -827.0849 0.0000 0.0000E+00 -827.0849
octanoate 0.0000E+00 -830.1143 -0.0483 0.0000E+00 -830.1626
octanoic acid(aq) 0.0000E+00 -832.2984 0.0000 0.0000E+00 -832.2984
2-octanone(aq) 0.0000E+00 -872.2784 0.0000 0.0000E+00 -872.2784
1-octyne(aq) 0.0000E+00 -894.6733 0.0000 0.0000E+00 -894.6733
1-octanol(aq) 0.0000E+00 -912.1104 0.0000 0.0000E+00 -912.1104
1-octene(aq) 0.0000E+00 -913.7830 0.0000 0.0000E+00 -913.7830
n-octane(aq) 0.0000E+00 -940.2229 0.0000 0.0000E+00 -940.2229

aqueous species accounting for 99% or more of ca++

species molal conc  per cent
cat++ 0.1721E-02 92.89
caso4(aq) 0.8021E-04 4.33
cahco3+ 0.4336E-04 2.34
total 99.56

aqueous species accounting for 99% or more of cl-

species molal conc  per cent
cl- 0.4994E-02 99.89
total 99.89

aqueous species accounting for 99% or more of fe++

species molal conc  per cent
fe(oh)3(aq) 0.7608E-12 84.45
fe(oh)2+ 0.1336E-12 14.83
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aqgueous species accounting for 99% or more of hco3-

species molal conc  per cent
hco3- 0.3511E-02 87.33
co2(aq) 0.3389E-03 8.43
cahco3+ 0.4336E-04 1.08
nahco3(aq) 0.2755E-04 0.69
uo2(co3)2-- 0.2458E-04 1.22
uo2(co3)3---- 0.1235E-04 0.92
total 99.67

agueous species accounting for 99% or more of na+

species molal conc  per cent
na+ 0.6942E-02 99.17
total 99.17

aqueous species accounting for 99% or more of so4--

species molal conc  per cent
S04-- 0.8941E-03 89.41
caso4(aq) 0.8021E-04 8.02
naso4- 0.2568E-04 2.57
total 100.00

aqueous species accounting for 99% or more of uo2++

species molal conc  per cent
uo2(co3)2-- 0.2458E-04 61.46
uo2(co3)3---- 0.1235E-04 30.88

(u02)2c03(oh)3-  0.1229E-05 6.15
uo2(oh)2(aq) 0.3654E-06 0.91

couple eh,volts  pe- log fo2  ah, kcal

default 0.786 0.1329E+02 -0.700  18.132
acetic alhco3-  0.786 0.1329E+02 -0.700  18.132
acetone(/hco3- 0.786 0.1329E+02 -0.700 18.132
clo4- /cl- 0.786 0.1329E+02 -0.700  18.132
ethane(a/hco3- 0.786 0.1329E+02 -0.700  18.132
fe+++ [ffe++ 0.786 0.1329E+02 -0.700  18.132
h2(aq) /h2o 0.786 0.1329E+02 -0.700  18.132
hs- /so4-- 0.786 0.1329E+02 -0.700 18.132
methane(/hco3-  0.786 0.1329E+02 -0.700 18.132
methanol/hco3-  0.786 0.1329E+02 -0.700  18.132
02(aq) /h2o 0.786 0.1329E+02 -0.700  18.132
s03-- /so4-- 0.786 0.1329E+02 -0.700 18.132
u+++ fuo2++ 0.786 0.1329E+02 -0.700 18.132
ut++++ fuo2++ 0.786 0.1329E+02 -0.700 18.132
uo2+ Jfuo2++ 0.786 0.1329E+02 -0.700 18.132

couple affinity, kcal

none

(minerals with affinities .It. -10 kcal are not listed)

mineral log g/k aff, kcal state mineral log g/k aff, kcal state
anhydrite -1.900 -2.593 aragonite -0.144  -0.197 satd
bassanite -2.545 -3.473 calcite 0.000 0.000 satd
caso4:0.5h2o(beta) -2.714 -3.702 cauo4 -0.499 -0.681
fe(oh)3 -5.602 -7.642 goethite -0.480 -0.655
gypsum -1.725 -2.353 halite -6.148 -8.388
hematite 0.000 0.000 satd ice -0.139 -0.189 satd
mirabilite -6.531 -8.911 monohydrocalcite -0.834 -1.138
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na2u2o07 -4.621 -6.305 nahcolite -4.601  -6.277

rutherfordine -1.823 -2.487 schoepite -0.948 -1.293
schoepite-dehy(.39 -2.839 -3.873 schoepite-dehy(.64 -2.321 -3.166
schoepite-dehy(.85 -1.212 -1.653 schoepite-dehy(.9) -1.131 -1.544
schoepite-dehy(1.0 -1.218 -1.661 uo2(oh)2(beta) -1.060 -1.447
uo3(alpha) -4.754 -6.486 uo3(beta) -4.425 -6.037
uo3(gamma) -3.823 -5.215

4 approx. saturated pure minerals
0 approx. saturated end-members of specified solid solutions
0 saturated end-members of hypothetical solid solutions

0 supersaturated pure minerals
0 supersatd. end-members of specified solid solutions
0 supersatd. hypothetical solid solution phases

----- summary of gases -----

gas fugacity log fugacity
c(9) 0.101555-187 -187.99330
ca(g) 0.238726-151 -151.62210
ch4(g) 0.123543-143 -143.90818
cl2(g) 0.751235E-24 -24.12422
co(g) 0.193508E-46 -46.71330
co2(g) 0.100000E-01  -2.00000
h2(g) 0.627133E-41 -41.20264
h20o(g) 0.259693E-01  -1.58554
h2s(g) 0.968907-141 -141.01372
hcl(g) 0.106959E-15 -15.97078
na(g) 0.134780E-74 -74.87037
02(g) 0.199526E+00  -0.70000
s2(g) 0.532224-225 -225.27391
s02(g) 0.158936E-53 -53.79878
u(g) 0.260406-289 -289.58435
u2cl10(g) 0.140826-209 -209.85132
u2cl8(g) 0.511217-219 -219.29139
ucl(g) 0.310198-247 -247.50836
ucl2(g) 0.298213-198 -198.52547
ucl3(g) 0.320712-150 -150.49389
ucl4(g) 0.938216-114 -114.02770
ucl5(g) 0.323587-115 -115.49001
uclé(g) 0.517701-113 -113.28592
uo2cl2(g) 0.480758E-62 -62.31807

----- end of output -----
--- pickup file has been successfully written ---

--- reading the input file ---
--- no further input found ---

start time = 09:27  3Dec91
end time = 09:27  3Dec91

user time = 6.230

cputime=  1.240
normal exit

7.5. Calculating the Composition of a CustonpH Buffer: An Example

This short example illustrates the use of EQ3NR to calculate the composition of a phistom
buffer solution. Such buffers are highly useful in laboratory experiments, for example in deter-
mining thepH dependence of mineral dissolution kinetics (e.g., Knauss and Wolery, 1986). The
model is defined by choosing the desipttiat the given temperature and the concentration of

the buffering component. Electrical balancing is used to determine how much acid or base to in-
clude in the buffer recipe. The details are explained in the title angbefile, which is present-

ed in both formats. This example was computed usingaimadata file. The activity coefficients

were computed from the B-dot equation.

In this case, the buffer recipe is to consist of 0.05 molal boric and some unknown concentration
of NaOH The [H is to be 8.00 at 7C€. The desired concentration&OH is determined by
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electrical balancing on the sodium ion. The calculated concentratide’d 0.005691 molal.
Hence the buffer should contain 0.005691 molallaDH

By doing very similar calculations with electrical balancing on the hydrogen ion, it is possible to
confirm consistency between code calculations and stapéhbdffer recipes. ThpH of such
solutions at other temperatures can then be found simply by changing the temperature on the data
file. Some examples of this are given by Knauss and Wolery (1986).

When doing calculations involving buffers intended for use in the laboratory, it is always wise to
check the saturation index results to ensure that the desired buffer composition is not supersatu-
rated with respect to some solid phase. If it is, the buffer solution may be impossible to make up,
or if it can be made up, it may not be stable owing to eventual precipitation of the supersaturated
phase. The buffer solution may also be hard to make up if the solid form of the buffer component
(such as boric acid) is undersaturated, but fairly close to saturation.

The EQ3NRinput file (custombuf.3),custom pH buffer test case (“W” format)

EQ3NR input file name= custombuf.3i

Description= "Custom borate pH buffer, pH 8.00 at 70 C"
Version number= 3245 Stage number= 01

Created 06/08/90 Creator= T.J. Wolery

Revised 06/08/90 Revisor= T.J. Wolery

Compute the amount of NaOH required for the custom borate pH
buffer solution-

pH 8.00 (at 70 C) buffer: 0.05 m H3BO3 + x m NaOH

This buffer is a spin-off of buffers used by Knauss and Wolery
(1986) in mineral dissolution rate experiments. The H3BO3
concentration has been dropped by an order of magnitude to reduce
interference with the analysis of alkali cations (such as K+) in

the leachate. The molality of Na+ is adjusted so as to find the
molality of NaOH (x) required to obtain a buffer pH of 8.00 at

70 C, the intended temperature of the experiments. The adjusted
molality is given as the "final" value in "moles/kg."

Purpose: to test electrical balancing on a solute other than H+
and to demonstrate the code's abilty to calculate the composition of
a custom pH buffer.

References

Knauss, K. G., and Wolery, T. J., 1986, Dependence of albite
dissolution kinetics on pH and time at 25 C and 70 C: Geochimica
et Cosmochimica Acta, v. 50, p. 2481-2497.

endit.
tempc= 70.
rho= 1.00000 tdspkg= 0. tdspl= 0.
fep= -0.700 uredox=
tolbt= 0. toldl=
itermx= 0
* 1

tolsat= 0.

2
ioptl-10= 0
iopgl-10= 0
ioprl-10= 0

iopr11-20= 0

iodb1-10= 0
uebal= na+
nxmod= 0

co®o®e~N o
co®PofPm
OOOOO©
coCo°b
co®o®

data file master species= h+
switch with species=
jflag=16 csp=-8.00

data file master species= na+
switch with species=
jflag= 0 csp=0.004

data file master species= b(oh)3(aq)
switch with species=
jflag= 0 csp=0.05

endit.
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The EQ3NRinput file (custombut.3i),custom pH buffer test case (“D” format)

EQ3NR input file name= custombuf.3i |
Description= "Custom borate pH buffer, pH 8.00 at 70 C" |
Version number= 3245 Stage number= 01 |
Created 06/08/90 Creator= T.J. Wolery |
Revised 06/08/90 Revisor= T.J. Wolery |

|
Compute the amount of NaOH required for the custom borate pH |
buffer solution-

|
pH 8.00 (at 70 C) buffer: 0.05 m H3BO3 + x m NaOH |

This buffer is a spin-off of buffers used by Knauss and Wolery |
(1986) in mineral dissolution rate experiments. The H3BO3
concentration has been dropped by an order of magnitude to reduce |
interference with the analysis of alkali cations (such as K+) in |

the leachate. The molality of Na+ is adjusted so as to find the |
molality of NaOH (x) required to obtain a buffer pH of 8.00 at |

70 C, the intended temperature of the experiments. The adjusted |
molality is given as the "final" value in "moles/kg."

|
Purpose: to test electrical balancing on a solute other than H+ |
and to demonstrate the code's abilty to calculate the composition of |
a custom pH buffer. |

References |

|
Knauss, K. G., and Wolery, T. J., 1986, Dependence of albite |
dissolution kinetics on pH and time at 25 C and 70 C: Geochimica |
et Cosmochimica Acta, v. 50, p. 2481-2497.
|

|
Temperature (C) | 70.00 |Density(gm/cm3)| 1.00000 |
|
|
Total Dissolved Salts | | mg/kg | mg/l [*notused |
|
|
Electrical Balancing on |na+ | code selects | not performed|
|

|

SPECIES | BASIS SWITCH/CONSTRAINT | CONCENTRATION| UNITS OR TYPE |
|
|

redox | | -.7000 [logfo2 |

h+ | | 8.0000 |ph |

na+ | |0.40000E-02 |molality |
b(oh)3(aq)| |0.50000E-01 |molality |

Input Solid Solutions |

none | | | |

|
|

SUPPRESSED SPECIES (suppress,replace,augmentk,augmentg) value |
|

none | | |

OPTIONS |

- SOLID SOLUTIONS - |
* ignore solid solutions |
process hypothetical solid solutions |
process input and hypothetical solid solutions |
- LOADING OF SPECIES INTO MEMORY - |
* does nothing |
lists species loaded into memory |
- ECHO DATABASE INFORMATION - |
* does nothing |
lists all reactions |
lists reactions and log K values
lists reactions, log K values and polynomial coef. |
- LIST OF AQUEOUS SPECIES (ordering) - |
* in order of decreasing concentration |
in same order as input file |
- LIST OF AQUEOUS SPECIES (concentration limit) - |
* all species |
only species > 10**-20 molal |
only species > 10**-12 molal |
not printed |
- LIST OF AQUEOUS SPECIES (by element) -
* print major species
print all species |
don't print |
- MINERAL SATURATION STATES -
* print if affinity > -10 kcals |
print all |
don't print |
- pH SCALE CONVENTION -
* modified NBS |
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internal |
rational |
- ACTIVITY COEFFICIENT OPTIONS -
* use B-dot equation |
Davies' equation |
Pitzer's equations |
- AUTO BASIS SWITCHING - |
* off |
on |
- PITZER DATABASE INFORMATION - |
* print only warnings
print species in model and number of Pitzer coefficients |
print species in model and names of Pitzer coefficients |
- PICKUP FILE -
* write pickup file |
don't write pickup file |
- LIST MEAN IONIC PROPERTIES - |
* don't print |
print |
- LIST AQUEOUS SPECIES, ION SIZES, AND HYDRATION NUMBERS -
* print |
don't print |
- CONVERGENCE CRITERIA - |
* test both residual functions and correction terms |
test only residual functions

|
DEBUGGING SWITCHES (o-off, 1,2-on, default is of+) |
|

generic debugging information 12
print details of pre-Newton-Raphson iteration |2
print details of Newton-Raphson iteration |
print details of stoichiometric factors |2

print details of stoichiometric factors calculation |
write reactions on RLIST

list stoichiometric concentrations of master species |
request iteration variables to be killed

OO0OO0OO0O0O00OO0

|
DEVELOPMENT OPTIONS (used for code developrﬁent)
|

none |
|
TOLERANCES (desired values) (defellults) |
|
residual functions | |1.e-10 I|
correction terms | [1.e-10 |
saturation state | 10.5 |
number of N-R iterations | 130 |

The EQ3NRoutput file (custombuf.39, custom pH buffer test case (beginning with the mes-
sage announcing the endéwton-Raphson iteratidn

(Material deleted)

Hybrid newton-raphson iteration converged in 5 steps.

element  mgl/l mg/kg moles/kg

o 0.89042E+06 0.89042E+06 0.5565315583E+02
b 540.55 540.55 0.4999999993E-01
h  0.11203E+06 0.11203E+06 0.1111499637E+03
na 130.83 130.83 0.5690579408E-02

species mgl/l mg/kg moles/kg
h2o 0.10026E+07 0.10026E+07 0.5565315583E+02
b(oh)3(aq) 3091.7 3091.7 0.4999999993E-01
h+ 0.11203E+06 0.11203E+06 0.1111499637E+03
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na+ 130.83 130.83 0.5690579408E-02

--- equivalent composition of the aqueous phase (cte balances) ---

original basis existing basis
species moles/kg h2o species moles/kg h2o
h2o 0.5565315583E+02 h20 0.5565315583E+02
b(oh)3(aq) 0.4999999993E-01 b(oh)3(aq) 0.4999999993E-01
h+ 0.1111499637E+03 h+ 0.1111499637E+03
na+ 0.5690579408E-02 na+ 0.5690579408E-02

single ion activities and activity coefficients are here defined
with respect to the modified nbs ph scale

ph eh pe
modified nbs ph scale 8.0000 0.6660 9.7819E+00
rational ph scale 7.9649 0.6684 9.8169E+00

activity of water = 0.99900
log activity of water = -0.00043

true osmotic coefficient=  0.99439
stoichiometric osmotic coefficient= 0.99396

sum of true molalities= 0.0558475100840
sum of stoichiometric molalities= 0.0558718616625

true ionic strength=0.0056661824285
stoichiometric ionic strength=0.0028537623461

equiv/kg

sigma(mz) cations 0.5666182429E-02

sigma(mz) anions -0.5666182358E-02
total charge =  0.1133236479E-01
mean charge = 0.5666182393E-02

charge imbalance = 0.7043948671E-10

total charge = sigma(mz) cations + abs ( sigma(mz) anions )
mean charge = 1/2 total charge
the electrical imbalance is

0.622E-06 per cent of the total charge

0.124E-05 per cent of the mean charge

0.124E-05 per cent of sigma(mz) cations
0.124E-05 per cent of abs ( sigma(mz) anions )

--- electrical balancing on na+
mg/l mg/kg moles/kg
input 91.959 91.959 0.4000000000E-02

final 130.83 130.83 0.5690579408E-02
adj 38.866 38.866 0.1690579408E-02

----- activity ratios of ions -----

log ( act(b(oh)3(aq) )= -1.3533

log ( act(na+ )/actth+)xx1)=  5.7143

log (act(h2(aq) ) )= -37.7891

log ( act(o2(aq) )= -3.7841

log ( act(oh- )xact(h+)xx 1) = -12.8090

----- distribution of aqueous species -----

species molal conc logconc logg actvity log act

b(oh)3(aq) 0.4433E-01 -1.3533 0.0000 0.4433E-01 -1.3533
na+ 0.5666E-02 -2.2467 -0.0390 0.5180E-02 -2.2857
bo2- 0.5649E-02 -2.2480 -0.0369 0.5189E-02 -2.2849
02(aq) 0.1643E-03 -3.7843 0.0001 0.1644E-03 -3.7841
nab(oh)4(aq) 0.2435E-04 -4.6135 0.0000 0.2435E-04 -4.6135
oh- 0.1693E-04 -4.7712 -0.0378 0.1552E-04 -4.8090
naoh(aq) 0.5624E-07 -7.2499 0.0000 0.5624E-07 -7.2499
h+ 0.1084E-07 -7.9649 -0.0351 0.1000E-07 -8.0000
b20o(oh)5- 0.6786E-12 -12.1684 -0.0369 0.6234E-12 -12.2052
b303(oh)4- 0.3014E-15 -15.5208 -0.0369 0.2769E-15 -15.5577

-122 -



ho2- 0.5226E-19 -19.2818 -0.0369 0.4801E-19 -19.3187

b405(oh)4-- 0.1518E-27 -27.8188 -0.1504 0.1074E-27 -27.9692
h2(aq) 0.1625E-37 -37.7892 0.0001 0.1625E-37 -37.7891
bh4- 0.1043-190 -190.9817 -0.0369 0.9581-191 -191.0186

aqueous species accounting for 99% or more of b(oh)3(aq)

species molal conc  per cent
b(oh)3(aq) 0.4433E-01 88.65
bo2- 0.5649E-02 11.30

agueous species accounting for 99% or more of na+

species molal conc  per cent
na+ 0.5666E-02 99.57
total 99.57

couple eh, volts  pe- log fo2 ah, kcal
default 0.666 0.9782E+01 -0.700 15.359

h2(aq) /h2o 0.666 0.9782E+01 -0.700  15.359
02(aq) /h2o 0.666 0.9782E+01 -0.700  15.359

couple affinity, kcal

none

(minerals with affinities .It. -10 kcal are not listed)

mineral log g/k aff, kcal state mineral log g/k aff, kcal state

boric acid -1.644 -2.582 ice -0.330 -0.519

0 approx. saturated pure minerals
0 approx. saturated end-members of specified solid solutions
0 saturated end-members of hypothetical solid solutions

0 supersaturated pure minerals
0 supersatd. end-members of specified solid solutions
0 supersatd. hypothetical solid solution phases

gas fugacity log fugacity
b(g) 0.217492-171 -171.66256
h2(g) 0.221420E-34 -34.65478
h20(g) 0.255598E+00 -0.59244
na(g) 0.942317E-63 -63.02580
02(9) 0.199526E+00  -0.70000

----- end of output -----
--- pickup file has been successfully written ---

--- reading the input file ---
--- no further input found ---

start time =09:25  3Dec91
end time =09:25  3Dec91

usertime = 3.490
cputime=  0.870
normal exit
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7.6. Computing Oxygen Fugacity from Mineral Equilibria: An Example

In this example, the oxygen fugacity of a hydrothermal solution &2B0estimated by assum-
ing equilibrium between the aqueous solution, hematite, and magnetite. Note the use of the op-
tion ioptl = -3, which opens up a species input blockOgg,. Note that equilibrium with

magnetite is the constraint assigneEeE)*. Equilibrium with hematite is assigned@gq). This

problem also determines the concentration of dissolved iron. This test case was adapted from one
given by Henley et al. (1984), which also involves equilibrium with quartz, albite, K-feldspar,

and muscovite, and electrical balancing to determin@lthd he results shown here were ob-

tained using theom data file. The activity coefficients were computed from the B-dot equation.
Theinput file is presented in both formats. Tbetput file is presented beginning with the mes-

sage announcing the end of Newton-Raphson iteration.

Equilibrium between hematit&€,03() and magnetiteHesOy4(c) fixes the oxygen fugacity be-
cause the reaction between the two can be written as:

6Fe,03¢) = 4Fe30,¢) + Oy(g) (223)

Because the thermodynamic activities of the two minerals are each unity, the corresponding mass
action equation reduces to:

IogfO2 = logK (224)

whereK is the equilibrium constant for the stated reaction.

Note that on theutput file that the calculated saturation indices for hematite and magnetite are
indeed zero. ThpH is -7.1045, the log oxygen fugacity is -35.301, and the concentration of dis-

solved iron is a very low 0.624 x Panolal.

The EQ3NRinput file (fo2mineq.3)), the oxygen fugacity from mineral equilibria test case
(*W” format):

EQ3NR input file name= fo2mineq.3i

Description= "Compute fO2 from hematite-magnetite equilibria"
Version number= 3245 Stage number= 01

Created 06/08/90 Creator=T.J. Wolery

Revised 06/08/90 Revisor= T.J. Wolery

Compute the oxygen fugacity assuming equilibrium with hematite
and magnetite. This is an extension of the problem in henleyph.3i,
taken from Henley et al. (1984, p. 96-97). In the original problem,
the pH was to be calculated from electrical balancing. The iniital
value was 6.0, the adjusted value about 7.1. An initial value of
7.1is used here.

Purpose: to test the computation of fO2 from specified mineral
equilibria.

References

Henley, R. W., Truesdell, A. H., Barton, P. B., Jr., and Whitney,
J. A, 1984, Fluid-Mineral Equilibria in Hydrothermal Systems:
Reviews in Economic Geology, v. 1, Society of Economic Geologists,
The Economic Geology Publishing Company, El Paso, Texas.

endit.
tempc= 250.
rho= 1. tdspkg= 0. tdspl= 0.
fep= 0. uredox=
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tolbt= 0. toldl= 0. tolsat= 0.

itermx= 0
* 1 2 3 45 6 7 8 9 10
ioptl-10= -3 0 0 0 0 O O O O O
iopgl-10= 0 0 0 0 0 0 O O O O
ioprl-10==- 0 0 0 0 0 0 O O O O
iopr11-20= 0 0 0 0 0 O O O O O
iodb1-10= 0 0 0 0 0 0 O O O O

uebal= h+

nxmod= 0

data file master species= na+
switch with species=
jflag=19 csp=0.
mineral= albite
data file master species= k+
switch with species=
jflag=19 csp=0.
mineral= muscovite
data file master species= cl-
switch with species=
jflag= 0 csp=0.01
data file master species= sio2(aq)
switch with species=
jflag=19 csp=0.
mineral= quartz
data file master species= al+++
switch with species=
jflag=19 csp=0.
mineral= k-feldspar
data file master species= h+
switch with species=
jflag=16 csp=-7.1
data file master species= fe++
switch with species=
jflag=19 csp=0.
mineral= magnetite
data file master species= 02(g)
switch with species=
jflag=19 csp=0.
mineral= hematite
endit.

The EQ3NRnput file (fo2mineqg.3i), the oxygen fugacity from mineral equilibria test case (“D”
format)

EQ3NR input file name= fo2mineq.3i

Description= "Compute fO2 from hematite-magnetite equilibria" |
VVersion number= 3245 Stage number= 01

Created 06/08/90 Creator=T.J. Wolery |

Revised 06/08/90 Revisor= T.J. Wolery |

Compute the oxygen fugacity assuming equilibrium with hematite |
and magnetite. This is an extension of the problem in henleyph.3i, |
taken from Henley et al. (1984, p. 96-97). In the original problem, |
the pH was to be calculated from electrical balancing. The iniital |
value was 6.0, the adjusted value about 7.1. An initial value of |
7.1 is used here.

Purpose: to test the computation of fO2 from specified mineral |
equilibria.
|

References |

|
Henley, R. W., Truesdell, A. H., Barton, P. B., Jr., and Whitney, |
J. A., 1984, Fluid-Mineral Equilibria in Hydrothermal Systems: |
Reviews in Economic Geology, v. 1, Society of Economic Geologists, |
The Economic Geology Publishing Company, El Paso, Texas.
|

Temperature (C) 1250.00 |Density(gm/cm3)|I 1.00000 |
|

Total Dissolved Salts | | mg/kg | mg/l |*not LIISBd |
|

Electrical Balancing on |h+ | code selects | nolt performed|
|

SPECIES | BASIS SWITCH/CONSTRAINT | CONCIENTRATION| UNITSOR TYPE |
|

na+ |lalbite 0. |mineral |
k+ |muscovite | O |mineral |
cl- | |0.10000E-01 |molality |
sio2(aq) |quartz | o |mineral |
al+++  |k-feldspar | O |mineral |
h+ | | 7.1000 |ph

fe++ |magnetite | O |mineral |
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redox | | [redox couple |
02(g) |hematite | O |mineral |

Input Solid Solutions |

none | | | |

|
|

SUPPRESSED SPECIES (suppress,replace,augmentk,augmentg) value |
|

none | | |

OPTIONS |

- SOLID SOLUTIONS - |
* ignore solid solutions |
process hypothetical solid solutions |
process input and hypothetical solid solutions |
- LOADING OF SPECIES INTO MEMORY - |
* does nothing |
lists species loaded into memory |
- ECHO DATABASE INFORMATION - |
* does nothing |
lists all reactions |
lists reactions and log K values
lists reactions, log K values and polynomial coef. |
- LIST OF AQUEOUS SPECIES (ordering) - |
* in order of decreasing concentration |
in same order as input file |
- LIST OF AQUEOUS SPECIES (concentration limit) - |
* all species |
only species > 10**-20 molal |
only species > 10**-12 molal |
not printed |
- LIST OF AQUEOUS SPECIES (by element) -
* print major species
print all species |
don't print |
- MINERAL SATURATION STATES -
* print if affinity > -10 kcals |
print all |
don't print |
- pH SCALE CONVENTION -
* modified NBS |
internal |
rational |
- ACTIVITY COEFFICIENT OPTIONS -
* use B-dot equation |
Davies' equation |
Pitzer's equations |
- AUTO BASIS SWITCHING - |
* off |

on |
- PITZER DATABASE INFORMATION - |
* print only warnings
print species in model and number of Pitzer coefficients |
print species in model and names of Pitzer coefficients |
- PICKUP FILE -
* write pickup file |
don't write pickup file |
- LIST MEAN IONIC PROPERTIES - |
*don't print |
print |
- LIST AQUEOUS SPECIES, ION SIZES, AND HYDRATION NUMBERS -
* print |
don't print |
- CONVERGENCE CRITERIA - |
* test both residual functions and correction terms |
test only residual functions

|
DEBUGGING SWITCHES (o-off, 1,2-on, default is of%) |
|
|

generic debugging information 12
print details of pre-Newton-Raphson iteration |2
print details of Newton-Raphson iteration |
print details of stoichiometric factors |2

print details of stoichiometric factors calculation |
write reactions on RLIST

list stoichiometric concentrations of master species |
request iteration variables to be killed

[sYsYs¥elsloYala)

|
DEVELOPMENT OPTIONS (used for code developrﬁent)
|
|

none |
|
|
TOLERANCES (desired values) (defaults) |
|
|
residual functions | |1.e-10 |
correction terms | [1.e-10 |
saturation state | 10.5 |
number of N-R iterations | 130 |
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The EQ3NRoutput file (fo2mineq.39, the oxygen fugacity from mineral equilibria test case

(beginning with the message announcing the erdkgfton-Raphson iteration

(Material deleted)

Hybrid newton-raphson iteration converged in 4 steps.

element mgl/l mg/kg moles/kg

o 0.88831E+06 0.88831E+06 0.5552162122E+02
al  2.1526 2.1526 0.7978017881E-04

cl  354.53 354.53 0.1000000000E-01

fe  0.36427E-03 0.36427E-03 0.6522560372E-08
h  0.11190E+06 0.11190E+06 0.1110174095E+03
k 26.877 26.877 0.6874113956E-03

na  220.69 220.69 0.9599276272E-02

si 177.78 177.78 0.6329961991E-02

species mg/l mg/kg moles/kg

h2o 0.10002E+07 0.10002E+07 0.5552162122E+02
al+++ 2.1526 2.1526 0.7978017881E-04

cl- 354.53 354.53 0.1000000000E-01

fe++ 0.36427E-03 0.36427E-03 0.6522560372E-08
h+ 0.11190E+06 0.11190E+06 0.1110174095E+03
k+ 26.877 26.877 0.6874113956E-03

na+ 220.69 220.69 0.9599276272E-02
sio2(aq) 380.33 380.33 0.6329961991E-02

--- equivalent composition of the aqueous phase (cte balances) ---

original basis existing basis
species moles/kg h2o species moles/kg h2o
h2o 0.5552162122E+02 h20 0.5552162122E+02
al+++ 0.7978017881E-04 al+++ 0.7978017881E-04
cl- 0.1000000000E-01 cl- 0.1000000000E-01
fe++ 0.6522560372E-08 fe++ 0.6522560372E-08
h+ 0.1110174095E+03 h+ 0.1110174095E+03
k+ 0.6874113956E-03 k+ 0.6874113956E-03
na+ 0.9599276272E-02 na+ 0.9599276272E-02
sio2(aq) 0.6329961991E-02 sio2(aq) 0.6329961991E-02

single ion activities and activity coefficients are here defined
with respect to the modified nbs ph scale

ph eh pe
modified nbs ph scale 7.1043 -0.4409 -4.2479E+00
rational ph scale 7.0303 -0.4333 -4.1739E+00

phcl=  9.1965
activity of water = 0.99954
log activity of water = -0.00020

true osmotic coefficient=  0.95501
stoichiometric osmotic coefficient= 0.94765

sum of true molalites= 0.0266011622504
sum of stoichiometric molalities= 0.0268077718714

true ionic strength=0.0100799754658
stoichiometric ionic strength= 0.0105548045192
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equiv/kg

sigma(mz) cations = 0.1007996578E-01

sigma(mz) anions = -0.1007996578E-01
total charge =  0.2015993155E-01
mean charge = 0.1007996578E-01

charge imbalance =  0.1393052340E-12

total charge = sigma(mz) cations + abs ( sigma(mz) anions )

mean charge = 1/2 total charge

the electrical imbalance is
0.691E-09 per cent of the total charge
0.138E-08 per cent of the mean charge

0.138E-08 per cent of sigma(mz) cations
0.138E-08 per cent of abs ( sigma(mz) anions )

--- electrical balancing on h+ -
log activity
input -7.1000

final -7.1043
adj -0.42640E-02

----- activity ratios of ions -----

log (act(al+++ )/ act(h+)xx 3) = -1.8029
log (act(cl- )xact(h+)xx 1) = -9.1965
log ( act(fe++ )/act(h+)xx2) = 3.6967
log ( act(k+ )/actth+)xx1)=  3.8484
log ( act(na+ )/actth+)xx 1) = 4.9916
log ( act(sio2(aq) ) )= -2.2057

log ( act(clo4- )xact(h+)xx 1) = -97.9770
log ( act(fe+++ )/ act(h+)xx3)= -5.4517
log (act(h2(aq) ) )= -5.1908

log ( act(o2(aq) ) )= -37.9494
log ( act(oh- )xactth+)xx 1) = -11.1677

species molal conc logconc logg activity log act

cl- 0.9806E-02 -2.0085 -0.0837 0.8087E-02 -2.0922
na+ 0.9400E-02 -2.0269 -0.0858 0.7715E-02 -2.1127
sio2(aq) 0.6227E-02 -2.2057 0.0000 0.6227E-02 -2.2057
k+ 0.6804E-03 -3.1673 -0.0886 0.5548E-03 -3.2559
nacl(aq) 0.1875E-03 -3.7271 0.0000 0.1875E-03 -3.7271
oh- 0.1048E-03 -3.9797 -0.0837 0.8641E-04 -4.0634
hsio3- 0.9054E-04 -4.0432 -0.0809 0.7516E-04 -4.1240
al(oh)4- 0.7913E-04 -4.1017 -0.0809 0.6569E-04 -4.1825
nahsio3(aq) 0.1201E-04 -4.9204 0.0000 0.1201E-04 -4.9204
kel(aq) 0.7040E-05 -5.1524 0.0000 0.7040E-05 -5.1524
h2(aq) 0.6462E-05 -5.1896 -0.0012 0.6445E-05 -5.1908
al(oh)3(aq) 0.6518E-06 -6.1859 0.0000 0.6518E-06 -6.1859
naoh(aq) 0.2077E-06 -6.6826 0.0000 0.2077E-06 -6.6826
nah3sio4(aq) 0.9970E-07 -7.0013 0.0000 0.9970E-07 -7.0013
h+ 0.9326E-07 -7.0303 -0.0740 0.7866E-07 -7.1043
h2sio4-- 0.9626E-08 -8.0166 -0.3294 0.4508E-08 -8.3460
fe(oh)2(aq) 0.6443E-08 -8.1909 0.0000 0.6443E-08 -8.1909
hcl(aq) 0.1966E-08 -8.7065 0.0000 0.1966E-08 -8.7065
fe++ 0.6408E-10 -10.1933 -0.3186 0.3077E-10 -10.5118
al(oh)2+ 0.2741E-10 -10.5621 -0.0858 0.2250E-10 -10.6479
fecl+ 0.1470E-10 -10.8326 -0.0858 0.1207E-10 -10.9184
fe(oh)2+ 0.5369E-12 -12.2701 -0.0858 0.4406E-12 -12.3559
fe(oh)4- 0.2576E-13 -13.5890 -0.0809 0.2139E-13 -13.6699
fecl2(aq) 0.1678E-13 -13.7753 0.0000 0.1678E-13 -13.7753
fecl4-- 0.3537E-15 -15.4514 -0.3294 0.1657E-15 -15.7808
aloh++ 0.1452E-16 -16.8380 -0.3338 0.6732E-17 -17.1718
feoh++ 0.2267E-19 -19.6446 -0.3338 0.1051E-19 -19.9784
al+++ 0.3452E-22 -22.4619 -0.6537 0.7661E-23 -23.1157
fecl2+ 0.2060E-22 -22.6860 -0.0858 0.1691E-22 -22.7718
fecl++ 0.2775E-24 -24.5568 -0.3338 0.1287E-24 -24.8906
fe+++ 0.7750E-26 -26.1107 -0.6537 0.1720E-26 -26.7644
fecl4- 0.1891E-27 -27.7232 -0.0809 0.1570E-27 -27.8041
al2(oh)2++++ 0.2506E-31 -31.6011 -1.2852 0.1299E-32 -32.8863
clo- 0.7262E-32 -32.1390 -0.0809 0.6028E-32 -32.2198
ho2- 0.6463E-32 -32.1896 -0.0809 0.5365E-32 -32.2704
02(aq) 0.1127E-37 -37.9482 -0.0012 0.1124E-37 -37.9494
fe2(oh)2++++ 0.2856E-40 -40.5442 -1.2852 0.1481E-41 -41.8294

fe3(oh)4(5+) 0.2218E-52 -52.6540 -1.9745 0.2352E-54 -54.6285

clo2- 0.1500E-55 -55.8239 -0.0809 0.1245E-55
clo3- 0.2615E-71 -71.5826 -0.0809 0.2171E-71
clo4- 0.1625E-90 -90.7890 -0.0837 0.1340E-90

-55.9047
-71.6634
-90.8727
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agueous species accounting for 99% or more of al+++

species molal conc  per cent
al(oh)4- 0.7913E-04 99.18
total 99.18

agueous species accounting for 99% or more of cl-

species molal conc  per cent
cl- 0.9806E-02 98.06
nacl(aq) 0.1875E-03 1.87
total 99.93

agueous species accounting for 99% or more of fe++

species molal conc  per cent
fe(oh)2(aq) 0.6443E-08 98.78
fe++ 0.6408E-10 0.98

agueous species accounting for 99% or more of k+

species molal conc  per cent
k+ 0.6804E-03 98.98
kel(aq) 0.7040E-05 1.02
total 100.00

agueous species accounting for 99% or more of na+

species molal conc  per cent
na+ 0.9400E-02 97.92
nacl(aq) 0.1875E-03 1.95
total 99.87

aqueous species accounting for 99% or more of sio2(aq)

species molal conc  per cent
sio2(aq) 0.6227E-02 98.38
hsio3- 0.9054E-04 1.43
total 99.81

couple eh,volts  pe- log fo2  ah, kcal
default -0.441 -0.4248E+01 -35.301 -10.169
clo4- /cl- -0.441 -0.4248E+01 -35.301 -10.169

fe+++ ffet+ -0.441 -0.4248E+01 -35.301 -10.169
h2(aq) /h2o -0.441 -0.4248E+01 -35.301 -10.169
02(aq) /h2o -0.441 -0.4248E+01 -35.301 -10.169

couple affinity, kcal

none

(minerals with affinities .It. -10 kcal are not listed)

mineral log g/k aff, kcal state mineral log g/k aff, kcal state
albite 0.000 0.000 satd albite high -0.490 -1.173
albite low 0.000 -0.001 satd analcime -0.388 -0.929
analcime-dehy -3.475 -8.318 andalusite -2.190 -5.243
annite -0.767 -1.837 beidellite-h -1.606 -3.844
beidellite-k -1.277 -3.056 beidellite-na -0.951 -2.277
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boehmite -1.095 -2.621 chalcedony -0.155 -0.370 satd

chamosite-7a -2.151 -5.148 clinoptilolite-na  -3.443 -8.241
coesite -0.489 -1.170 corundum -2.664 -6.378
cristobalite -0.266 -0.636 cristobalite-a -0.266 -0.636
cristobalite-b -0.441 -1.056 cronstedtite-7a -1.650 -3.949
daphnite-14a -1.927 -4.614 diaspore -0.909 -2.176
fayalite -1.606 -3.845 fe(oh)2 -3.085 -7.385

feo -1.738  -4.160 ferrosilite -0.819 -1.962
gibbsite -1.501 -3.594 goethite -1.435 -3.434
greenalite -2.242  -5.367 hematite 0.000 0.000 satd
hercynite -1.541 -3.689 ice -1.122  -2.686
jadeite -1.643 -3.934 k-feldspar 0.000 0.000 satd
kalsilite -1.730 -4.141 kaolinite -1.313  -3.144
kyanite -2.243 -5.370 magnetite 0.000 0.000 satd
maximum microcline  0.015  0.035 satd minnesotaite -0.877 -2.100
muscovite 0.000 0.000 satd natrolite -2.493 -5.968
nepheline -1.685 -4.033 nontronite-h -0.985 -2.359
nontronite-k -0.660 -1.580 nontronite-na -0.336  -0.805
paragonite -0.641 -1.535 pyrophyllite -1.490 -3.568
quartz 0.000 0.000 satd sanidine high -0.349 -0.836
sillimanite -2.319 -5.551 sio2(am) -0.513 -1.228
tridymite -0.371 -0.889 wustite -1.992 -4.768

9 approx. saturated pure minerals
0 approx. saturated end-members of specified solid solutions
0 saturated end-members of hypothetical solid solutions

0 supersaturated pure minerals
0 supersatd. end-members of specified solid solutions
0 supersatd. hypothetical solid solution phases

----- summary of gases -----

gas fugacity log fugacity
al(g) 0.116238E-76 -76.93465
cl2(g) 0.196787E-34 -34.70600
h2(g) 0.264546E-02  -2.57750
h20o(g) 0.295122E+02  1.47000
hcl(g) 0.871965E-09  -9.05950
k(g) 0.312141E-32 -32.50565
na(g) 0.408837E-30 -30.38845
02(g) 0.500495E-35 -35.30060
si(g) 0.198061E-84 -84.70320

----- end of output -----
--- pickup file has been successfully written ---

--- reading the input file ---
--- no further input found ---

start time = 09:25  3Dec91
end time =09:25  3Dec91

user time = 4.080
cputime=  0.890
normal exit

7.7. Computing Eh from a Redox Couple: An Example

This test case illustrates the computation of Elpépoxygen fugacity, oAh) from data for both
members of a redox couple. The fluid is an agld£ 1.1) mine water whose composition is tak-

en from Nordstrom, Jenne, and Ball (1979). The redox state is calculatedFef tHee>* cou-

ple. This is possible because the concentration of each form of dissolved iron is sufficiently high
to be measured. The objective is to comparé&thealculated for this couple with the measured
Ehof +622 mV. This problem was run using tem data file, and the activity coefficients are
calculated from the B-dot equation. The input file in both formats is given below, followed by
theoutput file, beginning with the message announcing the completion of Newton-Raphson it-

eration.
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In this particular case, the measuEgdof +622 mV was used as the default redox parameter.
This was accomplished by settirogptl = -1 andiep = 0.622. This was used to constrain all the

redox couples in the solution, except thatfef*-Fe>*. For the latter couple, a separate analyt-
ical concentration was entered for each member, and the corresponding redox state then calcu-
lated. Of particular interest is the following table:

----- summary of aqueous redox reactions -----
couple eh, volts  pe- log fo2 ah, kcal
default 0.622 0.1050E+02 -36.590 14.345
fe+++ [fe++ 0.718 0.1212E+02 -30.115 16.557
h2(aq) /h2o 0.622 0.1050E+02 -36.590 14.345
hs- /so4-- 0.622 0.1050E+02 -36.590 14.345

02(aq) /h2o 0.622 0.1050E+02 -36.590 14.345
s03-- /so4-- 0.622 0.1050E+02 -36.590 14.345

Here we see that the redox state of the ferrous-ferric couple expreg&ded a318 mV, higher
than the measured value of +622 mV. Hieof all other redox couples matches the default val-
ue. If we had sabpgl = 1 anduredox = 'fe+++', the default redox state would have been deter-
mined by that for the ferrous-ferric couple instead.

Is the difference between the compuigdior the ferrous-ferric couple and the measutbgig-
nificant? This is not immediately obvious. To pursue this question, one might like to know the
likely error in the measurdgeh. One might also like to estimate the uncertainty in the calculated
Eh of the ferrous-ferric couple due to the analytical uncertainties in the measurement of the con-
centration of the two forms of dissolved iron. One might also like to estimate the component of
uncertainty in this quantity arising from uncertainty in the measurement pHtHeecall that

the reporteghH value was 1.1. Calibration buffers are generally availableHoralues of about
4.0,7.0,and 10.0. Thusitis likely that the measurement involved considerable extrapolation, and
the true uncertainty is probably at least a few tenthgpéf anit. Note also that the calculated
charge imbalance for the total water analysis on the high side (-16% of the total ionic charge). In
addition to those considerations, uncertainty in the calcultedso arises from uncertainties

in the thermodynamic data and the activity coefficients. Nordstrom, Jenne, and Ball (1979) were
partly able to get around such problems by plotting the ferrous-Ehrersus the measuréih

for a suite of such waters.

Although this example involves the additional data required to evaluate the redox state of only
one couple, data may be specified to allow the determination of the redox states of any number
of redox couples. Generally speaking, two analytical data inputs are required per couple. How-
ever, if water is one of the members of a couple, only an analytical data input for the other mem-
ber is required.

The EQ3NRinput file (acidmwb.3i), the redox couple test case (“W” format)

EQ3NR input file name= acidmwb.3i
Description= "Acid mine water, Hornet Effluent”
Version number= 3245 Stage number= 01
Created 06/08/90 Creator= T.J. Wolery
Revised 06/08/90 Revisor= T.J. Wolery

Acid mine water, Hornet Effluent. Analysis from Nordstrom, Jenne,
and Ball (1979, Table II, column B). Note that separate analyses are
present for Fe++ and Fe+++, permitting the calculation of the Eh
specific to this couple. This may then be compared with the measured
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Eh.
Purpose: to test the code in the case of an acid mine water.
References

Nordstrom, D. K., Jenne, E. A., and Ball, J. W., 1979, Redox
equilibria of iron in acid mine waters, in Jenne, E. A., editor,
Chemical Modeling in Aqueous Systems, ACS Symposium Series,
v. 93, American Chemical Society, Washington, D.C., p. 51-79.

endit.
tempc= 25.5
rho= 1. tdspkg= 0. tdspl= 0.
fep= 0.622 uredox=
tolbt= 0. toldl=
itermx= 0
* 1 2
ioptl-10= -1
iopgl-10= 0
ioprl-10= 0
0
0

tolsat= 0.

iopr11-20=

iodb1-10=
uebal= none
nxmod= 0

coCocow
coSocOohn
co%cow
coCocoo
co®Poe~N o
coCoo®
coCoo©
co®o°5
co®Po©°

data file master species= h+
switch with species=
jflag=16 csp=-1.10

data file master species= ca++
switch with species=
jflag= 2 csp=173.

data file master species= mg++
switch with species=
jflag= 2 csp=685.

data file master species= na+
switch with species=
jflag= 2 csp=92.5

data file master species= k+
switch with species=
jflag= 2 csp=128.

data file master species= fe++
switch with species=
jflag= 2 csp=9050.

data file master species= fe+++
switch with species=
jflag= 2 csp=2650.

data file master species= al+++
switch with species=
jflag= 2 csp=1400.

data file master species= sio2(aq)
switch with species=
jflag= 2 csp=130.

data file master species= so4--
switch with species=
jflag= 2 csp=60000.

endit.

he EQ3NRinput file (acidmwb.3i), the redox couple test case (“D” format)

EQ3NR input file name= acidmwb.3i
Description= "Acid mine water, Hornet Effluent" |
Version number= 3245 Stage number= 01 |
Created 06/08/90 Creator= T.J. Wolery |
Revised 06/08/90 Revisor= T.J. Wolery |

Acid mine water, Hornet Effluent. Analysis from Nordstrom, Jenne, |
and Ball (1979, Table Il, column B). Note that separate analyses are |
present for Fe++ and Fe+++, permitting the calculation of the Eh
specific to this couple. This may then be compared with the measured |
Eh.

Purpose: to test the code in the case of an acid mine water. |
References |

|
Nordstrom, D. K., Jenne, E. A., and Ball, J. W., 1979, Redox |
equilibria of iron in acid mine waters, in Jenne, E. A,, editor, |
Chemical Modeling in Aqueous Systems, ACS Symposium Series, |
v. 93, American Chemical Society, Washington, D.C., p. 51-79. |
[

|
|

Temperature (C) | 25.50 |Density(gm/cm3)| 1.00000 |
|

|

Total Dissolved Salts | | mg/kg | mg/l [*notused |
|
|
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Electrical Balancing on | | code selects |*not performed|
|

SPECIES | BASIS SWITCH/CONSTRAINT | CONCIENTRATION| UNITSOR TYPE |
|

redox | | 0.6220 leh |
h+ | | 1.1000 |ph |
cat+ | | 173.00 |mg/l |
mg++ | | 685.00 |mg/l |
na+ | | 92.500 |mg/l |
k+ | | 128.00 |mg/l |
fe++ | | 9050.0 |mg/l |
fe+++ | | 2650.0 Img/l |
al+++ | | 1400.0 |mg/l |
sio2(aq) | | 130.00 |mg/l |
so4-- | | 60000. Img/l |

Input Solid Solutions |

none | | | |

|
SUPPRESSED SPECIES (suppress,replace,augmelntk,augmentg) value |
|

none | | |

OPTIONS |

- SOLID SOLUTIONS - |
* ignore solid solutions |
process hypothetical solid solutions |
process input and hypothetical solid solutions |
- LOADING OF SPECIES INTO MEMORY - |
* does nothing |
lists species loaded into memory |
- ECHO DATABASE INFORMATION - |
* does nothing |
lists all reactions |
lists reactions and log K values
lists reactions, log K values and polynomial coef. |
- LIST OF AQUEOUS SPECIES (ordering) - |
* in order of decreasing concentration |
in same order as input file |
- LIST OF AQUEOUS SPECIES (concentration limit) - |
* all species |
only species > 10**-20 molal |
only species > 10**-12 molal |
not printed |
- LIST OF AQUEOUS SPECIES (by element) -
* print major species
print all species |
don't print |
- MINERAL SATURATION STATES -
* print if affinity > -10 kcals |
print all |
don't print |
- pH SCALE CONVENTION -
* modified NBS |
internal |
rational |
- ACTIVITY COEFFICIENT OPTIONS -
* use B-dot equation |
Davies' equation |
Pitzer's equations |
- AUTO BASIS SWITCHING - |
* off |

on |
- PITZER DATABASE INFORMATION - |
* print only warnings
print species in model and number of Pitzer coefficients |
print species in model and names of Pitzer coefficients |
- PICKUP FILE -
* write pickup file |
don't write pickup file |
- LIST MEAN IONIC PROPERTIES - |
*don't print |
print |
- LIST AQUEOUS SPECIES, ION SIZES, AND HYDRATION NUMBERS -
* print |
don't print |
- CONVERGENCE CRITERIA - |
* test both residual functions and correction terms |
test only residual functions

|
DEBUGGING SWITCHES (o-off, 1,2-on, default is of+) |

|

|

generic debugging information 12
print details of pre-Newton-Raphson iteration |12
print details of Newton-Raphson iteration |
print details of stoichiometric factors |12

print details of stoichiometric factors calculation |
write reactions on RLIST

list stoichiometric concentrations of master species |
request iteration variables to be killed

OO0 O0OO0O0O0O
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DEVELOPMENT OPTIONS (used for code development)
|
|
none |
|
|
TOLERANCES (desired values) (defaults) |
|
|
residual functions | |1.e-10 |
correction terms | |1.e-10 |
saturation state | 10.5 |
number of N-R iterations | 130 |
|
|

The EQ3NRoutput file (acidmwb.30 the redox couple test case (beginning with the message
announcing the end dfewton-Raphson iteratign

(Material deleted)

Hybrid newton-raphson iteration converged in 7 steps.

element mgll mg/kg moles/kg

o 0.92814E+06 0.92814E+06 0.5801113224E+02
al  1400.0 1400.0 0.5188734687E-01

ca 173.00 173.00 0.4316583154E-02

fe  11700. 11700. 0.2095009830E+00

h  0.11228E+06 0.11228E+06 0.1113975425E+03
k 128.00 128.00 0.3273799725E-02

mg  685.00 685.00 0.2818350558E-01

na  92.500 92.500 0.4023528825E-02

si  60.767 60.767 0.2163626771E-02

S 20028. 20028. 0.6245863179E+00

species mg/l mg/kg moles/kg

h2o 0.10451E+07 0.10451E+07 0.5801113224E+02
al+++ 1400.0 1400.0 0.5188734687E-01

cat++ 173.00 173.00 0.4316583154E-02

fe++ 11700. 11700. 0.2095009830E+00

h+ 0.11228E+06 0.11228E+06 0.1113975425E+03
k+ 128.00 128.00 0.3273799725E-02

mg-++ 685.00 685.00 0.2818350558E-01

na+ 92.500 92.500 0.4023528825E-02
sio2(aq) 130.00 130.00 0.2163626771E-02
S04-- 60000. 60000. 0.6245863179E+00

--- equivalent composition of the aqueous phase (cte balances) ---

original basis existing basis

species moles/kg h2o species moles/kg h2o

h2o 0.5801113224E+02 h20 0.5801113224E+02
al+++ 0.5188734687E-01 al+++ 0.5188734687E-01
cat++ 0.4316583154E-02 cat++ 0.4316583154E-02
fe++ 0.1620499069E+00 fe++ 0.1620499069E+00
h+ 0.1113975425E+03 h+ 0.1113975425E+03
k+ 0.3273799725E-02 k+ 0.3273799725E-02
mg++ 0.2818350558E-01 mg++ 0.2818350558E-01
na+ 0.4023528825E-02 na+ 0.4023528825E-02
sio2(aq) 0.2163626771E-02 sio2(aq) 0.2163626771E-02
s04-- 0.6245863179E+00 s04-- 0.6245863179E+00
fe+++ 0.4745107604E-01 fe+++ 0.4745107604E-01

single ion activities and activity coefficients are here defined
with respect to the modified nbs ph scale
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ph eh pe

modified nbs ph scale 1.1000 0.6220 1.0497E+01
rational ph scale 0.9972 0.6281 1.0600E+01

activity of water = 0.98698
log activity of water = -0.00569

true osmotic coefficient= 0.86473
stoichiometric osmotic coefficient= 0.52784

sum of true molalities= 0.8410930958290
sum of stoichiometric molalities= 1.3779110304192

true ionic strength=  0.9234813342655
stoichiometric ionic strength= 2.3659275751669

equiv/kg

sigma(mz) cations =  0.4554314096E+00
sigma(mz) anions = -0.6295683831E+00
total charge = 0.1084999793E+01
mean charge =  0.5424998963E+00
charge imbalance = -0.1741369735E+00

total charge = sigma(mz) cations + abs ( sigma(mz) anions )
mean charge = 1/2 total charge

the electrical imbalance is

-16.0  per cent of the total charge

-32.1  per cent of the mean charge

-38.2  per cent of sigma(mz) cations

-27.7  per cent of abs ( sigma(mz) anions )

log ( act(al+++ ) /act(h+)xx3) = -0.0861

log ( act(ca++ )/ act(h+)xx2 )= -1.0602

log ( act(fe++ )/act(th+)xx2)=  0.4761

log ( act(k+ )/act(h+)xx1)= -1.6809

log ( act(mg++ )/ act(h+)xx2) = -0.3497

log ( act(na+ ) /act(h+)xx1)= -1.5500

log ( act(sio2(aq) ) )= -2.6648

log ( act(so4-- ) x act(h+)xx2 )= -3.8058

log ( act(fe+++ )/act(h+)xx3)=  0.6877

log ( act(h2(aq) ) )= -26.2886

log ( act(hs- ) x act(h+)xx 1) = -62.8963

log ( act(02(aq) = -39.4856

log ( act(oh- ) xact(h+)xx1)= -13.9843

log (act(so3-- ) x act(h+)xx2) = -30.6086

----- distribution of aqueous species -----

species molal conc log conc logg activity log act

hso4- 0.2789E+00 -0.5546 -0.1662 0.1902E+00 -0.7208
S04-- 0.1582E+00 -0.8008 -0.8050 0.2479E-01 -1.6058
h+ 0.1006E+00 -0.9972 -0.1028 0.7943E-01 -1.1000
fe++ 0.8774E-01 -1.0568 -0.6671 0.1888E-01 -1.7239
feso4(aq) 0.7431E-01 -1.1290 0.0000 0.7431E-01 -1.1290
fe+++ 0.3466E-01 -1.4601 -1.1522 0.2442E-02 -2.6123
al(so4)2- 0.2970E-01 -1.5273 -0.1662 0.2025E-01 -1.6935
mgso4(aq) 0.1828E-01 -1.7380 0.0000 0.1828E-01 -1.7380
also4+ 0.1635E-01 -1.7864 -0.1921 0.1051E-01 -1.9785
mg++ 0.9902E-02 -2.0043 -0.5454 0.2820E-02 -2.5497
feso4+ 0.8118E-02 -2.0905 -0.1921 0.5216E-02 -2.2826
al+++ 0.5836E-02 -2.2339 -1.1522 0.4111E-03 -3.3861
fe(so4)2- 0.3598E-02 -2.4440 -0.1662 0.2454E-02 -2.6102
na+ 0.3484E-02 -2.4579 -0.1921 0.2239E-02 -2.6500
k+ 0.2795E-02 -2.5536 -0.2273 0.1656E-02 -2.7809
cat++ 0.2552E-02 -2.5931 -0.6671 0.5493E-03 -3.2602
sio2(aq) 0.2164E-02 -2.6648 0.0000 0.2164E-02 -2.6648
caso4(aq) 0.1764E-02 -2.7534 0.0000 0.1764E-02 -2.7534
fehso4++ 0.1052E-02 -2.9781 -0.8000 0.1667E-03 -3.7781
naso4- 0.5392E-03 -3.2683 -0.1662 0.3677E-03 -3.4345
kso4- 0.4569E-03 -3.3401 -0.1662 0.3116E-03 -3.5064
khso4(aq) 0.2165E-04 -4.6645 0.0000 0.2165E-04 -4.6645
h2so4(aq) 0.1494E-04 -4.8258 0.0000 0.1494E-04 -4.8258
feoh++ 0.8195E-05 -5.0865 -0.8000 0.1299E-05 -5.8865
fe3(oh)4(5+) 0.3355E-05 -5.4743 -4.2722 0.1793E-09 -9.7465
fe(oh)2+ 0.1316E-05 -5.8808 -0.1921 0.8455E-06 -6.0729
aloh++ 0.3252E-06 -6.4878 -0.8000 0.5154E-07 -7.2878

fe2(oh)2++++ 0.3857E-07 -7.4138 -2.8876 0.4995E-10 -10.3014
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al2(oh)2++++ 0.4354E-09 -9.3611 -2.8876 0.5640E-12 -12.2487

al(oh)2+ 0.8338E-11 -11.0789 -0.1921 0.5357E-11 -11.2710
hsio3- 0.4473E-11 -11.3494 -0.1662 0.3050E-11 -11.5156
fe(oh)3(aq) 0.3146E-11 -11.5022 0.0000 0.3146E-11 -11.5022
mgh3siod+ 0.3347E-12 -12.4754 -0.1921 0.2150E-12 -12.6675
nahsio3(aq) 0.3010E-12 -12.5214 0.0000 0.3010E-12 -12.5214
oh- 0.2076E-12 -12.6828 -0.2015 0.1305E-12 -12.8843
nah3sio4(aq) 0.1308E-12 -12.8833 0.0000 0.1308E-12 -12.8833
cah3siod+ 0.3665E-13 -13.4359 -0.1921 0.2355E-13 -13.6280
caoh+ 0.1567E-14 -14.8049 -0.1921 0.1007E-14 -14.9970
al3(oh)4(5+) 0.4751E-15 -15.3232 -4.2722 0.2539E-19 -19.5954
naoh(aq) 0.1908E-15 -15.7193 0.0000 0.1908E-15 -15.7193
koh(aq) 0.7135E-16 -16.1466 0.0000 0.7135E-16 -16.1466
al(oh)3(aq) 0.6169E-16 -16.2098 0.0000 0.6169E-16 -16.2098
mg(h3siod)2(ag)  0.3756E-19 -19.4253 0.0000 0.3756E-19 -19.4253
fe(oh)4- 0.2340E-19 -19.6308 -0.1662 0.1596E-19 -19.7970
fe(oh)2(aq) 0.7924E-20 -20.1010 0.0000 0.7924E-20 -20.1010
mgh2sio4(aq) 0.3108E-20 -20.5075 0.0000 0.3108E-20 -20.5075
al(oh)4- 0.1155E-20 -20.9375 -0.1662 0.7875E-21 -21.1037
h6(h2siod)d--  0.7141E-21 -21.1462 -0.8050 0.1119E-21 -21.9512
h2s03(aq) 0.4026E-21 -21.3951 0.0000 0.4026E-21 -21.3951
ca(h3siod)2(aq)  0.3421E-21 -21.4658 0.0000 0.3421E-21 -21.4658
s02(aq) 0.2952E-21 -21.5298 0.0000 0.2952E-21 -21.5298
hso3- 0.7339E-22 -22.1344 -0.1662 0.5005E-22 -22.3006
cah2sio4(aq) 0.5035E-22 -22.2980 0.0000 0.5035E-22 -22.2980
h2sio4-- 0.2725E-22 -22.5647 -0.8050 0.4269E-23 -23.3696
h2(aq) 0.4318E-26 -26.3647 0.0761 0.5145E-26 -26.2886
S03-- 0.2491E-27 -27.6036 -0.8050 0.3903E-28 -28.4086
fe(oh)3- 0.5795E-31 -31.2369 -0.1662 0.3952E-31 -31.4032
$206-- 0.6708E-36 -36.1734 -0.8050 0.1051E-36 -36.9784
h4(h2sio4)4---  0.2161E-38 -38.6654 -3.3858 0.8888E-42 -42.0512
hso5- 0.2966E-39 -39.5279 -0.1662 0.2023E-39 -39.6941
02(aq) 0.2743E-39 -39.5617 0.0761 0.3269E-39 -39.4856
mgA(oh)d++++ 0.2618E-42 -42.5821 -2.8876 0.3390E-45 -45.4697
ho2- 0.1797E-46 -46.7454 -0.1662 0.1226E-46 -46.9117
$208-- 0.1635E-46 -46.7865 -0.8050 0.2562E-47 -47.5915
$205-- 0.2460E-48 -48.6090 -0.8050 0.3855E-49 -49.4140
h2s(aq) 0.1215E-55 -55.9154 0.0000 0.1215E-55 -55.9154
$203-- 0.1209E-58 -58.9177 -0.8050 0.1894E-59 -59.7226
hs203- 0.1256E-59 -59.9011 -0.1662 0.8565E-60 -60.0673
hs- 0.2542E-61 -61.5949 -0.2015 0.1598E-61 -61.7963
$204-- 0.2482E-63 -63.6051 -0.8050 0.3889E-64 -64.4101
S 0.1542E-72 -72.8120 -0.8050 0.2416E-73 -73.6170
$306-- 0.5604E-75 -75.2515 -0.8050 0.8780E-76 -76.0565
s406-- 0.3624E-98 -98.4408 -0.8050 0.5679E-99 -99.2457
al1304(0h)24(7+) 0.4631E-99 -99.3344 -8.3738 0.1958-107 -107.7081
s2-- 0.4771-109 -109.3214 -0.8050 0.7476-110 -110.1263
$3-- 0.1232-145 -145.9092 -0.8050 0.1931-146 -146.7142
S506-- 0.3309-150 -150.4803 -0.8050 0.5185-151 -151.2852
sd-- 0.1920-182 -182.7167 -0.8050 0.3008-183 -183.5217
s5-- 0.1804-219 -219.7437 -0.8050 0.2827-220 -220.5486

aqueous species accounting for 99% or more of al+++

species molal conc  per cent
al(so4)2- 0.2970E-01 57.23
also4+ 0.1635E-01 31.52
al+++ 0.5836E-02 11.25
total 100.00

aqueous species accounting for 99% or more of ca++

species molal conc  per cent
cat++ 0.2552E-02 59.12
caso4(aq) 0.1764E-02 40.88
total 100.00

aqueous species accounting for 99% or more of fe++

species molal conc  per cent
fe++ 0.8774E-01 54.14
feso4(aq) 0.7431E-01 45.86
total 100.00

aqueous species accounting for 99% or more of k+

species molal conc  per cent
k+ 0.2795E-02 85.38
kso4- 0.4569E-03 13.96
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agueous species accounting for 99% or more of mg++

species molal conc  per cent
mgso4(aq) 0.1828E-01 64.87
mg++ 0.9902E-02 35.13
total 100.00

agueous species accounting for 99% or more of na+

species molal conc  per cent
na+ 0.3484E-02 86.60
naso4- 0.5392E-03 13.40
total 100.00

agueous species accounting for 99% or more of sio2(aq)

species molal conc  per cent
sio2(aq) 0.2164E-02 100.00
total 100.00

aqueous species accounting for 99% or more of so4--

species molal conc  per cent
hso4- 0.2789E+00 44.65
S04-- 0.1582E+00 25.33
feso4(aq) 0.7431E-01 11.90
al(so4)2- 0.2970E-01 9.51
mgso4(aq) 0.1828E-01 2.93
also4+ 0.1635E-01 2.62
feso4+ 0.8118E-02 1.30
fe(so4)2- 0.3598E-02 1.15
total 99.38

aqueous species accounting for 99% or more of fe+++

species molal conc  per cent
fe+++ 0.3466E-01 73.05
feso4+ 0.8118E-02 17.11
fe(so4)2- 0.3598E-02 7.58
fehso4++ 0.1052E-02 2.22
total 99.96

couple eh,volts  pe- log fo2  ah, kcal

default 0.622 0.1050E+02 -36.584  14.345

fe+++ [ffe++ 0.718 0.1212E+02 -30.109  16.557
h2(aq) /h2o 0.622 0.1050E+02 -36.584  14.345
hs- /so4-- 0.622 0.1050E+02 -36.584  14.345
02(aq) /h2o 0.622 0.1050E+02 -36.584  14.345
s03-- /so4-- 0.622 0.1050E+02 -36.584  14.345

couple affinity, kcal

none

(minerals with affinities .It. -10 kcal are not listed)

mineral log g/k aff, kcal state mineral log g/k aff, kcal state
alum-k -3.712 -5.073 alunite -6.615 -9.040

anhydrite -0.554 -0.758 arcanite -5.374 -7.344
bassanite -1.202  -1.643 caso4:0.5h2o(beta) -1.369 -1.871
chalcedony 1.054  1.440 ssatd coesite 0.516  0.705 ssatd
cristobalite 0.775  1.059 ssatd cristobalite-a 0.775 1.059 ssatd

- 137 -



cristobalite-b 0.333  0.455 satd epsomite -2.233  -3.052
fe(oh)3 -4.960 -6.779 feso4 -5.965 -8.151

gibbsite -6.873 -9.392 glauberite -6.303 -8.613

goethite 0.160 0.219 satd gypsum -0.395 -0.539
hematite 1.288 1.760 ssatd hexahydrite -2.463 -3.366

ice -0.146 -0.200 satd jarosite 2.163  2.956 ssatd
jarosite-na -1.684 -2.302 kieserite -3.894 -5.322

leonite -7.234 -9.885 melanterite -1.024  -1.399

mercallite -4.048 -5.532 mirabilite -5.846  -7.989
nontronite-ca 3.239  4.426 ssatd nontronite-h 4.369 5.971 ssatd
nontronite-k 3.138  4.288 ssatd nontronite-mg 3.395 4.639 ssatd
nontronite-na 2.844  3.887 ssatd pentahydrite -2.797 -3.822
picromerite -6.918 -9.453 polyhalite -6.754  -9.230

quartz 1.324 1.810 ssatd sio2(am) 0.043  0.058 satd
starkeyite -3.178 -4.343 syngenite -4.439 -6.066
thenardite -6.596 -9.014 tridymite 1.153 1.576 ssatd

4 approx. saturated pure minerals
0 approx. saturated end-members of specified solid solutions
0 saturated end-members of hypothetical solid solutions

13 supersaturated pure minerals
0 supersatd. end-members of specified solid solutions
0 supersatd. hypothetical solid solution phases

----- summary of gases -----

gas fugacity log fugacity
al(g) 0.131176-169 -169.88215
ca(g) 0.771569-146 -146.11263
h2(g) 0.657122E-23 -23.18235
h20o(g) 0.264152E-01 -1.57815
h2s(g) 0.119732E-54 -54.92179
k(g) 0.551809E-73 -73.25821
mg(g) 0.248070-122 -122.60543
na(g) 0.391009E-72 -72.40781
02(g) 0.260829E-36 -36.58364
s2(g) 0.830317E-89 -89.08076
si(g) 0.177981-182 -182.74963
s02(g) 0.203265E-21 -21.69194

----- end of output -----
--- pickup file has been successfully written ---

--- reading the input file ---
--- no further input found ---

3Dec91
3Dec91

start time = 09:24
end time = 09:24

user time = 5.630

cputime=  1.180
normal exit

7.8. The Dead Sea Brine Test Case

Marcus (1977) attempted to calculate the activity of water and the mean activity of potassium
chloride in Dead Sea brine. He was forced to use less accurate means than are presently available.
Here, we repeat his work using Pitzer’s equations antrtive data file (based on Harvie,

Mgller, and Weare, 1984). As no meaningitl measurement can be made for such a concen-
trated solution, we have here attempted to obtain an estimatepi tred thepHCI function

proposed by Knauss, Jackson, and Wolery (1990) by constraining the hydrogen ion to satisfy
equilibrium with carbon dioxide in the atmosphere (log fugacitg®©$ = -3.5). The dissolution

reaction forCO, gas can be written as:

COyqg)+ HpOpy = H' +HCO, (225)
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The analytical data include a measurement of bicarbonate, which frees this reaction to be used as
a constraint on the hydrogen ion. Tihput file is presented in both formats, and dlugput file
is given starting with the message announcing the end of Newton-Raphson iteration.

Marcus (1977) concluded that the activity of water in Dead Sea brine wasQ.084. The

EQ3NR calculation gives a value of 0.750, in good agreement. Marcus also concluded that the
mean ionic activity of KCl was in the range 0.876-1.199. The value calculated by EQ3NR is
somewhat lower, 0.827. This is taken from the table of mean ionic properties, which was written
on theoutput file because the option switabpré was set to 1 on thaput file. ThepH calcu-

lated by EQ3NR is 7.43 on the NBS scale and 8.50 on the scale onlugr,'rﬁn F6idihe

is 6.94. Although th@H of Dead Sea brine can not be measured in the usual way, it should be
possible to measure tipéiCl using the method proposed by Knauss, Jackson, and Wolery
(1990).

Ben-Yaakov and Sass (1977) attempted to measupHiog artificial Dead Sea brine using a
procedure that was conceptually very similar to the recommeptd€timethod. Their artificial

brine is very similar to that of Marcus (1977), but not identical. Using an electrochemical cell
that in theory should respond linearlyptdCl, they took emf measurements on the artificial brine
and threeHCl solutions. In order to obtain tipéd from their results, they had to estimate the ac-
tivity coefficient of the chloride ion. They did this by first calculating the mean activity coeffi-
cient of potassium chloride in the brine using the Harned rule (Harned and Owen, 1958). This is
an older approach to estimating activity coefficients in electrolyte mixtures which does not pos-
sess the accuracy of Pitzer's equations. They then estimated the activity coefficient of the chlo-
ride ion using the Maclnnes (1919) convention:

yCI- = yK+ = yi,KC| (226)

Using this approach, they determined thafHef the artificial brine was 5.86. They compared
this to the result of a conventiora measurement, which gave a value of 6.22. Their value of
5.86 certainly differs from the value of 7.43 that we obtained by assuming equilibrium with at-
mospheric carbon dioxide. What does this mean?

Ben-Yaakov and Sass (1977) obtained a value of 0.757 for the mean activity coeffii€ht of

The value obtained in our test (see dlput file) is 0.823. The corresponding values for the
logarithm of this quantity are -0.1209 and -0.0846, respectively. This means that their estimate
of pH should be lower than ours by only 0.036 unit. A more significant problem is that Ben-Yaa-
kov and Sass’ use of the Maclnnes convention has put their result on a “MagHrsesile. On

the NBS scale used in our example, we obtained the following results:

Species logyy;
K* 0.1055
Cr -0.2750

-0.0846  (on the “Maclnnes” scale)

Ccr -0.1209 (Ben-Yaakov and Sass, 1977)
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If we were to correct our result to the “Maclnnes” scale, we would have to addgH180t to
our result, which would give usp of 7.62. This moves us even farther away from agreement
with Ben-Yaakov and Sass.

It seems most likely that theH of Dead Sea water must be closer to the value estimated by Ben-
Yaakov and Sass (1977). Therefore, the equilibrium fugacity of carbon dioxide must be higher
than the atmospheric value used in our test case. Without conducting new measurements, the best
approach to estimating tipgd of Dead Sea brine is probably to update Ben-Yaakov and Sass’
calculation using Pitzer’s equations and expressing the results on the NBS scale. This can be
done by finding th@HCI corresponding to Ben-Yaakov and Sass’ emf measurements and using
this as an input to EQ3NR (how to y#eCl as an input is demonstrated in the following example

in this chapter). In order to find thpddCl, one could use EQ3NR to calculate i¢Cl of the

threeHCI solutions that Ben-Yaakov and Sass used as standards. One could then plot their mea-
sured emf results against thgs¢Cl values. This plot could then be used as a calibration plot to
determine th@HCI of the artificial brine from Ben-Yaakov and Sass’ emf measurement. The re-
sulting calculation would give the equilibrium fugacity of carbon dioxide, which could be com-
pared against the atmospheric value. This would be a good exercise for the user who is
particularly interested in brine chemistry.

The EQ3NRinput file (deadseabr.3), the Dead Sea brine test case (“W” format)

EQ3NR input file name= deadseabr.3i
Description= "Dead Sea brine"

Version number= 3245 Stage number= 01
Created 10/29/90 Creator=T.J. Wolery
Revised 10/29/90 Revisor= T.J. Wolery

Dead Sea brine, after Marcus (1977). Because no pH data are
available, the pH is calculated from the assumption that the
brine is in equilibrium with CO2 in the atmosphere (log PCO2 =
-3.5). According to Marcus, the activity of water in this brine
should be 0.754 +/- 0.004, and the mean ionic activity of KCI
should be in the range 0.876 - 1.199.

Purpose: to test the code on a small problem involving a very
concentrated brine, using Pitzer's equations to calculate the
activity coefficients of the aqueous species.

This problem is best addressed using the thermodynamic data base of
Harvie, Moller, and Weare (1984).

The print option switch iopr6 is set to 1 to direct the code to
print a table of mean ionic properties.

Because Br- in not part of the Harvie-Moller-Weare model, the
reported 0.0602 m Br- is ignored on this input file.

References

Harvie, C. E., Moller, N., and Weare, J. H., 1984, The prediction
of mineral solubilities in natural waters: The Na-K-Mg-Ca-H-CI-SO4-
OH-HCO03-C0O3-C0O2-H20 system to high ionic strengths at 25 C:
Geochimica et Cosmochimica Acta, v. 48, p. 723-751.

Marcus, Y., 1977, The activities of potassium chloride and of water
in Dead Sea brine: Geochimica et Cosmochimica Acta, v. 41, p.
1739-1744.

endit.
tempc= 25.
rho= 1.207 tdspkg= 0. tdspl= 0.
fep= -0.700 uredox=
tolbt= 0. toldl=
itermx= 0
* 1 2
ioptl-10= 0
iopgl-10= 1
ioprl-10= 0
0
0

tolsat= 0.

iopr11-20=
iodb1-10=

coCoOn
coCoou
OOOOOO’
oo o®~N o
coCoO®
OOOOO©
co©o®b
co®Po®
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uebal= none
nxmod= 0

data file master species= na+
switch with species=
jflag= 0 csp=1.7519

data file master species= k+
switch with species=
jflag= 0 csp=0.1739

data file master species= mg++
switch with species=
jflag= 0 csp=1.5552

data file master species= ca++
switch with species=
jflag= 0 csp=0.4274

data file master species= cl-
switch with species=
jflag= 0 csp=5.8098

data file master species= hco3-
switch with species=
jflag= 0 csp=0.00392

data file master species= so04--
switch with species=
jflag= 0 csp=0.0063

data file master species= h+
switch with species=
jflag=21 csp=-3.5

gas= co2(g)
endit.

The EQ3NRinput file (deadseabr.3), the Dead Sea brine test case (“D” format)

EQ3NR input file name= deadseabr.3i |
Description= "Dead Sea brine" |
\Version number= 3245 Stage number= 01 |
Created 10/29/90 Creator=T.J. Wolery |
Revised 10/29/90 Revisor= T.J. Wolery |

Dead Sea brine, after Marcus (1977). Because no pH data are |
available, the pH is calculated from the assumption that the |
brine is in equilibrium with CO2 in the atmosphere (log PCO2 = |
-3.5). According to Marcus, the activity of water in this brine |
should be 0.754 +/- 0.004, and the mean ionic activity of KCI |
should be in the range 0.876 - 1.199.

Purpose: to test the code on a small problem involving a very |
concentrated brine, using Pitzer's equations to calculate the |
activity coefficients of the aqueous species.

This problem is best addressed using the thermodynamic data base of |
Harvie, Moller, and Weare (1984).

The print option switch iopr6 is set to 1 to direct the code to |
print a table of mean ionic properties. |

|
Because Br- in not part of the Harvie-Moller-Weare model, the |
reported 0.0602 m Br- is ignored on this input file.
|

References |

[
Harvie, C. E., Moller, N., and Weare, J. H., 1984, The prediction |
of mineral solubilities in natural waters: The Na-K-Mg-Ca-H-CI-SO4- |
OH-HCO3-C0O3-C02-H20 system to high ionic strengths at 25 C: |
Geochimica et Cosmochimica Acta, v. 48, p. 723-751. |

|
Marcus, Y., 1977, The activities of potassium chloride and of water |
in Dead Sea brine: Geochimica et Cosmochimica Acta, v. 41, p. |

1739-1744.
| I
Temperature (C) | 25.00 |Density(gm/cm3)| | 1.20700 |
Total Dissolved Salts | | mg/kg | mg/l |*not L:lSBd |
Electrical Balancing on | | code selects |*not:pen‘ormed|

SPECIES | BASIS SWITCH/CONSTRAINT | CONCIENTRATION| UNITSOR TYPE |
|

redox | | -.7000 |logfo2 |
na+ | | 1.7519 |molality |

k+ | 10.17390 |molality |
mg++ | | 1.5552 |molality |
cat++ | 10.42740 |molality |
cl- | | 5.8098 |molality |
hco3- | |0.39200E-02 |molality |
so4-- | |0.63000E-02 |molality |
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h+ |co2(g) |-3.5000 |log fugacity |
|
|

Input Solid Solutions |

none | | | |

|
|

SUPPRESSED SPECIES (suppress,replace,augmentk,augmentg) value |
|

none | | |

OPTIONS |

- SOLID SOLUTIONS - |
* ignore solid solutions |
process hypothetical solid solutions |
process input and hypothetical solid solutions |
- LOADING OF SPECIES INTO MEMORY - |
* does nothing |
lists species loaded into memory |
- ECHO DATABASE INFORMATION - |
* does nothing |
lists all reactions |
lists reactions and log K values
lists reactions, log K values and polynomial coef. |
- LIST OF AQUEOUS SPECIES (ordering) - |
* in order of decreasing concentration |
in same order as input file |
- LIST OF AQUEOUS SPECIES (concentration limit) - |
* all species |
only species > 10**-20 molal |
only species > 10**-12 molal |
not printed |
- LIST OF AQUEOUS SPECIES (by element) -
* print major species
print all species |
don't print |
- MINERAL SATURATION STATES -
* print if affinity > -10 kcals |
print all |
don't print |
- pH SCALE CONVENTION -
* modified NBS |
internal |
rational |
- ACTIVITY COEFFICIENT OPTIONS -
use B-dot equation |
Davies' equation |
* Pitzer's equations |
- AUTO BASIS SWITCHING - |
* off |

on |
- PITZER DATABASE INFORMATION - |
* print only warnings
print species in model and number of Pitzer coefficients |
print species in model and names of Pitzer coefficients |
- PICKUP FILE -
* write pickup file |
don't write pickup file |
- LIST MEAN IONIC PROPERTIES - |
don't print |
* print |
- LIST AQUEOUS SPECIES, ION SIZES, AND HYDRATION NUMBERS -
* print |
don't print |
- CONVERGENCE CRITERIA - |
* test both residual functions and correction terms |
test only residual functions

|
DEBUGGING SWITCHES (o-off, 1,2-on, default is of%) |

|

|

generic debugging information 12
print details of pre-Newton-Raphson iteration |2
print details of Newton-Raphson iteration |
print details of stoichiometric factors |2

print details of stoichiometric factors calculation |
write reactions on RLIST

list stoichiometric concentrations of master species |
request iteration variables to be killed

[sYs}sTeYsloYala)

|
DEVELOPMENT OPTIONS (used for code developrﬁent)
|
|

none |
|
|
TOLERANCES (desired values) (defaults) |
|
|
residual functions | |1.e-10 |
correction terms | [1.e-10 |
saturation state | 10.5 |
number of N-R iterations | 130 |
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The EQ3NRvutput file for the Dead Sea brine test case (beginning with the message announcing
the end oNewton-Raphson iteration

(Material deleted)

Hybrid newton-raphson iteration converged in 4 steps.

element mgl/l mg/kg moles/kg

o 0.10727E+07 0.88870E+06 0.5554602070E+02

ca 20675. 17129. 0.4274000000E+00

cl 0.24861E+06 0.20597E+06 0.5809800000E+01

0.13506E+06 0.11190E+06 0.1110180110E+03
56.829 47.083 0.3920000001E-02
8206.6 6799.2 0.1739000000E+00
45624. 37799. 0.1555200000E+01

na  48613. 40276. 0.1751900000E+01

s 243.83 202.02 0.6300000000E-02

BXOI
«

species mg/l mg/kg moles/kg

h2o 0.12078E+07 0.10007E+07 0.5554602070E+02
ca++ 20675. 17129. 0.4274000000E+00

cl- 0.24861E+06 0.20597E+06 0.5809800000E+01
h+ 0.13506E+06 0.11190E+06 0.1110180110E+03
hco3- 288.70 239.19 0.3920000001E-02

k+ 8206.6 6799.2 0.1739000000E+00
mg++ 45624. 37799. 0.1555200000E+01
na+ 48613. 40276. 0.1751900000E+01
S04-- 730.48 605.20 0.6300000000E-02

--- equivalent composition of the aqueous phase (cte balances) ---

original basis existing basis
species moles/kg h2o species moles/kg h2o
h2o 0.5554602070E+02 h2o0 0.5554602070E+02
ca++ 0.4274000000E+00 ca++ 0.4274000000E+00
cl- 0.5809800000E+01 cl- 0.5809800000E+01
h+ 0.1110180110E+03 h+ 0.1110180110E+03
hco3- 0.3920000001E-02 hco3- 0.3920000001E-02
k+ 0.1739000000E+00 k+ 0.1739000000E+00
mg++ 0.1555200000E+01 mg++ 0.1555200000E+01
na+ 0.1751900000E+01 na+ 0.1751900000E+01
S04-- 0.6300000000E-02 so4-- 0.6300000000E-02

single ion activities and activity coefficients are here defined
with respect to the modified nbs ph scale

ph eh pe
modified nbs ph scale 7.4270 0.7830 1.3237E+01
rational ph scale 8.5048 0.7193 1.2159E+01

phcl=  6.9378
activity of water = 0.75020
log activity of water = -0.12482

true osmotic coefficient= 1.64043
stoichiometric osmotic coefficient= 1.63985

sum of true molalities= 9.7255522592305
sum of stoichiometric molalities= 9.7289644495673

true ionic strength= 7.8402407646366
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stoichiometric ionic strength=  7.8486287476994

equiv/kg

sigma(mz) cations = 0.5884630387E+01
sigma(mz) anions = -0.5823980803E+01
total charge = 0.1170861119E+02

mean charge = 0.5854305595E+01

charge imbalance = 0.6064958353E-01

total charge = sigma(mz) cations + abs ( sigma(mz) anions )
mean charge = 1/2 total charge

the electrical imbalance is

0.518 per cent of the total charge

1.04 per cent of the mean charge
1.03 per cent of sigma(mz) cations
1.04 per cent of abs ( sigma(mz) anions )

activity ratios of ions -----

log (act(cat++ )/ act(h+)xx2) = 15.3905
log (act(cl- )xact(h+)xx1)= -6.9378
log ( act(hco3- )xact(h+)xx 1) = -11.4440
log ( act(k+ )/actth+)xx1)=  6.7728
log ( act(mg++ )/ act(h+)xx2) = 16.2165
log ( act(na+ )/actth+)xx1)=  8.1563
log ( act(so4-- )xact(h+)xx2) = -19.7229
log ( act(co2(aq) ) )= -4.9818

log ( act(co3-- )xact(h+)xx2) = -21.7833
log ( act(oh- )xact(h+)xx 1) = -14.1215

species molal conc logconc logg activity log act
cl- 0.5810E+01 0.7642 -0.2750 0.3084E+01 0.4892
na+ 0.1752E+01 0.2435 0.4858 0.5362E+01 0.7293
mg++ 0.1552E+01 0.1910 1.1716 0.2304E+02 1.3625
cat++ 0.4268E+00 -0.3697 0.9063 0.3440E+01 0.5366
k+ 0.1739E+00 -0.7597 0.1055 0.2217E+00 -0.6542
s04-- 0.6300E-02 -2.2007 -2.6683 0.1352E-04 -4.8690
mgco3(aq) 0.2299E-02 -2.6384 0.0000 0.2299E-02 -2.6384
mgoh+ 0.6245E-03 -3.2044 0.0599 0.7169E-03 -3.1445
caco3(aq) 0.5735E-03 -3.2415 0.0000 0.5735E-03 -3.2415
co3-- 0.5322E-03 -3.2739 -3.6555 0.1177E-06 -6.9294
hco3- 0.5115E-03 -3.2911 -0.7259 0.9615E-04 -4.0170
oh- 0.4793E-05 -5.3194 -1.3751 0.2020E-06 -6.6945
co2(aq) 0.3702E-05 -5.4316 0.4498 0.1043E-04 -4.9818
h+ 0.3128E-08 -8.5048 1.0778 0.3741E-07 -7.4270
hso4- 0.7958E-10 -10.0992 -0.2182 0.4816E-10 -10.3173

true (a) stoichiometric (b)

species species log a(+/-) a(+/-) m(+/-)  g(+-) m(+-)  g(+-)

0.50496 3.199E+00 2.433E+00 1.315E+00 2.434E+00 1.314E+00

cat++ cl-

cat+ hco3- -2.49917 3.168E-03 4.816E-03 6.579E-01 1.873E-02 1.692E-01
cat+ so4-- -2.16619 6.820E-03 5.186E-02 1.315E-01 5.189E-02 1.314E-01
cat+ co03-- -3.19639 6.362E-04 1.507E-02 4.221E-02

ca++ oh- -4.28417 5.198E-05 2.140E-04 2.429E-01 8.452E-02 6.150E-04
h+ cl- -3.46891 3.397E-04 1.348E-04 2.520E+00 1.796E+01 1.892E-05
h+ hco3- -5.72201 1.897E-06 1.265E-06 1.500E+00 4.665E-01 4.066E-06
h+ so4-- -6.57430 2.665E-07 3.950E-07 6.747E-01 2.688E+00 9.916E-08
h+ co3-- -7.26111 5.481E-08 1.733E-07 3.163E-01

k+ cl- -0.08253 8.269E-01 1.005E+00 8.227E-01 1.005E+00 8.227E-01
k+  hco3- -2.33563 4.617E-03 9.431E-03 4.895E-01 2.611E-02 1.768E-01
k+  so4-- -2.05913 8.727E-03 5.754E-02 1.517E-01 5.754E-02 1.517E-01
k+ co3-- -2.74593 1.795E-03 2.525E-02 7.109E-02

k+  oh- -3.67438 2.117E-04 9.130E-04 2.318E-01 8.085E-02 2.618E-03
mg++ cl- 0.78028 6.029E+00 3.742E+00 1.611E+00 3.744E+00 1.610E+00
mg++ hco3- -2.22386 5.972E-03 7.406E-03 8.065E-01 2.880E-02 2.073E-01
mg++ so4-- -1.75322 1.765E-02 9.889E-02 1.785E-01 9.898E-02 1.783E-01
mg++ co3-- -2.78342 1.647E-03 2.874E-02 5.728E-02

mg++ oh- -4.00886 9.798E-05 3.291E-04 2.977E-01 1.300E-01 7.537E-04
na+ cl- 0.60925 4.067E+00 3.190E+00 1.275E+00 3.190E+00 1.275E+00
na+ hco3- -1.64385 2.271E-02 2.994E-02 7.585E-01 8.287E-02 2.740E-01
na+ so4-- -1.13676 7.299E-02 2.684E-01 2.719E-01 2.684E-01 2.719E-01
na+ co3-- -1.82357 1.501E-02 1.178E-01 1.275E-01

na+ oh- -2.98260 1.041E-03 2.898E-03 3.592E-01 2.566E-01 4.056E-03

(a) true quantities consistent with the speciation model
(b) stoichiometric quantities consistent with the cte mass
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balance lumpings, except that
1. effective cte(h+) = cte(h+) - conc(h20)
2. effective cte(oh-) = cte(h20) - conc(h20)

agueous species accounting for 99% or more of ca++

species molal conc  per cent
cat++ 0.4268E+00 99.87
total 99.87

agueous species accounting for 99% or more of cl-

species molal conc  per cent
cl- 0.5810E+01 100.00
total 100.00

aqueous species accounting for 99% or more of hco3-

species molal conc  per cent
mgco3(aq) 0.2299E-02 58.65
caco3(aq) 0.5735E-03 14.63
co3-- 0.5322E-03 13.58
hco3- 0.5115E-03 13.05
total 99.91

agueous species accounting for 99% or more of k+

species molal conc  per cent
k+ 0.1739E+00 100.00
total 100.00

aqueous species accounting for 99% or more of mg++

species molal conc  per cent
mg++ 0.1552E+01 99.81
total 99.81

aqueous species accounting for 99% or more of na+

species molal conc  per cent
na+ 0.1752E+01 100.00
total 100.00

aqueous species accounting for 99% or more of so4--

species molal conc  per cent
S04-- 0.6300E-02 100.00
total 100.00

couple eh,volts  pe- log fo2  ah, kcal

default 0.783 0.1324E+02 -0.700  18.059

couple affinity, kcal

none

(minerals with affinities .It. -10 kcal are not listed)
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mineral log g/k aff, kcal state mineral log g/k  aff, kcal state

anhydrite 0.030 0.041 satd antarcticite -3.378 -4.608
aphthitalite -7.169 -9.780 aragonite 1.827  2.492 ssatd
arcanite -4.401 -6.004 bischofite -2.864 -3.907
bloedite -5.069 -6.916 brucite -1.142  -1.558
cacl2:4h20 -4.701 -6.414 calcite 2.014  2.747 ssatd
carnallite -2.904 -3.961 dolomite 5.123  6.989 ssatd
epsomite -2.499  -3.409 gaylussite -3.067 -4.184
glauberite -2.498 -3.408 gypsum -0.002 -0.002 satd
halite -0.352 -0.480 satd hexahydrite -2.620 -3.575
kainite -3.853 -5.257 kalicinite -4.953 -6.757
kieserite -3.509 -4.787 leonite -6.204 -8.464
magnesite 2.267  3.093 ssatd mirabilite -3.431 -4.680
na2co3:7h20 -5.884 -8.028 na4dca(so4)3:2h20 -5.730 -7.818
nahcolite -2.885 -3.936 natron -5.894 -8.041
nesquehonite -0.774  -1.056 oxychloride-mg -1.408 -1.921
picromerite -6.105 -8.329 pirssonite -2.870 -3.915
polyhalite -4.854 -6.622 sylvite -1.065 -1.453
syngenite -3.186 -4.347 thenardite -3.123  -4.260
thermonatrite -6.077 -8.291

3 approx. saturated pure minerals
0 approx. saturated end-members of specified solid solutions
0 saturated end-members of hypothetical solid solutions

4 supersaturated pure minerals
0 supersatd. end-members of specified solid solutions
0 supersatd. hypothetical solid solution phases

----- summary of gases -----

gas fugacity log fugacity
co2(g) 0.316228E-03  -3.50000
h2(g) 0.477613E-41 -41.32092
02(g) 0.199526E+00  -0.70000

----- end of output -----
--- pickup file has been successfully written ---

--- reading the input file ---
--- no further input found ---

start time = 17:12  5Dec91
end time =17:12  5Dec91

user time = 1.640
cputime=  0.820
normal exit

7.9. Using pHCI as an Input: An Example

In the earlier example treating sea water with Pitzer’s equations, we found theiGheas

computed to be 8.6722. Thél value that was used as an input in this example was 8.22 on the
NBS scale. The purpose of the present example is to showHGhcan be used in place pif.

Here we partially invert the earlier problem by enteringgH€l. We should then get back the
original pH. Other results (i.e., the calculated electrical imbalance, values of the mineral satura-
tion indices) should also match the results from the previous example. This problem was run us-
ing the samémw data file. Thenput file is presented in both formats. Towtput file is given

starting with the message announcing the end of Newton-Raphson iteration.

The computeg@H on the NBS scale is printed on ihgtput file as “8.2200.” The correctness of
the inversion is therefore verified. One may compare other computed results to verify that the
computed model is otherwise identical to that obtained previously.
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The EQ3NRIinput file (swphcl.3), thepHCI test case (“W” format)

EQ3NR input file name= swphcl.3i

Description= "Sea water, using pHCI as input in place of pH"
Version number= 3245 Stage number= 01

Created 10/07/90 Creator= T.J. Wolery

Revised 10/07/90 Revisor= T.J. Wolery

Sea water, including only the major ions. This is a considerably
pared-down version of swtst.3i, which contains the full benchmark sea
water test case of Nordstrom et al. (1979, Table Ill). This input
file is a variant of swmajp.inp, which uses Pitzer's equations.

Here the input for pH (8.22) has been replaced by one for pHCI

(8.6717), the value obtained as output from running swmajp.3i and

using the thermodynamic data base of Harvie, Moller, and Weare (1984).
The output of running the present input file should include a pH of

8.22.

Purpose: to test the pHCI-type (log activity combination) input
option.

References

Harvie, C. E., Moller, N., and Weare, J. H., 1984, The prediction
of mineral solubilities in natural waters: The Na-K-Mg-Ca-H-CI-SO4-
OH-HCO03-C03-C02-H20 system to high ionic strengths at 25 C:
Geochimica et Cosmochimica Acta, v. 48, p. 723-751.

Nordstrom, D. K., et al., 1979, A comparison of computerized chemical
models for equilibrium calculations in aqueous systems, in Jenne,
E. A., editor, Chemical Modeling in Aqueous Systems, ACS Symposium
Series, v. 93, American Chemical Society, Washington, D.C.,

p. 857-892.
endit.

tempc= 25.

rho=  1.02336 tdspkg= 0. tdspl= 0.

fep= 0.500 uredox=

tolbt= 0. toldl= 0. tolsat= 0.
itermx= 0
* 1 2 3 4 5 6 7 8 910
ioptl-10= -1 0 0 0 0O 0 O O O O
iopgl-10= 1 0 0 0 0 0 O O O O
iopr1-10== 0 0 0 0 0 0 O O O O
iopr11-20= 0 0 0 0 0 0 O O0 O O
iodb1-10= 0 0 0 0 0 0 O O O O
uebal= none

nxmod= 0

data file master species= na+
switch with species=
jflag= 3 csp=10768.

data file master species= k+
switch with species=
jflag= 3 csp=399.1

data file master species= ca++
switch with species=
jflag= 3 csp=412.3

data file master species= mg++
switch with species=
jflag= 3 csp=1291.8

data file master species= h+
switch with species=
jflag=17 csp=-8.6722

ion= cl-

data file master species= hco3-
switch with species=
jflag= 0 csp=.002022

data file master species= cl-
switch with species=
jflag= 3 csp=19353.

data file master species= so4--
switch with species=
jflag= 3 csp=2712.

endit.

The EQ3NRIinput file (swphcl.3), thepHCI test case (“W” format)

|

I

|EQ3NR input file name= swphcl.3i
|Description= "Sea water, using pHCI as input in place of pH" |
|Version number= 3245 Stage number= 01 |
|Created 10/07/90 Creator=T.J. Wolery |
|Revised 10/07/90 Revisor=T.J. Wolery |
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Sea water, including only the major ions. This is a considerably |
pared-down version of swtst.3i, which contains the full benchmark sea |
water test case of Nordstrom et al. (1979, Table Ill). This input |
file is a variant of swmajp.inp, which uses Pitzer's equations. |
Here the input for pH (8.22) has been replaced by one for pHCI |
(8.6717), the value obtained as output from running swmajp.3i and |
using the thermodynamic data base of Harvie, Moller, and Weare (1984).]
The output of running the present input file should include a pH of |
8.22.

|
Purpose: to test the pHCI-type (log activity combination) input |
option. |
|

References |

|
Harvie, C. E., Moller, N., and Weare, J. H., 1984, The prediction |
of mineral solubilities in natural waters: The Na-K-Mg-Ca-H-CI-SO4- |
OH-HCO3-C03-C02-H20 system to high ionic strengths at 25 C: |
Geochimica et Cosmochimica Acta, v. 48, p. 723-751. |

Nordstrom, D. K., et al., 1979, A comparison of computerized chemical |
models for equilibrium calculations in aqueous systems, in Jenne, |
E. A., editor, Chemical Modeling in Aqueous Systems, ACS Symposium |
Series, v. 93, American Chemical Society, Washington, D.C., |

p. 857-892. |
| I
Temperature (C) | 25.00 |Densi'(y(gm/cm3)|I 1.02336 |
Total Dissolved Salts | | mg/kg | mg/l [*not L:lSBd |
Electrical Balancing on | | code selects |*not:performed|

|

SPECIES | BASIS SWITCH/CONSTRAINT | CONCENTRATION| UNITS OR TYPE |
|
|

redox | | 0.5000 leh |

na+ | | 10768. |mg/kg |

k+ | | 399.10 Img/kg |
cat+ | | 412.30 Img/kg |
mg++ | |1291.8 |mg/kg |
h+ |cl- |-8.6722 |log activity combo|
hco3- | |0.20220E-02 |molality |
cl- | | 19353. Img/kg

s04-- | | 2712.0 |mg/kg |

Input Solid Solutions |

none | | | |

|
|

SUPPRESSED SPECIES (suppress,replace,augmentk,augmentg) value |
|

none | | |

OPTIONS |

- SOLID SOLUTIONS - |
* ignore solid solutions |
process hypothetical solid solutions |
process input and hypothetical solid solutions |
- LOADING OF SPECIES INTO MEMORY - |
* does nothing |
lists species loaded into memory |
- ECHO DATABASE INFORMATION - |
* does nothing |
lists all reactions |
lists reactions and log K values
lists reactions, log K values and polynomial coef. |
- LIST OF AQUEOUS SPECIES (ordering) - |
*in order of decreasing concentration |
in same order as input file |
- LIST OF AQUEOUS SPECIES (concentration limit) - |
* all species |
only species > 10**-20 molal |
only species > 10**-12 molal |
not printed |
- LIST OF AQUEOUS SPECIES (by element) -
* print major species
print all species |
don't print |
- MINERAL SATURATION STATES -
* print if affinity > -10 kcals |
print all |
don't print |
- pH SCALE CONVENTION -
* modified NBS |
internal |
rational |
- ACTIVITY COEFFICIENT OPTIONS -
use B-dot equation |
Davies' equation |
* Pitzer's equations |
- AUTO BASIS SWITCHING -
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* off |
on |
- PITZER DATABASE INFORMATION - |
* print only warnings
print species in model and number of Pitzer coefficients |
print species in model and names of Pitzer coefficients |
- PICKUP FILE -
* write pickup file |
don't write pickup file |
- LIST MEAN IONIC PROPERTIES - |
* don't print |
print |
- LIST AQUEOUS SPECIES, ION SIZES, AND HYDRATION NUMBERS -
* print |
don't print |
- CONVERGENCE CRITERIA - |
* test both residual functions and correction terms |
test only residual functions

|
DEBUGGING SWITCHES (o-off, 1,2-on, default is of+) |
|

generic debugging information 12
print details of pre-Newton-Raphson iteration |12
print details of Newton-Raphson iteration |
print details of stoichiometric factors |12

print details of stoichiometric factors calculation |
write reactions on RLIST

list stoichiometric concentrations of master species |
request iteration variables to be killed

OOO0O0OO0O0OO0O

|
DEVELOPMENT OPTIONS (used for code developrﬁent)
|

none |
|
I
TOLERANCES (desired values) (defaults) |
|
residual functions | |1.e-10 I|
correction terms | |1.e-10 |
saturation state | 10.5 |
number of N-R iterations | 130 |

The EQ3NRoutput file (swphcl.39, thepHCI test case (beginning with the message announc-
ing the end oNewton-Raphson iteratidn

(Material deleted)

Hybrid newton-raphson iteration converged in 4 steps.

element  mgl/l mg/kg moles/kg

o 0.91080E+06 0.89001E+06 0.5562742040E+02
ca 421.93 412.30 0.1028743949E-01

cl  19805. 19353. 0.5458822600E+00

h  0.11451E+06 0.11190E+06 0.1110186924E+03
c 24.854 24.286 0.2022000000E-02

k 408.42 399.10 0.1020760493E-01

mg  1322.0 1291.8 0.5314955770E-01

na  11020. 10768. 0.4683822413E+00

S 926.41 905.26 0.2823129677E-01

species mg/l mg/kg moles/kg
h2o 0.10256E+07 0.10021E+07 0.5562742040E+02
cat++ 421.93 412.30 0.1028743949E-01
cl- 19805. 19353. 0.5458822600E+00
h+ 0.11451E+06 0.11190E+06 0.1110186924E+03
hco3- 126.26 123.38 0.2022000000E-02
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k+ 408.42 399.10 0.1020760493E-01
mg++ 1322.0 1291.8 0.5314955770E-01
na+ 11020. 10768. 0.4683822413E+00
S04-- 2775.4 2712.0 0.2823129677E-01

--- equivalent composition of the aqueous phase (cte balances) ---

species

original basis

existing basis

moles/kg h2o species moles/kg h2o
h2o 0.5562742040E+02 h20 0.5562742040E+02
cat++ 0.1028743949E-01 ca++ 0.1028743949E-01
cl- 0.5458822600E+00 cl- 0.5458822600E+00
h+ 0.1110186924E+03 h+ 0.1110186924E+03
hco3- 0.2022000000E-02 hco3- 0.2022000000E-02
k+ 0.1020760493E-01 k+ 0.1020760493E-01
mg++ 0.5314955770E-01 mg++ 0.5314955770E-01
na+ 0.4683822413E+00 na+ 0.4683822413E+00
S04-- 0.2823129677E-01 so4-- 0.2823129677E-01

single ion activities and activity coefficients are here defined
with respect to the modified nbs ph scale

ph eh pe
modified nbs ph scale 8.2200 0.5000 8.4522E+00
rational ph scale 8.1132 0.5063 8.5590E+00

phcl=  8.6722

activity of water = 0.98198
log activity of water = -0.00790

true osmotic coefficient=  0.90273
stoichiometric osmotic coefficient= 0.90255

sum of true molalities= 1.1180579484932
sum of stoichiometric molalities= 1.1182763364436

true ionic strength= 0.6964348861048
stoichiometric ionic strength= 0.6967641025473

equiv/kg

sigma(mz) cations =  0.6052455102E+00

sigma(mz) anions = -0.6043365583E+00
total charge =  0.1209582068E+01
mean charge = 0.6047910342E+00

charge imbalance =  0.9089519534E-03

total charge = sigma(mz) cations + abs ( sigma(mz) anions )
mean charge = 1/2 total charge

the electrical imbalance is

0.751E-01 per cent of the total charge

0.150 per cent of the mean charge

0.150 per cent of sigma(mz) cations

0.150 per cent of abs ( sigma(mz) anions )

----- activity ratios of ions -----

log (act(cat++

)/act(h+)xx2)= 13.7845
log ( act(cl- )xacth+)xx1)= -8.6722
log ( act(hco3- )x act(h+)xx 1) = -11.2062
log ( act(k+ )/actth+)xx1)=  6.0292
log ( act(mg++ )/ act(h+)xx2) = 14.5358
log ( act(na+ )/ act(h+)xx 1) 7.7243

log (act(so4--
log ( act(co2(aq)
log ( act(co3--
log (act(oh-

)x act(h+)xx 2) = -19.0097
) = -4.8609

)xact(h+)xx 2) = -21.5455

)xact(h+)xx 1) = -14.0046

species molal conc logconc logg actvity log act
cl- 0.5459E+00 -0.2629 -0.1893 0.3530E+00 -0.4522
na+ 0.4684E+00 -0.3294 -0.1663 0.3194E+00 -0.4957
mg++ 0.5306E-01 -1.2752 -0.6291 0.1247E-01 -1.9043
S04-- 0.2823E-01 -1.5493 -1.0204 0.2694E-02 -2.5696
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cat+ 0.1026E-01 -1.9887 -0.6668 0.2210E-02 -2.6555

k+ 0.1021E-01 -1.9911 -0.1998 0.6444E-02 -2.1909
hco3- 0.1816E-02 -2.7409 -0.2452 0.1032E-02 -2.9862
co3-- 0.8641E-04 -4.0634 -1.0420 0.7844E-05 -5.1054
mgco3(aq) 0.8292E-04 -4.0813 0.0000 0.8292E-04 -4.0813
caco3(aq) 0.2456E-04 -4.6097 0.0000 0.2456E-04 -4.6097
co2(aq) 0.1224E-04 -4.9121 0.0512 0.1378E-04 -4.8609
mgoh+ 0.3362E-05 -5.4734 -0.0279 0.3152E-05 -5.5014
oh- 0.3029E-05 -5.5187 -0.2658 0.1642E-05 -5.7846
h+ 0.7706E-08 -8.1132 -0.1068 0.6025E-08 -8.2200
hso4- 0.2332E-08 -8.6322 -0.1788 0.1545E-08 -8.8111

agueous species accounting for 99% or more of ca++

species molal conc  per cent
cat++ 0.1026E-01 99.76
total 99.76

agueous species accounting for 99% or more of cl-

species molal conc  per cent
cl- 0.5459E+00 100.00
total 100.00

aqgueous species accounting for 99% or more of hco3-

species molal conc  per cent
hco3- 0.1816E-02 89.81
co3-- 0.8641E-04 4.27
mgco3(aq) 0.8292E-04 4.10
caco3(aq) 0.2456E-04 1.21
total 99.39

aqueous species accounting for 99% or more of k+

species molal conc  per cent
k+ 0.1021E-01 100.00
total 100.00

aqueous species accounting for 99% or more of mg++

species molal conc  per cent
mg++ 0.5306E-01 99.84
total 99.84

aqueous species accounting for 99% or more of na+

species molal conc  per cent
na+ 0.4684E+00 100.00
total 100.00

aqueous species accounting for 99% or more of so4--

species molal conc  per cent
S04-- 0.2823E-01 100.00
total 100.00

couple eh,volts  pe- log fo2  ah, kcal

default 0.500 0.8452E+01 -16.432 11.531

couple affinity, kcal

- 151 -



none

(minerals with affinities .It. -10 kcal are not listed)

mineral log g/k aff, kcal state mineral log g/k  aff, kcal state
anhydrite -0.863 -1.177 aragonite 0.459 0.626 ssatd
arcanite -5.175 -7.060 bischofite -7.311  -9.975
bloedite -5.720 -7.803 brucite -2.589 -3.532

calcite 0.645 0.880 ssatd dolomite 2312 3.154 ssatd
epsomite -2.648 -3.613 gaylussite -4.476  -6.107
glauberite -3.542 -4.832 gypsum -0.660 -0.901
halite -2.518 -3.436 hexahydrite -2.886 -3.938
kainite -6.948 -9.479 kalicinite -5.458  -7.447
kieserite -4.359 -5.947 magnesite 0.824  1.124 ssatd
mirabilite -2.412  -3.291 na2co3:7h20 -5.692 -7.765
na4ca(so4)3:2h20 -6.691 -9.128 nahcolite -3.079 -4.200
natron -5.351  -7.300 nesquehonite -1.866 -2.546
oxychloride-mg -5.686 -7.757 picromerite -7.145 -9.748
pirssonite -4.630 -6.317 sylvite -3.543 -4.834
syngenite -4.736 -6.461 thenardite -3.274  -4.466
thermonatrite -6.587 -8.986

0 approx. saturated pure minerals
0 approx. saturated end-members of specified solid solutions
0 saturated end-members of hypothetical solid solutions

4 supersaturated pure minerals
0 supersatd. end-members of specified solid solutions
0 supersatd. hypothetical solid solution phases

gas fugacity log fugacity
co2(g) 0.417753E-03  -3.37908
h2(g) 0.459200E-33 -33.33800
02(9) 0.369830E-16 -16.43200

----- end of output -----
--- pickup file has been successfully written ---

--- reading the input file ---
--- no further input found ---

start time = 11:11  17Dec91
end time =11:12 17Dec91

user time = 1.580
cputime=  1.060
normal exit
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8. The EQ3NR to EQ6 Connection: The Pickup File

EQ3NR creates a model of an aqueous solution. The EQ6 code may then be used to calculate
models of geochemical processes in which this solution is an initial component. The two codes
are constructed so that the initial model constraints on the aqueous solution are input only to
EQ3NR. The user does not repeat this information in the user-created portion of tip&EQ6

file. Instead, EQ3NR writes the necessary data on a small file patlaap.

EQ6 normally reads the information from the EQ3pi€kup file as the bottom part of the EQ6
input file. It can also read it directly under an option that can be specified on the@@ile.
The contents of the EQ3NBtckup file will be discussed in more detail in the EQ6 Theoretical
Manual and User’s Guide (Wolery and Daveler, 1992b). EQ3NR automatically wpitesip

file unless the user specifies otherwise (by setop = -1).

The example given in this chapter is thekup file written for the sea water example presented
in Chapter 7. This is given in both “W” and “D” formats; the code writegpitleup file in the
format corresponding to theput file used. Discussion here will focus primarily on the example
in “W” format.

The following discussion assumes that the reader is familiar with the parameters that appear on
the EQ3NRinput file (Chapter 6). Th@ickup file begins with a repetition of the original title

(utitl ). This is useful because it carries any documentation identifying the particular agueous so-
lution model.

The following line contains the temperatuf€) of the EQ3NR run, which is specified in the
variabletempci. The EQG6 run that uses this input may actually start at a different temperature. If
so, there is said to be a temperature jump.t&mgci input allows EQ6 to recognize when this

is the case and to issue a warning to the user.

The alter/suppress options follow in the same format as on the EQRNRfile. In this exam-
ple, no such options are specified, hemomod = 0. If any had been specified, two lines would
have followed for each option, one for henod parameter and another for jikenod, kxmod,
andxlkmod parameters.

The next five inputskct, kmt, kxt, kdim, andkprs) are key parameters in the scheme by which

EQG6 organizes important variables. Hkeg is the number of chemical elements in the system.

The variablekdim is the number of total master species, which in EQ6 includes not only the
agqueous master species discussed in this report, but also any mineral species in equilibrium with
the aqueous solution. The variabkest andkxt mark, respectively, the last pure mineral and

last solid-solution end-member that are in the master species set. These species must have corre-
sponding masses present in the geochemical model. This is never the case in EQ3NR, and con-
sequently no such species can appear among the master species written on apiERQ@NR

file. This condition is marked bymt andkxt having values equal to thatkadim. The variable

kprs is the number of pure mineral and solid-solution end-member species in the “physically re-
moved system,” a concept relating only to the flow-through open system model in EQ6. Hence,
kprs must always be zero on the EQ3NRkup file.
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Following the parameters discussed above are the symbolskat tbeemical elements in the
system and their masses in moles relative to one kilogram of saivtt The calculated elec-
trical imbalancedlectr) is given in the same format.

The last part of the EQ3NPckup file gives the names of the “run” master iteration variables

(the “run” basis species), the corresponding “data file” basis species, and the values of the corre-
sponding variables. These are the base ten logarithms of the molal concentrations of the “run”
basis species. If a “run” basis species is not the same as the corresponding “data file” master spe-

cies, it marks the pair of species for a basis switch.

Example of an EQ3NRickup file in “W” format:

* pickup file written by eq3nr.3245R124x

* supported by eqlib.3245R153

EQ3NR input file name= swmaj.3i
Description= "Sea water, major ions only"
Version number= 3245 Stage number= 01
Created 06/08/90 Creator=T.J. Wolery
Revised 06/08/90 Revisor= T.J. Wolery

Sea water, including only the major ions. This is a considerably
pared-down version of swtst.3i, which contains the full benchmark
sea water test case of Nordstrom et al. (1979, Table III).

Purpose: to test the code on a small problem involving a moderately
concentrated solution. The activity coefficients of the aqueous
species are calculated from the B-dot equation and related equations.

References

Nordstrom, D. K., et al., 1979, A comparison of computerized chemical
models for equilibrium calculations in aqueous systems, in Jenne,
E. A., editor, Chemical Modeling in Aqueous Systems, ACS Symposium
Series, v. 93, American Chemical Society, Washington, D.C.,

p. 857-892.
endit.

tempci= 0.25000E+02

nxmod= 0

iopgl= 0 iopg2= 0 iopg3= 0

iopgd= 0 iopgs= 0 iopgb= 0

iopg7= 0 iopg8= 0 iopg9= 0

iopgl0= 0

ket= 9 ksg=10 kmt= 10
kxt= 10 kdim= 10 kprs= 0

o 0.556274183683972E+02

ca 0.102874395765819E-01

cl 0.545882260556139E+00

h 0.111018733446243E+03

c 0.202200001512726E-02

k 0.102076049472423E-01

mg 0.531495584904613E-01

na 0.468382242128759E+00

s 0.282312979158834E-01

electr 0.954079658003204E-03

h2o h2o 0.174435898352698E+01
cat++ cat++ -0.203301523866778E+01
cl- cl- -0.280373596842018E+00

h+ h+ -0.810794436314582E+01
hco3- hco3- -0.289243634492398E+01
k+ k+ -0.200081837042004E+01
mg++ mg++ -0.139017351362375E+01
na+ na+ -0.351762770888127E+00
s04-- s04-- -0.187880994095832E+01
02(g) 02(g) -0.164317709391211E+02
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Example of an EQ3NRickup file in “D” format:

¢ pickup file written by eq3nr.3245R124 |

¢ supported by eqlib.3245R153 |
EQ3NR input file name= swmaj.3i |
Description= "Sea water, major ions only" |
VVersion number= 3245 Stage number= 01 |
Created 06/08/90 Creator=T.J. Wolery |
Revised 06/08/90 Revisor= T.J. Wolery |

Sea water, including only the major ions. This is a considerably |
pared-down version of swtst.3i, which contains the full benchmark |
sea water test case of Nordstrom et al. (1979, Table III). |

Purpose: to test the code on a small problem involving a moderately |
concentrated solution. The activity coefficients of the aqueous |
species are calculated from the B-dot equation and related equations. |

References |

Nordstrom, D. K., et al., 1979, A comparison of computerized chemical |
models for equilibrium calculations in aqueous systems, in Jenne, |
E. A., editor, Chemical Modeling in Aqueous Systems, ACS Symposium |
Series, v. 93, American Chemical Society, Washington, D.C., |
p. 857-892. |

temperature (C) | 25.000 | |

electrical imbalance | 9.54079658003204:10E-04 |
number of aqueous master species | 10 : |
position of last pure mineral | 10 : |

position of last solid solution | 10 I |

I
suppressed species  (suppress,replace,augmentk,augmentg) value |
|

none |

iopg options |

- pH SCALE CONVENTION -

* modified NBS |
internal |
rational |

- ACTIVITY COEFFICIENT OPTIONS -

* use B-dot equation |
Davies' equation |
Pitzer's equations |

elements, moles and moles aqueous |

|
[¢] | 5.562741836839716E+01| O.OOOOO(IJOOOOOOOOOE+OO|

ca | 1.028743957658190E-02| 0.000000000000000E+00|
cl | 5.458822605561392E-01|] 0.000000000000000E+00|
h | 1.110187334462426E+02| 0.000000000000000E+00|
Cc | 2.022000015127257E-03| 0.000000000000000E+00|
k | 1.020760494724228E-02| 0.000000000000000E+00|
mg | 5.314955849046130E-02| 0.000000000000000E+00|
na | 4.683822421287592E-01| 0.000000000000000E+00|
S

| 2.823129791588344E-02| 0.000000000000000E+00|
|

. . . . . |
master species and logarithmic basis variables |

|
h2o0 |h20 | 1.744358983526984E+00)]

ca++ |ca++ | -2.033015238667785E+00)
cl- |cl- | -2.803735968420180E-01]

h+ |h+ | -8.107944363145821E+00)
hco3- |hco3- | -2.892436344923985E+00)
k+ |k+ | -2.000818370420036E+00)
mg++ |mg++ | -1.390173513623747E+00)
na+ [na+ | -3.517627708881266E-01]
S04-- |s04-- | -1.878809940958323E+00)
02(g) [02(q) | -1.643177093912114E+01]

|

I
physically removed subsystem (solid solution, mineral, moles) |
|

I
none | | |
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9. Solving the Governing Equations

9.1. Introduction

The governing equations that apply to speciation-solubility modeling were introduced in Chap-
ters 2, 3, and 4. The purpose of this chapter is to derive the mathematics necessary to solve them.
The approach is to set up the problem in termsexjuations im unknowns (or “iteration vari-

ables”) and solve them. Technically, there are a large number of equations and corresponding un-
knowns to deal with. The unknowns include the concentrations of the all the species appearing
in the model and their thermodynamic activity coefficients. The corresponding equations are al-
gebraic, and these must be solved using appropriate methods.

In EQ3NR, the set of unknowns is first reduced to a relatively small set of unknowns, from which
the remaining unknowns can be calculated. These are the primary iteration variables. They are
defined in this code as the log concentrations of the species in the active basis set. The algebraic
equations are solved by a combination of two iterative methods which are applied in sequence.
The first method, called pre-Newton-Raphson optimization, has the characteristic of rapid con-
vergence far from the solution, and slow (limiting first order) convergence near the solution. It

is used primarily to get all of the primary iteration variables within an order of magnitude of the
solution. The second method, a hybrid Newton-Raphson method, has the characteristic of poor
convergence behavior far from the solution, and very fast (limiting second order) convergence
near the solution. These methods thus complement one another. We will discuss these, as well as
supplementary methods designed to aid convergence. Lastly, we will briefly discuss the subject
of crash diagnostics.

9.2. The Set of Master Iteration Variables

In the EQ3NR code, the number of equations and unknowns is reduced by substituting all gov-
erning agueous mass action equations into the mass balance and electrical balance equations. The
remaining aqueous species giving rise to unknowns then comprise the relatively small active ba-
sis set. These master iteration variables reside in the weetbich has the following structure:

logx,,

Iogmg , $ =1,s5-1,s#w

N
1

(227)

IogfO2

logm, , ' = s+ 1,54
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The first part of this vector contains entries for $ge&trict basis species appearing in a given

problem. The second part contains any auxiliary basis variables which appear in the problem and
for whichjflag # 30 (those withflag = 30 are treated as non-basis species). The structure is fur-
ther simplified ifsg = sg (no active auxiliary basis set). For a problem in which this is the case,

it is implied that the aqueous solution is in a state of complete internal (homogeneous) equilibri-
um. If sg =sg + 1, complete internal equilibrium is also implied if #eth species is part of a

redox couple used to define the redox state of the fluiddiig& = 1 option). In all other cases,
partial internal disequilibrium is implied.

We will first look at the aqueous mass action equations that are to be eliminated. Here  denotes
a non-basis species andenotes the corresponding reactids index labels, these are related
according to:

r=s"-sg (228)

This reflects the fact that strict basis species appear first in the list of all aqueous species and that
they have no associated reactions. A mass action equations takes the following logarithmic form:

logK, = b, (logx,, +logA,) + bsBr|°9f02 + by (logmg. + logyy)
Q
+ z by, (logmg +logyy)

s=1
S£W. S, (229)

wherekK; is the thermodynamic equilibrium constant for the readtigrs the reaction coeffi-
cient for thes-th species), is the activity coefficient of water, aryd s£w) is the molal activity

coefficient of thes-th species. Note that implies a basis species, and'that  denotes the only
non-basis species appearing in the reaction. This equation can be rearranged to give:

logK b b
logmg. = 2 Ir—Iogys..—ﬂ(logxw+ Iog)\W)—ilogfO
b by by 2
S
Q
& I + |
- z bs"r( Ogms' Ogys')
s=1
S #W. S (230)
Recall the relation:
dx _
dlogx 2.30X (231)

It follows that:
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dmy dlogmy

v 2.303m,, I (232)
Treating the activity coefficients as constants, this can be used to show that:
om. b

S = _2.30an, (233)

dlogx,, by,
oM a0, (234)
= - . o 234

alogfo2 $'bg.,

om. by,

= 230y — , s =1 S S #W, Sg (235)

dlogm, (o
These relations will be used later in this chapter in deriving the Jacobian matrix elements corre-
sponding to the mass and charge balance residual functions. This matrix is used in Newton-Raph-
son iteration.

Certain factors will appear repeatedly in some of the derivations below and will be given special
symbols. In the EQ3NR code, these parameters are themselves evaluated before the calculation
of the Jacobian matrix elements in which they appear. This is done to avoid repetitive arithmetic
in the code. These are defined as follows:

My Ugg

H :—,s':l,sQ,§¢w (236)

H,, = (237)

All of the so-called alternative constraints involve equations which are written only in terms of
the concentrations (or activities) of species in the active basis set. Therefore, it is not necessary
to make any substitutions of the sort noted above in dealing with the mass balance equations and
the charge balance equation.

9.3. Expanding the System from the Set of Master Iteration Variables

If one knows the vectaor, bne may “expand the system” by computing the concentrations of all
non-basis species (all species not in the active basis set; this includes any auxiliary basis species
with jflag values of 30) and the activity coefficients of all species in solution. Teetor

uniguely defines all system properties. However, the process of expanding the system is not ex-
actly straightforward. In order to calculate the concentrations of the non-basis species, one must
evaluate the corresponding mass action equations. The activity coefficients appear in these equa-
tions. Hence, the activity coefficients must be evaluated first. However, the activity coefficients
depend in general on the concentrations of all solute species, both basis and non-basis. So to deal
with these, one must compute the concentrations of the non-basis species first.
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This creates a problem analogous to the old puzzle, “Which came first, the chicken or the egg?”
In previous versions of EQ3/6 (e.g., Wolery, 1983), this problem was overcome by treating the
ionic strength as a master iteration variable. The equation defining the ionic strength has the same
form as a mass balance equation, and this equation was treated in like form. However, this only
works if the activity coefficient model depends only on the ionic strength, not the specific com-
position of the solution. Thus, this approach works for the Davies equation and the B-dot equa-
tion, but not for Pitzer’s equations or any other set of equations likely to be valid in concentrated
solutions.

The concentrations of non-basis species may vary over many orders of magnitude. The activity
coefficients of aqueous species generally vary over about two orders of magnitude or less. The
approach taken in EQ3/6 is to start by computing a set of reasonable values for the activity coef-
ficients, then hold these constant until the concentrations of the non-basis species become rea-
sonably stable. The activity coefficients are then updated. In the pre-Newton-Raphson
optimization algorithm, the computed concentrations of the basis and non-basis species are typ-
ically adjusted 3-7 times before the activity coefficients are recalculated. In the hybrid Newton-
Raphson method, they are recalculated between each Newton-Raphson step (it is because of this
treatment that we refer to our usage of the Newton-Raphson method as a hybrid). In either case,
the system is expanded by first calculating the new concentrations of the non-basis species, using
the existing values of the activity coefficients. The activity coefficients are then recalculated. An
exception to this order occurs when starting values are constructed (see below).

One could view the expansion itself as an iterative process. One could recalculate the concentra-
tions of the non-basis species, recalculate the activity coefficients, and then repeat the process
one or more times. In the context of the pre-Newton-Raphson optimization method, this makes
little sense because this method is only used to get in the neighborhood of the solution. The merits
of a single update, a double update, and a multiple update (repeating the process until a conver-
gence tolerance is satisfied) were examined in the context of the hybrid Newton-Raphson meth-
od. Significant differences in performance were only observed in the case of highly concentrated
electrolyte solutions. Thus, in the case of less concentrated solutions, the single update method
was best because it gave the same performance for the lowest cost. In the case of the more con-
centrated solutions, it was found that the single update also gave the best performance, followed
by the multiple update method. In such solutions, the double update method often led to failure
to converge. The method which has been adopted, therefore, is the single update method.

9.4. Beginning the Process: Computing Starting Values

The whole process must begin by assigning starting values. This is done in arcsktlé. Ini-

tially, this is done as follows. For every basis species wftagvalue of less than 15, either the

total or free molality is known. The concentration of each such individual basis species is as-
signed this corresponding value. This value is an upper bound if the corresponding concentration
is the total molality, and the actual value if it is a free molality. For species hayiag salue

of 16, the log activity is known. The concentration of each such species is assigned a value equal
to the thermodynamic activity, thus assuming that the activity coefficient has unit value. All other

basis species are initially assigned a value of 1-krh6lal. All non-basis species at this point
have assigned concentrations of zero.
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The charge imbalance is computed. The functionsnd the ionic strength are then estimated.

The estimate of the ionic strength at this point includes a term in which the computed charge im-
balance is treated as though it were due to an unmeasured monovalent ion. The mole fraction of
water is computed from the valueXih. Then the activity coefficients are computed. The con-
centrations of non-basis species are taken as zero until the code enters the pre-Newton-Raphson
optimization stage.

Assuming that the concentration of a basis species is equal to its total concentration may or may
not be a good approximation. If it turns out to be a very poor approximation, then the first esti-

mate of the concentration of at least one non-basis species will have to be large, typically a few
to a few tens of orders of magnitude greater than the limit on its actual concentration imposed by
the corresponding mass balance constraint. This first estimate is very often quite large in an ab-

solute as well as a relative sense, often on the ordef&f 1010"%° molal. It is critical not to
compute functions suckm, the ionic strength, and the activity coefficients until the concentra-
tions for such species have been brought down to physically realistic values.

9.5. Methods to Aid Convergence

Several techniques are used in EQ3NR to aid convergence, both in pre-Newton-Raphson optimi-
zation and hybrid Newton-Raphson iteration. These are:

» Use of logarithmic iteration variables.
» Under-relaxation techniques.
» Automatic and user-specified basis switching.

We have not found it necessary to employ other methods, such as the “curve-crawler” technique
discussed by Crerar (1975).

The physical quantities that correspond to the iteration variables are intrinsically positive. Use of
logarithmic iteration variables restricts the generated values to the physically reasonable range.
Also, logarithmic corrections are effectively relative corrections to the corresponding physical
guantities. Recall that log ¥dx = 1/(2.303x). It follows that:

Alogx = (238)

AX
2.303
Because of this, effective under-relaxation techniques are especially easy to implement when us-
ing logarithmic iteration variables.

Under-relaxation is the technique of judiciously reducing the magnitude of the computed correc-
tion terms. Assume that the unmodified method involves adding a correction term dgg¢tor (

wherek is the iteration number. This is typical in Newton-Raphson iteration. The new vector of
master iteration variables is obtained thusly:

Ziyq = Lt (239)
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If the new vector of master iteration variables is obtained instead by evaluating some set of cor-
responding equations not in this format, one can still utilize under-relaxation by defining a cor-
rection term vector as follows:

O = Zxs1— % (240)

Global under-relaxation is effected by replacing the correction equation given above by:

Z

i+1 = 4 TKO (241)

wherek is a positive number less than one. Non-global under-relaxation is also possible. This
does not involve the use of an under-relaxation factor. Rather it involves truncating the magni-
tudes of individual correction terms to satisfy specified limits, which may be different depending
on the species involved and on the direction of change.

There are several methods of applying global under-relaxation. EQ3NR uses two relatively sim-
ple ones in making Newton-Raphson steps. The first of these places a limit on the element of the
correction term vector having the largest magnitude:

K = 68 (242)

max

whered' is the imposed limit andl, 5, is the max norm ad. In a Newton-Raphson iteration step
(which occurs in the EQLIB modulastep.f), this imposed limit is represented by the variable
screwd In EQ3NR, this is set in the main program (modd8nr.f) at a value of 2.0. Besides
aiding convergence, this method causes divergence, when it does occur, to occur more slowly.
In such cases, it helps to yield useful information about the cause of divergence.

The other global under-relaxation method is applied for only the first 8 iterations. The under-re-
laxation factor is cut in half if the residual vector max nfm, exceeds the value of the variable
screwn Initially, K is set to a value of unity; when the current method of under-relaxation is ap-
plied, this factor may have been reduced as a result of applying the method described above. In
EQ3NR,screwnis set to 0.5 in the main program (modetSnr.f).

Some degree of non-global under-relaxation is also employed in pre-Newton-Raphson optimiza-
tion. This optimization function takes place in EQ3NR in moduiset.f. Here under-relaxation

is effected by imposing truncation limits on changes for individual master variables. The master
variables for species constrained by mass balance equations are not permitted to decrease by
more than 20.0 log units in a given step. A master variable constrained by the charge balance
equation may not change by more than 2.0 log units.

Some truncation limits also apply to the activity coefficients and the fundmrand the ionic
strength. These limits are applied during both pre-Newton-Raphson optimization and hybrid
Newton-Raphson iteration. These limits are defined in the vaghgfac which is in the calling
sequence of the EQLIB modulgcadv.f The value of this variable is set in the calling modules,
and is usually scaled inversely with the valu&wf Values range from 1.3 to 100.
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If automatic basis switching is turned oopt2 = 1), EQ3NR (in the modularrset.f) will at-
tempt to improve the starting values by means of basis switching. The methodology here is quite

simple. Consider the case of dissolved aluminum. The data file basis spati&sAg low tem-
perature, typically low values of dissolved aluminum, and moderate tpHighe mass balance

is typically very strongly dominated by the sped&©H),". The concentration @fI>* is many
orders of magnitude below the concentration of this species. If one assumes that the concentra-
tion of this species is instead essentially equal to the total concentration, the computed concen-

tration of AI(OH),~ may be something on the order of4a0*® molal. The value of the
corresponding residual function will be similarly extremely large. On the other hand, when
Al(OH), is in the basis set, the initial assumption is that its concentration is equal to the total

concentration, and the computed concentratiokiBfis an appropriately much smaller number.

In the present version of EQ3NR, the total concentration quantity associated with a mass balance
is redefined in terms of the new basis species. Assuming this quantity is expressed as molality,
this change has no numerical significance in the above example. However, if a species to be
switched into the basis set contributes to the original total concentration by a factor different from
that of the original basis species, the difference is quite significant. For example, if

AI13O4(OH)£Z is switched into the basis set in placé\b', then the associated total concen-
tration must be redefined as:

m
m T AR
7+ =
T, Al,0,(OH)/; 13

(243)

Automatic basis switching is accomplished in a loop structure. More than one switch may be
done each time through the loop. After this, the activity coefficients are recomputed (again as-
suming that the concentrations of non-basis species are zero), the residual functions are recom-
puted and more switches may be made. In the process, some switches may be undone by later

ones. For exampl: AI13O4(OH)£Z may first be switched into the basis set in pl&t?é,czind
thenAl(OH),4 in place of, AI13O4(OH)£Z . When one switch replaces another, the original

switch is first undone. In this exampl@l,3+ is switched back into the basis in place of
AI13O4(OH)£ ; AI(OH), is then switched into the basis in placeé\b¥ . This loop continues

until there are no candidates for basis switching or the loop has been passedritooungh
times. This variable is currently set to 12 in a data statemantset.f.

To be a candidate for automatic basis switching, a species must have a computed concentration
ten times that of the corresponding basis species. Furthermore, it can not already be in the basis
set. A data file basis species which has been switched out of the basis set can only be brought
back into the basis set by undoing an earlier switch. The involvement of a basis species in the
input constraint associated with another basis species may prevent switching it out of the basis

set. For example, if the input constraintkbr is a value for theHCI function, therCl is locked
into the basis set. Conflicts may arise in candidate basis switches. For example, the same species
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could dominate more than one mass balance. It is then switched into the basis so as to reduce the
affected mass balance residual which has the highest value.

The user may specify certain basis switches omihé file (see Chapter 5). These switches are
executed prior to entry to modwderset.f and the construction of the initial starting estimates. If
certain switches really need to be made, it is more efficient to make them in this manner. If the
software is run on a machine with a small floating point exponent range, such as a VAX system
lacking the G_FLOATING option, the code may stop execution because of a floating point over-
flow (in the computation of one of the elements of the residual function fBatioiess such
switches are directed on timput file. In such a situation, one may have to guess which switches
are necessary to avoid such overflow.

If automatic basis switching is turned atifft2 = 0), the code will proceed directly from having
made the initial starting estimates into pre-Newton-Raphson optimization. If it is turned on and
the user has directed certain switches to be made ampiiefile, it may undo one or more of
those switches, as well as make additional switches.

9.6. The Pre-Newton-Raphson Optimization Algorithm

After any automatic basis switching is completadset.f uses an optimization algorithm. This
process occurs in a loop structure, the times through which are knpassesAt the end of a

pass, the activity coefficients are recomputed. If the concentration of an ion is to be adjusted to
satisfy electrical balance, this adjustment is also recomputed at this point. Within each pass is an-
other loop structure, the times through which are cafetes Here, adjustments are made to the
concentrations of the basis species (other than one which is constrained to satisfy electrical bal-
ance). A pass is completed after some number of cycles. The cycles within a pass terminate if
some rather rough convergence criteria are satisfied, or if the maximum number of cycles in a
pass have been completed. This is determined by the van@pien, which is currently set to

15 in a data statementanrset.f. The passes terminate if rough convergence criteria applying to
both the cycles and passes are satisfied, or if the maximum number of passes has been completed.
This is determined by the variabiplim, which is currently set to 7 in a data statemeiirin

set.f.

The cycle algorithm is applied only to basis species which are constrained by mass balances. It
is an example of what is sometimes called a “continued fraction” method. A variation on this ap-
proach (Wolery and Walters, 1975) was in fact the principal method used to solve speciation-
solubility problems in a an early version of what is now EQ3NR. The derivation to be given here
is different than that previously given elsewhere, and includes an important modification that has
apparently not been previously noted.

Consider the case of dissolved aluminum. The total dissolved aluminum is expressed as total
AI®*. The normalized mass balance residual is:

m -m
_T.ocalg AP T AP
B+ = - (244)
T AP*
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where:mT o AR is the total concentration&if* as calculated from a mass balance expres-
, calg

sion, using the current estimated values of the concentrations of the basis species and estimates
of the concentrations of non-basis species as calculated from the associated mass action equa-
tions, using in these the current estimated values of the concentrations of the basis species. In

contrast,mT AR is one of the model constraints.

We will assume, for the moment, thf* dominates this calculated mass balance. We may ex-
press this by writing:

m ,,=m 245
ARt T, calg AP* (245)
We may then write:
m 3+ - m 3+
Al T, Al
BAI3+ = m (246)
T, AR
We can rearrange this to:
m
A 2a7)
Boartl TAP

We take the current iteration in the cycle to bekttte Applying the above equation to this iter-
ation, we may write:

m
+1 T AP
B A ,

Similar, applying it to the next iteration (tker1-th) gives:

AR k41
B o +1 maf (249
APT k+1 ’

Combining these equations then gives:

1)

m +
M - AT k(BAI3+, k+1

AT k+1 B +1

(250)
APRT Kk

We would like the residual function to approach zero quickly. This desire can be written as:
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B

=0 251
APt k+1 (251)

Substitution of this into the above equation gives the following the iteration equation:

m
m = AI3+’ K (252)
3+ -
AT k+1 +1
: B AR K

In a dilute, acid solution, the speci@B"+ will indeed dominate its own mass balance. The start-

ing assumption based on this should be a good one. Also, this species should dominate the cal-
culated mass balances during the iteration process. We would expect the above iteration equation
to work well. However, in solutions of moderate to hogh the speciedl(OH),” dominates the

mass balance @I>*. What happens then? Note that we could do a basis switch, repiiting
with Al(OH),". The above equations would then applAl®H), and all should again work

well.

If we do not make this basis switch, we would still assumei@H),” dominates the calculated
mass balances. Following the previous approach, we are led to an equation of the form:

m .
_AI(OH),, k

m = 253
Al(OH),, k+1 BA|3+k+1 (253)

This is almost what we would have if we had made the basis switch. However, in this case, the
normalized residual is still defined in terms2t™, notAl(OH), . However, we can not directly

use this equation, because it is written in terms of molalitieé§0H),", notAl**. However, we

can convert it into a form in terms of molalitiesf?*. The two species are related by the reac-
tion:

- + 3+
AI(OH),+4H = Al +4H20(|) (254)
The corresponding mass action equation is:

m ..y s
K A|3+ A|3+ w ' w
Al(OH), 4

2 (255)

m m
AI(OH);,'VAI(OH);( n

Let us consider all activity coefficients to be fixed, as well as the concentrations of other basis

species appearing in this relation. Then the concentrations of the two aluminum species of inter-

est satisfy the following proportionality:

O (256)

+
|3

m m i
A Al(OH),
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Presuming that the proportionality constant does not change significantly allows us to use this
relation to obtain the same iteration equation that we had before:

m
m = —AI3+’ K (257)
3+ -
AT k+1 +1
BA|3+, k

The only significant difference in the iteration process in this case (versus either that in which
AI%* is dominant or that in whicAl(OH), is dominant but switched into the basis set) is that the

starting estimate is not so good. In fact, it might be very bad, off by many orders of magnitude.
However, it turns out that this algorithm is very good for quickly getting to about the right order
of magnitude, even if the starting estimate is off (high) by several tens of orders of magnitude.
On the other hand, it is not so efficient in a close neighborhood of the solution. This makes it a
good complement to Newton-Raphson iteration, which is very efficient near the solution, but
which often fails to converge at all if the starting estimates are far from the solution.

Now suppose the comple AI13O4(OH)£Z dominates the calculated mass balakicé. of
Again, we do not make a basis switch. This then leads us to a result of the form:

3m 74
Al 30,4(OH),,, k

m . = (258)
Al ;0,(OH) 2 k+1 B+ 1
The specie AI13O4(OH)£Z andli®*are related by the reaction:
7+ + 3+
Al;30,(0H),, +32H = 13AlI" + 28H20(|) (259)
The corresponding mass action equation is:
13 13 28,28
m 3+y 3+XW )\W
_ AP A
K 74 = (260)
OO, e o o
Al;30,(OH),, Al;30,(0H),, H 'H
Using the same assumptions as before leads to the following proportionality:
13
m .,.0m . (261)
Al® Al ;0,(0H)]
Using this as before leads to the following iteration equation:
1
13 3+
137 mAl” k
m = : 262
AR k+1 1 (262)
13
+1
(B AR K )
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This differs from the previous results in two ways. First, an exponent now appearsn the (

term. This exponent is the factor expressing the stoichiometric equivalence of the basis species
corresponding to a mass balance expression to the species which dominates the calculated mass
balance. Also, a factor appears in the numerator on the right hand side which is the inverse of the
same exponent with a matching exponent This is the general case. These “new” elements of the
equation did not explicitly appear in the previous results because the stoichiometric equivalence
happened to be unity.

The exponent on th@ ¢+ 1) term is critical to the success of this method. This is because it has
a large effect on the exponent of the resultant calculated concentration of the basis species. When

one starts the iteration process, the valug wfy initially be something like 18°. Use of the
iteration equation ignoring this exponent would result in the calculated concentration of the basis
species being lowered by 60 orders of magnitude. The effect of the exponentd t)ag to

cause it to be lowered only about 4.6 orders of magnitude. The effect of ignoring this exponent
on the remainder of the calculation would be wild oscillation.

The effect of the factor in the numerator is less extreme. It does not affect the resulting order of
1 1 1 1

magnitude. For exampIeJ.1 =1, 2221.41, fz 1.44, 4 =1.41, and §=1.38 . In the
1

1
£

case shown abov&S13 = 1.22 . The absence of this factor doesn’t have much effect if all one is
trying to do is get within about an order of magnitude of the solution before switching to another
algorithm. However, it would cause convergence to fail in a close neighborhood of the solution
if one attempted to use this algorithm to obtain a final solution.

Not all basis species are constrained by mass balance relations. If a species is constrained by a
value for its log activity, the concentration is simply estimated from this value using the current
value for the corresponding activity coefficient:

Iogmi,k+ 1 = loga; —logy; (263)

The concentration of such a species can not change during a pass, because activity coefficients
are only recalculated as the end of a pass.

A basis species whose concentration is to be adjusted to satisfy electrical balance has its concen-
tration recalculated in a cycle after the concentrations of all other basis species have been recal-
culated. This will be discussed below.

The concentrations of basis species which are constrained by any other types of constraints are
calculated simultaneously by solving a matrix equation. This is the caSgdpwhen arEh or

pevalue is input, for cases in which heterogeneous or homogeneous equilibria must be satisfied,
and cases in which a combination activity function sugts is utilized. It is not always strict-

ly necessary to make these calculations simultaneously, but it is more convenient to always do it
this way than to deal otherwise with those cases which would allow complete or partial solution
by a sequence of individual calculations (whose order would have to be determined in each indi-
vidual case).
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For example, suppose dissolved calcium is constrained to satisfy equilibrium with calcite and bi-
carbonate is constrained to satisfy a specified fugacity of carbon dioxide. We will assume that
chloride is constrained by a total concentration and that the hydrogen is constrained by an input

value ofpH. The respective relevant governing equation<Cisi” andH* are:

logK .= logm +lo +logm +1lo —logm . —lo 264
g calcite g CaZ+ gyCa2+ g HCO;S ngCOé g H+ ng+ ( )

log Kcoz(g) = log cho'3 + lOngco'3 +log mH+ + IogyH+ - Iogfco2 —logx,, —logA,, (265)

These may be rearranged to give:

logm + logm = logK . —lo —lo +logm . +lo 266
g C612+ g HCO. g calcite gyCa2+ ngCO- g H+ ng+ ( )

3 3

logm —lo = logK —lo —logm ,—lo + logf +logA,, (267
g Heo, 9Xy g CO,g) ngc0'3 g " QVH+ 9lco, 7109y (267)
where the variables treated as the unknowns are on the left hand sides. As all these concentration
values pertain to thie+ 1-th iteration, they could be so marked in the rearranged equations (but
we leave them out for clarity). The mole fraction of water may also be adjusted as part of the pro-
cess, using the approximate relation:
dlogx,,
Iong, K+l = Iog>gN, Kt z alogmg(logms', k+1—109 my k) (268)
SRR

whereSis the set of solute basis species whose concentrations must be solved for in this manner.
This is a Taylor’s series truncated to first order. For notational convenience, we make the follow-
ing definition:

dlogx,,
S~ dlogmg

, SEW, S (269)

Then the equation in the present example may be written as:

logx, — W logm -W logm
Py = W 2+ 09Me 2+ =W 0009y

; co,

3

= logx,, ,—W logm -W logm
g w, k C612+ g Ca2+,k g

HCO.

,  HCOLk

3 (270)

where again all the variables treated as unknowns are on the left hand side. For notational con-
sistency, we have dropped tHe+ 1” subscripts.

We now evaluate the necessary partial derivatives. The mole fraction of water must be expressed
as a function of the concentrations of the basis species other than water. We first write this in the
form:
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logx,, = log (271)

S

R

F4

r=1

jDDEDDDDDDD
_|_1
jDDhDDDDDDD

wheres' denotes the non-basis species associated withtthaqueous reaction. Partial differ-
entiation leads to the following intermediate result:

_w
%ﬂgrbs‘r

wheres' is a basis species other than water. Rearranglng then gives the final result:

—X—Wén B by My
W, = (273)
El );zbwrms‘é
bs‘r M
Technically, these partial derivatives should be evaluated using data correspondirgtioithe

eration. However, as the method is not exact anyway and the mole fraction of water does not re-
ally vary much in the process, this is not critical.

CT
|:|

(272)

OO

In the above example, we have three equations in three unknowns. These equations are linear in
the four log concentration variables; hence, they can be solved simultaneously by solving a cor-
responding matrix equation. This takes the form:

1 1 0 IOngaz+ RCa2+

0 1 —-Yllogm | =|R (274)
W, oW1 HCO, HCO,

ca HCOj logx,, R,

where the elements in the right hand side vector are equal to the expressions on the right hand
side of egs (266), (267), and (270). Matrix equations of this form are evaluated after new values
have been calculated for the concentrations of the other basis species.

At the end of a cycle, a full set of residual functions is computed. This includgsitrey and
its max normfByax The only non-zero elements®ht the end of a cycle are those which pertain

to mass and charge balance constraints. The elements of this vector corresponding to the former
have been previously introduced. In the case of the latter, the relevant equation is:
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As

Bs = . (275)
‘ +
> ZMe+ Yy (25 My
wheres, is the basis species so constraimedignotes cations ardanions, and:
CXSZ = ZZCmC + ZZama (276)
r A

The concentration of this species is then adjusted so as to make these residuals zero:

O(sz,k
m, = m -
s, k+1 s, k
4 4l Z
‘ Sz‘

(277)

A pass ends when one of the following occurs:

* The non-zero (mass balance) element{s sxitisfy a loose convergence test (all fall in the
range -10% to +50%).

» The maximum number of cycles per pass have been completed.

A convergence functiofi,. (betfnc) indicates that iteration in the present cycle is diverg-
ing. This convergence function will be discussed later in this chapter.

At the end of a pass, taen function and the ionic strength are recalculated, the mole fraction of
water is recalculated, and the activity coefficients are recalculated. The code defines residual
functions based on the magnitude of the changEsijrthe ionic strength, and the activity coef-
ficients from the values pertaining to the previous pass. The sequence of passes is stops when one
of the following occurs:

* The residuals defined f@m, the ionic strength, and the activity coefficients satisfy a loose
convergence test (all less than or equal to 0.1).

* The maximum number of passes have been completed.

The optimization is deemed successful if both sets of loose convergence tolerances are satisfied.
The code will then execute hybrid Newton-Raphson iteration. If optimization is not successful,
the code checks to see if any equilibrium constraints appear to imply unrealistically high solute
concentrations. If this is the case, the code will not attempt hybrid Newton-Raphson iteration and
a message to this effect is written to the screematpit files. Otherwise, the code will execute

hybrid Newton-Raphson iteration, which often succeeds even when the optimization step fails to
satisfy its own convergence tolerances.

The cycle algorithm discussed in this section is an example of a first order method. This means
that in a close neighborhood of the solution, one has that:
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O k+1 = z P;; Ojik (278)

i=1

wheren is the number of iteration variables and mare constants.

9.7. The Newton-Raphson Method

The Newton-Raphson method is a well-known iterative technique for solving non-linear systems
of algebraic equations (see for example Van Zeggeren and Storey, 1970; Carnahan, Luther, and
Wilkes, 1969; or any introductory text on numerical methods). We will not discuss the derivation
of the method here, only its application. Given anggiverning equations amdunknowns (rep-
resented by a vectarof iteration variables), one may construct a set of residual functions (rep-
resented by the vectar), each member of which has a value of zero when #guations are
satisfied. Botlz anda are of lengt.

A simple example will illustrate this. Suppose we wish to solve the general quadratic equation:

ax’+bx+c=0 (279)

This is a case in whiam= 1. Herea, b, andc are given coefficients, ands the only unknown.
The residual function can be defined as:

2
a = ax +bx+c (280)

Other definitions are possible, however. The only requirement is that they take on a value of zero
when the governing equation is satisfied. We note here that the choice of definition may affect
the convergence behavior.

Letk be the number of iterations, such thganda are the iteration variable and residual func-
tion vectors on th&-th iteration. Letz, represent the set of starting estimates. An iteration step
is made by calculating.1 from z,. The Newton-Raphson method does this by computing a vec-
tor of correction terms), by solving the matrix equation:

Jo = — (281)

HereJ is the Jacobian matrix, defined by:

J = g&% (282)
R ZIN
wherei andj are the matrix coordinates. In our example, this becomes:
J = 2ax+b (283)
The correction term is then applied:
2. q = zk+6 (284)
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If the iteration converges, all elements of bm#indd approach zero. Itis useful to define another
residual function vectds which is identical ta, except that some elements may be normalized
to provide a better measure of convergence. It is then convenient tof8}gfirendd,, . as the

largest absolute values of the element3 andd, respectively. Bot,,4xanddy,xmay then be
used in tests to determine if the iteration has converged satisfactorily.

A useful measure of how well convergence is proceeding may also be constructed. The Newton-
Raphson method is a second order method.This means that in a close neighborhood of the solu-
tion, one has that:

Sik+1 = ) Pij B (285)
i=1
where the;; are constants. In practice, there is usually no attempt to actually evaluate them. The
significance of this is that in a close neighborhood of the solwjQy, k+1Should be much less
thandax, k The functiondy,,c (the variabledelfnc) is defined:

K9 0
Otunck+1 = 1—B—rgaxk+1D (286)
' 0 Omaxk U

may therefore be expected to approach (from below) a value of unity if the iteration is converging
very rapidly (as theory suggests when the cross terms describing the evolution of the correction
vector are small; i. e., th® are small for the caser j). Convergence to a lesser value, say

0.72 instead 0£0.99 is not unknown. This may imply non-negligible cross terms or an error in
writing the Jacobian matrix. It also may result from modifications to the basic Newton-Raphson
method, such as we have introduced by updating the activity coefficients between Newton-Raph-
son steps. The functiofyc (the variablebetfnc) is defined similarly:

E'3ma>gk+ 1D
B = 1-0—————0 (287)
func,k+1 0 Bmaxk U

and has essentially the same properties.

The use of a pure Newton-Raphson method would require the activity coefficients and their as-
sociated model equations to be brought directly into the setagiations andunknowns solved

by the method, either directly or by substitution. In a previous section in this chapter, we noted
that there was a problem in expanding the current set of master iteration variables in that the ac-
tivity coefficients would have to be calculated before the concentrations of the non-basis species,
and vice versa. This problem precludes taking care of the activity coefficients by a substitution
mechanism that leaves the current set of master iteration variables unchanged. One would have
to instead treat the activity coefficients themselves as master iteration variables. These are many,
so this would not be very convenient. Alternatively, one could treat the ionic strength as a master
iteration variable, but this would only suffice for simple extended Debye-Huckel formalisms that
are only valid in dilute solutions. We have instead chosen to hybridize the Newton-Raphson

-172 -



method by simply updating the activity coefficients between Newton-Raphson steps. In practice,
this seems to work quite well, except in some extremely concentrated solutions.

The EQLIB modulenewton.f oversees the Newton-Raphson iteration for EQ3NR. Fellow

EQLIB modulenrstep.f is called to make a single Newton-Raphson step, and fellow EQLIB
modulengcadv.frecomputes activity coefficients and computes the number of moles of depen-
dent species. The latter module is called between Newton-Raphson steps, in accordance with the
single update method that was described earlier in this chapter. The EQ3NR batastiicom-

putes the residual functions, and the EQ3NR monha#ix.f writes the Jacobian matrix.

The maximum number of iterations in a Newton-Raphson calculation is determinedrputhe

file variableitermx. This has a default value of 30 in EQ3NR. Convergence is achieved when
BmaxIS less than the tolerance paraméddist, d,,,« IS less than the tolerance paraménéd,

and max norms on the changes inIhefunction, the ionic strength, and the activity coefficients
are all less thatolbt. The tolerance parameteotbt andtoldl both appear on theput file, and

both have a default value of 1x%0

9.8. Derivation of Residual Functions and the Jacobian Matrix

In this section, we shall derive the residual functions and the Jacobian matrix for the Newton-
Raphson iteration procedures used by the EQ3NR code. Given a set of governing equations and
an equal number of unknowns, there is no unique way to formulate residuals and Jacobians. The
number of equations and unknowns may be reduced by means of substitutions. Furthermore, one
may then construct the residual functions in any number of ways. Once the residual functions
have been chosen, the form of the Jacobian is determined according to the partial derivatives of
these functions.

We will now take each remaining governing equation, construct a corresponding pair of residual
functions ¢ andp), and derive the corresponding row of elements in the Jacobian matrix by par-
tial differentiation. Thex residuals are the true Newton-Raphson residual functions and are the
subject of partial differentiation to define the Jacobian matrix.flifesiduals are better mea-

sures of satisfactory convergence.

9.8.1. Mass Balance
This may be applied to any aqueous species in the basis=sktifroughsg) except wateny),

H*, andO,g) (thesg-th species). Mass balance is specified as the governing equation by setting
the correspondinfflag value to 0 and entering a total concentration on the molal soalg (

Alternatively, one may enter total concentration in other units using jliigevalues (molar,
jflag = 1; mg/L jflag = 2; mg/kg of solutionflag = 3), which EQ3NR will then recompute into
molality and sejflag to zero. The governing equation can be written as:

DQ D-I-
mT, s~ z us‘sms+ z Ugr Mg (288)
s=1 S'=s~+1

The residual functions are defined by:
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s=1 S'=s~+1
a
S
Bs = — (290)
Mr s

where in the last part of egs (288) and (289) it is impliedghat s, . From this point, we may
use the relations developed above to derive the following Jacobian elements:

_ Oag
Jsw = dlogx,,

r
T
ams..
= z us"s
dlogx,,
r=1

't
-2 303 z uS SmS bWI’

s"r

r=1
Nt

2303 by, Hg,
r =1 (291)

_ Oag
Jsg 7 dlogfo

r
T
om..

— S
= 2 YsS3iogh
r=1 2

't
23032
r=1

uS SmS bSB

s"r

't

2303y by Hg,
— (292)

and fors# w, sg:

-174 -



_ Oag
Jss = dlogmg

s Sy
N amg.. amg.
= " + .
Z Us Sdlogmg Z Us Sdlogmg
s"=1 s'=sg+1
r
0 T 0
UoMob
_ s'sMe'Pgr
= 2.30Higgmg - ¥ ===
0 T, st D
0 1 0
_ [l
= _2-30%@5%_ z berHgim
|:| r =1 |:| (293)

Here ug., = 1.0 ifs =s", otherwiseug.y = 0

9.8.2. Electrical Balance

This governing equation may be applied to one of the ions in the aqueous species basis set, here
denoted bys. Apart from the definition of thp residual, the treatment is exactly analogous to
that for mass balance. The governing equation can be written as:

DQ DT
z zomg + z zgumg =0 (294)
s=1 S'=s~+1

The residual functions are defined by:

DQ DT
ag = z zgmg + z Zymg: (295)
s=1 S'=s,+1
GS
Bs = o 5 (296)

> l&met Y |zme

~— A A

The corresponding Jacobian elements are as follows:
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oa

_ S
Jsw = dlogx,,

'
= —2.3032 by H,r
r =1 (297)
da
Joo = 2
B alogfO2
'
= 2.3032 bsBerr
r=1 (298)
and forsz w, sg:
3= dag
$$  dlogm,
0 T 0
= —2.303my— ¥ by H, 3
0 r=1 O (299)
9.8.3. The Mole Fraction Of Water
The governing equation can be written as:
Xy = + (300)
Q+ z mg
s=1

whereQ is the number of moles of solvent water comprising a mass of @ #&b.51) andsr

is the number of aqueous species in the solution. The corresponding residual functions are de-
fined as:
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U U
U U
U U
U 0 E
a,, = IogDD—ST 0~ 109x, (301)
R
+
U Z mSD
| s=1 |
M M
Bs = ag (302)

Because it is necessary to distinguish between basis species and non-basis species, it is helpful
to write the equation for the first residual function in the slightly expanded form:

I
S

(303)

+
"M T
(QB

_‘
|
[y

?

a0 DEDDHDDDD
@)
o o o o

In the following equations, we will taleeand s™ to be basis species other than water. The fol-
lowing Jacobian elements are then obtained:

[l [l
(] (]
: o' 0
3 = Ol Q M< PwMen 10
EQ EQ: ST
+ o+ m
O Z Z SO
U sg=1 r=1 U
M M
[l [l
[l [l
: - T 0
3 . =0lm 2 %n _ ¢ DerfMep (305)
ws' = OQ s = = ) T O
EQ ED r=1 ST O
+ o+
BT Mt ) My
U s=1 r=1 U
M M

Note that these Jacobian elements differ from the corresponding set of partial derivatives used in
the truncated Taylor’s expansion as part of the pre-Newton-Raphson optimization. In the present
caselog X, is treated as an independent variable. In the previous case, it was not.
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9.8.4. Specified Free Concentration

This represents thlag = 4 option fors= 1 throughsg, except whesis water §) or Oyg) (Sg)-

The free concentration is in molality. If it is initially entered in molajitag = 5), EQ3NR will
converts it to molality and resgtag to 4 before beginning Newton- Raphson iteration. The
governing equation is just the identity:

m. = m, (306)
Hence, the corresponding residual functions are given by:

ag =0 (307)

Bs

In order to prevent singularity in the Jacobian, we set:

0 (308)

Jes = 1.0 (309)

9.8.5. Specified Thermodynamic Activity
This represents tfjlag = 16 option fois =1 throughsg, except whesis water () or Oy () (Sg)-
This option is most frequently employed witfi in order to specify pH value pH = -Hog aH+).

The governing equation is:

logm, + logy, = logag (310)

The residual functions are:
ag = —logag + logmg + logyy (311)
Bs = Oy (312)

The only non-zero Jacobian element is:

J

s = 1.0 (313)

9.8.6. Log Activity Combination
Recall that the activity combination parameter is defined by:

zz
0y = ‘zj‘logai —'—lloga- (314)
3

We will identify i as the basis specis$o which this constraint is applied, astdas the other
basis species involved. The governing equation can then be written as:
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U z
sst s s

—logy. + —logm.. + —logy.. (315)
‘zs*‘ S z Sz S

S*
Hence, the corresponding residual functions are given by:

logm, =

U z
g = S _ logy, + Zélogms* + ZS—SIogyS* —logmy (316)
S* x

|2

Bs = ag (317)

The corresponding non-zero elements of the Jacobian matrix are then:

Jes = 1.0 (318)
Z
_ S

Jggr = Z (319)

9.8.7. Mean Log Activity
The mean log activity of two oppositely charge ioasdj can be written as:

oga ‘ \Ioga + \zl\loga

£ T g+ g 220

We will identify i as the basis specis$o which this constraint is applied, astdas the other
basis species involved. The governing equation can then be written as:

oo |5 Z
logmg = ‘ “ » ‘Iogai,s§ —Iogys—‘é logmg, —|—=|logy.. (321)
Hence, the corresponding residual functions are given by:
zg
ag = ‘ “ z ‘IogaLw —logy,—|—=|logmg, — i logy,. —logmg (322)
* S*
Bs = ag (323)

The corresponding non-zero elements of the Jacobian matrix are then:
Jos = -1.0 (324)

(325)
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9.8.8. Equilibrium With A Pure Mineral

This option fflag = 19) may be specified for any aqueous species denoted bythroughsg,
except whers is water (). Let@ denote the mineral in question. The governing equation is:

*Q
IogK(p = bw(p(logxw+ logA,,) + bqu)'ngoz + z bs.(p(logmg +logyy) (326)
s=1
SZW. S,

The residual functions are defined as:

[l
[l
- L Hogk | logh,,) —b._logf
ag bS(p%og (p—bw(p( ogx,, +1ogA,,) — qu>°9 o,
[l
U
[l
So 0
[l
z bg(p(logm§+|ogy§)5
s=1 0
S#EW. Sn O (327)
Bs = ag (328)
The corresponding Jacobian elements are then:
b
S
Jog = —p - (329)
S@

The residual functiom defined in eq (327) has in a sense been normalized by dividing by the

stoichiometric reaction coefficiemis(p . This makes the residual equivalent to the difference be-

tween the calculated and current values ohihggndependent of how the reaction has been writ-

ten. This avoids some potential numerical scaling problems. Other options involving mass action
equations are treated in the same manner.

9.8.9. Equilibrium With A Solid Solution End-member Component

This option fflag = 20) may be specified for any aqueous species denoted byhroughsg,

except whersis water (). The treatment is closely analogous to that for equilibrium with a pure
mineral. Leto andy denote the end-member and solid solution phase, respectively. The govern-
ing equation contains an additional term in the mole fraction and activity coefficient of the solid
solution end-member and is given by:
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|°9Kmp = Owcw(logxcw + Iog)\mp) + bwmp(logxW +logA,) + bsBqu|°9f02

S,
Q
+ Z bs.mu(logm§+logy§)

s=1
SZW. s (330)

The residual functions are defined as:

U
U
_ 14
GS - bSO-LIJ SOQKow - bOLIJOLIJ(IOgXOLIJ + IOg)\mu) — bWO'LIJ(IOgXW + |Og)\W) +
U
U
U
SQ E
—bs oylogfo,— > Dbggyllogmg + Iogys,)g
s=1 5
SZW. S O (331)
Ps = 0 (332)
The corresponding Jacobian elements are then:
b
Jog = _say )
b
soy

9.8.10. Equilibrium With A Gas

This option fflag = 21) may be specified for any aqueous species denoted hythroughs,
except whersis water (). The treatment is closely analogous to that for equilibrium with a pure

mineral. Lety denote the gas in question. The governing equation contains an additional term in
the fugacity of this gas and is given by:
Q
logKy = byglogfy + by, 4(logx,, +1ogA,,) + bng'°9f02 * > bggllogmg +logyg) (334)
s=1
SZW. S,

The residual functions are defined as:
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Q
[72)
1
|~
000000

0gKy— bgglogfg - ng(Iong +logA,,)

(on
)
«Q

[l

SQ E

— bng|°9f02 - z bgg(logmg + Iogyg)g

s=1 O
S#ZW. S, 0 (335)
Bs = ag (336)

The corresponding Jacobian elements are then:
b
_ s
g = 5 (337)
sg

9.8.11. Concentration Fixed By Internal Equilibrium

This option fflag = 27) excludes the species to which it is applied, which must be in the auxiliary
basis set, and its ion-pairs and complexes from the mass balance of the corresponding basis spe-
cies to which it is linked by its own associated reaction (usually a strict basis species). This is a

good choice for dissolved gas species sudbygg) andHy,q) If HS is an auxiliary basis spe-
cies withjflag = 27 and it is linked tcSO42', thenHS and its “complexes” (other species whose
reactions link them to this species) are not included in calculatir®Qife mass balance. If in-
stead one choosg@tag = 30 forHS, they are included.

Let sbe the auxiliary basis species constrainefflag = 27, and let denote its associated re-
action. The governing is then:

logK, = b (logm, +logy,) + b, (logx,, + logA,,)
Q
+ bsBr|°9f02 + z by, (logm, + logyy)
s=1
S#EW. 5. S (338)

The residual functions are defined as:
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Q
(%]
1
|~
[ [ [ e T [ [

ogK, — b (logm, + logy,) —b,,(logx,, + logA

w)

(on

7))
=

[l

SQ E

- bsBr|09f02 - z by, (logmg + Iogyg)g

s=1 O
S£W.S.. S 0 (339)
Bs = ag (340)

The corresponding Jacobian elements are then:
b
— ST

‘]SS = —b— (341)

Sr

9.8.12. Specified Log Oxygen Fugacity

This option {optl = 0) allows direct specification of the log oxygen fugacity. The governing
equation is just the identity:

IogfO2 = IogfO2 (342)

The residuals are:
ag =0 (343)
Bs=0 (344)

The only non-zero Jacobian element in the corresponding row is:

Jos = 1.0 (345)

9.8.13. SpecifiedEh

This option (optl = -1) allows indirect specification of the log oxygen fugacitpdis specified
(ioptl = -2), EQ3NR converts it tBhbefore it does the Newton-Raphson iteration. Leitg

the Faraday constamR,the gas constant, afidhe absolute temperature, the governing equation
can be written as:

_ 4FEh
IogfO2 = mﬁ logKg}, + 2(logx,, + logA,,) —4(IogmH+ + Iong+) (346)
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The residual functions are:

_ _4FEh
CXSB = m+ logKgp, + 2(logx,, + logA,,) —4(IogmH+ + Iong+) - IogfO2 (347)

Bs = ag (348)

JSBW =2 (349)
J " = -4 (350)
Sg

JSBSB =-1 (351)

9.8.14. Oxygen Fugacity Fixed by An Aqueous Redox Couple

.This represents theptl = 1 option. Heres is restricted t@g. The couple is specified on the

input file by settinguredox to the name of the auxiliary basis species which comprises half of
the couple (the other half is automatically the corresponding strict basis speciedgnate the
reaction associated with the auxiliary basis spesj¢s(the desired couple. The governing is

then:
logK, = bsrr(log mSr + Iogysr) +b, (logx, +logA,,)

S,
Q
+ bsBr|09f02 + z by, (logmg + logyy)

s=1
S#W.S.. S (352)

The residual functions are defined as:

[l
0
1
as = E%OgKr — b (logmg +logys ) —by,(logx,, +logA,,)

50
[l

[l

o E

_bSBr|ogf02_ > bg, (logm + Iogys.)g

s =1 ]

S ZW. So. S. O (353)
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Bs = Oy (354)

The corresponding Jacobian elements are then:

O

S

by,

Jss -

—=21 (355)
Sr

9.9. Methods for Crash Diagnostics

The iteration procedure is good enough that divergence almost always results from the input of
a bad set of input constraints. EQ3NR screens the input prior to Newton-Raphson iteration, but
some cases are not sufficiently obvious to be caught at this stage. When the iteration diverges,
EQ3NR calls the modulediagx.f, which examines final state of the iteration process in an at-
tempt to generate diagnostics to write on the screepnwapdt files. Barring the generation of a
useful diagnostic, the user should examine the iteration summary outghe file for clues to

the cause of the situation.

An iteration crash is generally the result of an iteration variable “blowing up” or, more common-

ly, “blowing down.” “Blowing up” means that the value of an iteration variable or its correspond-

ing residual function, usually a mass balance residual, is increasing to the point where the matrix
equation can no longer be solved by the computer and iteration must terminate. Sometimes in this
situation the operating system may terminate the code execution due to an overflow condition. If

a variable “blows down,” it probably means that no physical solution exists for the problem as
posed. Because the primary iteration variables are logarithmic, underflow can only occur when
these variables are exponentiated. When this happens, the code is usually stopped by encounter-
ing what appears to be a singular Jacobian matrix.

“Blow down” occurs for example when the problem calls for the concentration of a species to be
adjusted to satisfy electrical balance, but this balance can only be achieved if the resulting con-
centration takes a negative value. An iteration process which only allows adjustments to log con-
centrations will never allow the generation of concentration value which is non-positive. What
happens instead is that the calculated adjustments to the log concentration become large and neg-
ative. These are truncated to a valued{-screwd). As this adjustment truncation parameter

has a magnitude of 2.0, the largest adjustment (elementdétheay) takes on a value of -2.0.

This can be seen in the iteration summary that is printed ayutpat file as the code executes
Newton-Raphson iteration.

An iteration block printed during this iteration is exemplified by the following:

iter= 2

del(conc so4-- )=-1.77931E-03, delfnc= 9.34442E-01

beta(conc so4-- )= 8.87762E-05, betfnc= 9.79484E-01
bbig= 8.87762E-05, ubbig= so4--
bneg= 0.00000E+00, ubneg= none
bgamx= 1.61604E-04, ubgamx= mg4(oh)4++++
bsigmm=-1.18619E-04
bxi= -3.19106E-04
btfcnr= 9.97838E-01

This is taken from the sea water test case that was presented as the first example in Chapter 7.
Thedel element with the largest magnitude andlibta element with the largest magnitude are
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printed first. We see that in both cases, these are the elements corresponding to the concentration
of the basis speci&0,". “Blow down” would be evident if thelel output in this block were to

take on a value of -2.0 (usually for the last several iterations before the process is terminated).
“Blow up” would be evident if théeta output in this block were to take on very high positive
values. The variablegelfnc andbetfnc are convergence functions for tthel andbeta arrays,
respectively. They usually start at small positive values less than unity and then approach unity
if the iteration process converges. If one or the other takes on sustained negative values, the iter-
ation process usually diverges. Heteg is the largest positive mass balance residuziig

identifying the corresponding species) &megis the negative mass balance residual (if any)

with the largest magnitudelyneg identifying the corresponding species). The variaigi@mx

IS an aqueous species activity coefficient residual function (the max norm on the absolute values
of the differences between current and previous values of the activity coefficients of the aqueous
species)ubgamx identifies the corresponding species. Alsagmis a residual on them func-

tion (difference between the current and previous values)yansla similar residual on the ion-

ic strength. The variabletfncr is similar tobetfnc, but measures the convergence in a pure
Newton-Raphson step. Usuabigtinc has a smaller value thétfincr because any adjustment

of activity coefficient values in between Newton-Raphson steps tends to reduce the overall re-
duction in the residual functions.
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10. Code Architecture and Flow of Execution

The purpose of the present chapter is to describe the structure of the software itself. This material
is primarily included because it is required as part of the documentation to satisfy NUREG-0856
(Silling, 1983). It does not provide anything necessary for the typical code user. It may be helpful
to those few users who desire to modify the code for whatever purpose.

In the present description, we will not make it a point to describe the role and function of every
module in the source code. For such descriptions, the reader is referred to the relevant glossaries
of modules. For EQ3NR modules, see Appendix B of the present report. For EQLIB modules,
see Appendix A of the EQ3/6 Package Overview and Installation Guide (Wolery, 1992). The
purpose here is to describe the main features and essential aspects of the structure of the code.
The purpose is not to provide detailed design documentation. Readers who want more detailed
information are invited to examine the source code itself, which is reasonably well-documented
internally.

The main program is the modwdg3nr.f. It directs the overall process of code execution. This

is illustrated in Figure 4, which is a simplified flow diagram of the code from the point of view

of this module. The first function @g3nr.f is to get the time and date, which it does by calling

the EQLIB moduldimdat.f. This module contains UNIX-dependent code. The main program
then writes the code name and version identification, the copyright notice, and the time and date
information to the screen aodtput files. Its next step is to initialize the dimensioning variables
which correspond to the dimensioning parameters. Dimensioning variables are used to pass di-
mensioning data in the calling sequences of called modules; FORTRAN does not generally allow
parameters (in the special FORTRAN sense) to be passed in calling sequences.

Recall that EQ3NR will run multiple problems stacked on a simglet file. The line “20 con-

tinue” is a return point in the main program to which execution flows after a single problem has
been solved. After this point, the code initializes the relevant arrays and variables, setting their
contents to zero or some other appropriate null value equivalent. The purpose of this is to provide
a clean slate for the solution of the next problem. The main program then calls ndagule

to read the first or a following problem on theut file. If no new problem is found, the problem
execution stage is presumed to be finished. The main program then gets the current time and date
and writes the starting and ending times and dates to the screeutpundfiles. After that, it

makes a “normal exit” and execution stops.

Modulerdinp.f does the following. If thenput file has not been opened on a previous call, it
opens it. Using an EQLIB module callsttipl.f, it copies thenput file to a file callednputs,
deleting any comment lines. The origimgbut file is then closed. The code then subsequently
reads the stripped input file instead. Modwap.f looks at the first line of this file to see if it
is in “W” or “D” format. It then repositions the file pointer at the top of the file.
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START

Get the time and date
(call eqlib/timdat.f)

Open theoutput anddatal files

Write disclaimers, version ID,
and time/date to theutput and

screen files

Set the values of the dimensioning
variables; initialize certain con-
stants, such as the gas constant

'

Label 2Q return point for a new prok
lem; “zero” variables and arrays
pertaining to a given problem

!

If the input file is not open, open it
and make a stripped copy; read
the input for the first or a following
problem from the stripped input
file (call rdinp.f)

/—P

Get the temperature range flagpr)
and set some compound constant
which depend on the temperature
(call eqlib/gntpr.f)

7]

'

Get the name (character string)
for the option for computing the
activity coefficients of the aqueous
species (cakqlib/nactop.f)

¢

Read the top part of trdatal file:
species and phase names, compo-
sitions, reactions, and standard
state thermodynamic data; execute
any input file options to alter
thermodynamic data as part of the
current problem (calhdatx.f)

¢

Find indices of th&i* andCl" ions
(call eqlib/gspion.)

'

Set species status flags (d&distx.f) ‘

.

More
input found

TO
NEXT
PAGE

Get the time and date and write them
to theoutput and screen files

Write “normal exit” to these files
andstop

END

FROM
PAGES 3
AND 4

Figure 4 (page 1 of 4). Simplified flow diagram of the EQ3NR main progesy3n(.f).
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FROM
PREVIOUS
PAGE
no
S iopgl<0?
yes

Read the activity coefficient parame

ters pertaining to the B-dot equatisn\

option (calleqlib/inbdot.f)

Read the activity coefficient parame-
ters pertaining to Pitzer's equations
(call eqlib/inupt.f)

'

Build Pitzer coeﬁi'cient index arrays
(call eqlib/bdslx.f, eglib/bdmix.f)

'

Compute temperature-dependent
thermodynamic data (call

eglib/evdata)

Check redox constraints for conflicts;
set default values for numeric

parameters

Write echo describing the current
problem on theutput file

(call echox.)

«’

/—>

Read the activity coefficient parame-
ters pertaining to Pitzer’s equations
(call eqlib/inupt.f)

'

Convert input concentration data
to molalities (calketup.f)

¢

Check the species if any whose
concentration is to be adjusted to
obtain electrical balance; choose
such a species if this is indicated

¢

Make those user-specified basis
switches involving strict basis-
auxiliary basis pairs (call
eqlib/switch.f)

¢

Write a list of inactive species to the

output file

Identify the auxiliary basis species,
if any, which defines the default
redox state (find index correspond-
ing to theuredox input variable)

¢

Check the strict basis species for
illegal jflag values of 30

¢

Eliminate from the active basis set a
auxiliary basis species wifflag
values of 30 (cakkqglib/switch.f)

L

TO
NEXT
PAGE

/P
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FROM
PREVIOUS
PAGE

\

Make all remaining user-directed
basis switches (catiglib/switch.f)

'

Write on theoutput file the set of
constraints as they are presently

defined

Compute the activity coefficients of
the components of any solid
solutions whose compositions were
specified on thénput file (call
eglib/lambda.f)

¢

Check the input problem constraints
for inconsistencies and other
obvious errors

yes

Write a message to thoeitput and
screen filesstop

Recompute thermodynamic data if
\_» necessary because of the elimination

and basis switching procedures
(call eglib/evdatr.f)

.

Compute mass balance stoichiome
factors from reaction coefficients
(call eqlib/gcsts.j

'

Compute starting estimates; refine
them to within broad limits using {
pre-Newton-Raphson algorithm
(call arrset.f)

Optimizatio
succeeded?

¢ yes

TO
NEXT

. PAGE
tric

Write a message to ttoaitput and
screen files; go back label 20
(look for another problem)

¢

TO PAGE 1

Write a message to tfoaitput and
screen files warning that optimiza|
tion did not succeed

<’

¢

N

Carry out hybrid Newton-Raphson
iteration (calleglib/newton.f)

L

Figure 4 (continued, page 3 of 4). Simplified flow diagram of the EQ3NR main progc@nr(f).
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FROM
PREVIOUS
PAGE

yes
o Converged-

no

Write a message to tloaitput and
screen files; go back tabel 20
(look for another problem)

¢

TO PAGE 1

\ Write results on theutput file

(call scripx.f)

Write on thepickup file the data
necessary to initialize an EQ6 run
(call scribo.f for “W” format,
scribn.f for “D” format)); write
diagnostic message to tbatput
and screen files if a valipickup
file can not be written

¢

Go back tdabel 20(look for
another problem)

#

TO PAGE 1

Figure 4 (continued, page 4 of 4). Simplified flow diagram of the EQ3NR main proggdmi(f).

-192 -



If theinput file is in “W” format, moduledinp.f calls moduleeadx.fto read the next problem.

Ifitis in “D” format, it calls moduledninp.f to oversee the reading of the next problem. Unlike
readx.f, rdninp.f carries out its function by calling a fairly large number of other modules, all of
which have names beginning wittd” or “get” Calls to eithereadx.f orrdinp.f result in the

writing of an instant echo of thieput file to theoutput file. If no problem is found at the current
position of the file pointer, the main program is notified and it then proceeds as described above
to make a normal exit.

If an input problem description is found on thput file, eq3nr.f sets the temperature range flag

ntpr by calling the EQLIB modulgntpr.f. It then gets the name of the chosen activity coeffi-

cient option corresponding to tieggl activity coefficient option switch. This is a descriptive
character string that will be used subsequently. The code then calls nmaldidef to read the
supporting data filejatal This module checks a flag contained on the data file to insure that the
kind of data file provided is consistent with the activity coefficient option selected mptite

file. If it is not, this module writes an error message to the screeoudymagk files and execution

stops. Otherwise, it proceeds to read the standard state thermodynamic data on the data file. All
basis species are loaded into memory (even if they are not needed). All other types of species are
loaded into memory only if they are relevant to the current problem.

The primary method of indexing data pertinent to species, reactions, etc., follows from the read-
ing of the data file. Corresponding data read fromrtpet file are stored in holding arrays. For
example, the names of the basis species to include in the model and the corresjgsgting “

puts are initially stored in holding arrays callespecbandcspb, respectively. The names of the
aqueous species read from the data file are kept insfhecarray. The actualsparray is con-
structed by name matching betweenubkpecbanduspecarrays. This is done by the module

gcsp.f which is called byndatx.f. The modulendatx.f also calls the EQLIB moduldters.fto

execute anyixmod “alter” options that may have been included onitipait file.

The main program then calls the EQLIB modgspion.fto find the indices of the hydrogen and
chloride ions, and follows this by calling the modildgstx.f to set the species status flags. The
latter module may in turn call the EQLIB modsigoprs.fto execute angxmod “suppress” op-
tions that may have been included onitiput file.

Execution then returns to the main progranopigl < 0, eg3nr.f calls the modulénbdot.f to

read from the data file the hard core diamedee(o) andinsgfl flag data required for the B-dot
activity coefficient model. This is done evemopgl = -1 (the Davies equation option, in which

case these data are not usedpgfl = 1,eq3nr.f calls the modulenupt.f to read from the data

file the relevant interaction parameters needed for Pitzer’s equations. This is followed by calls to
the EQLIB module®dsix.f andbdmlx.f, which build index arrays used in the evaluation of
Pitzer's equations. Only the data needed for the current problem are loaded into memory by ei-
therinbdot.f orinupt.f.

The thermodynamic data that have been read in at this point are in various forms which do not
generally correspond to the data required at the temperature for the given problem. For example,
the equilibrium constants as read from the data file are only represented as the coefficients of in-
terpolating polynomials. The main program then calls the EQLIB madulata.fto compute

the needed data for the temperature specified for the current problem.
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The main program then checks the redox constraints for the current problem to see if there are
any conflicts. If any are found, it resolves them and writes appropriate warning messages to the
screen andutput files. It then sets default values as required for some afple file param-

eters. The next action of the main program is to call maethex.t This writes an echo of the
current problem to theutput file. This echo includes the values of any default parameters that
have been assigned.

The next action oég3nr.fis to call modulesetup.f This converts concentration data which are

not in terms of molalities to molalities. The main program then identifies the species to be adjust-
ed for electrical balance, or finds one which is suitable for this purpose if that is what the user
requested on thaput file. A choice made by the user is then checked for suitability. Some warn-
ings and notes may be written to the screencamglut files if any problems are apparent, such

as the specified species not having any electrical charge (in which case the calculation may well
fail, but not necessarily, as the concentrations of charged non-basis species will change in re-
sponse to adjustments to the concentration of the species defined in the balance constraint).

The main program then executes those basis switches that were specifiethpuattfite and

involve switching the roles of strict and auxiliary basis species (other basis switches specified on
theinput file are done later). In doing this, it makes use of the EQLIB maukeh.f. Then it

writes a list of inactive species to thetput file. These include species which have been sup-
pressed by user options on thput file and species which were loaded from the data file, but

for which the requisite thermodynamic data are lacking.

Moduleeq3nr.f then identifies the auxiliary basis species which defines the redox couple to be
used to calculate the default redox state, if this option has been selectethpnttfiide. It then
checks to insure that there are no casegft#fgavalue of 30 being assigned to a strict basis spe-
cies. It then calls the EQLIB moduddim.f to eliminate all auxiliary basis species wjilag =

30 from the active basis set. Then it executes (again by calling the EQLIB renitale f) those

basis switches which were specified onitlut file and bring non-basis species into the basis
set. The main program then writes to thput file a table describing the input constraints as it
presently understands them. If solid solution compositions have been enterethpuithiée,

the main program now calls the EQLIB modiambda.f to evaluate the activity coefficients of

the components of these phases.

The main program then makes a rather extensive set of tests on the current problem inputs, look-
ing for inconsistencies and other obvious errors. If problems are found, error messages are writ-
ten to the screen amaitput files. At the end of this process, if one or more errors have been
detected, the code stops execution.

The next action oéq3nr.f is to call the EQLIB modulevdatr.f to recompute those thermody-

namic data which have to be changed in response to the rewriting of reactions due to elimination
of auxiliary basis species from the active basis set and basis switching. During the actual rewrit-
ing of reactions associated with such activities, the associated interpolating polynomials are re-
calculated, but the corresponding equilibrium constants are not immediately recalculated. The
equilibrium constants that were evaluated previouskMaata.f (which itself calledevdatr.f to

do this) are presently not used in any code function. In the past, they have been used to verify that
the data were being properly reconstructed in the code prior to the steps in which the reactions
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were rewritten. Depending on the choice ofitiput file option switchiopr2, the reactions and
associated data may be written to dldput file after these actions have taken place. Module
eg3nr.f then calls the EQLIB modulgcsts.f which computes the stoichiometric mass balance
factors, which are kept in ttstorl array.

At this point, the code is ready to solve the system of algebraic equations posed by the current
problem. The main program calls modateset.f, which sets up the appropriate computational
structures (e.g., the array defining the master iteration variables), assigns starting values, and at-
tempts to refine them using the pre-Newton-Raphson optimization algorithm discussed in Chap-
ter 9. The flow of execution in this module is illustrated in the simplified flow diagram in Figure

5. Note that there is an initial estimation procedure, followed by a fairly complex optimization
process. This consists of an outer loop structaog§ in which automatic basis switching is car-

ried out (this happens onlyidpt2 is set to 1 on thimput file). Inside this is a middle loop struc-

ture (passersin whichZm, I, and the activity coefficients of aqueous species are updated. Inside
this in turn is an inner loogycles in which the primary optimization (adjustment of concentra-
tions of the basis species) is carried out. In applying the optimization algoaitts®t.f calls
modulearrsim.f to compute refined values for those basis species concentrations which must be
determined simultaneously (instead of by successively evaluating individual equations for the
basis species concentrations, as is the case in the rest of the algorithm).

The goal of the optimization proceduremset.fis only to get the iterated values to within about

an order of magnitude of the solution, so that subsequent Newton-Raphson iteration will have
sufficiently good values to start with.This optimization process may succeed or not. If not, this
module checks to see if any computed basis species concentrations are outrageously high. If this
is the case, the problem as stated is almost assuredly ill-posed (has no realistic solution).

If the problem appears to be ill-posed3nr.f writes a note to the screen angput files and

gives up on the current problem and loops back to see if there is another problenmputthe

file. Otherwise, whether or not the optimization step succeeded, it continues by calling the
EQLIB modulenewton.fto compute the final solution. This executes the hybrid Newton-Raph-
son algorithm that was also discussed in Chapter 9. The flow of executiewton.f is illus-

trated in the simplified flow diagram in Figure 6. This module in turn callsibdulebetas.f
andmatrix.f to compute, respectively, the residual functions and the Jacobian matrix. These are
known tonewton.fas ‘beta€’ and “matrxe,” respectively. Modul@ewton.f also calls the mod-

ule ncmpx.f to expand the system. This routine is known to itresripe” Module newton.f

calls the EQLIB modulegcadv.fto recompute the activity coefficients. It also calls the EQLIB
modulenrstep.f to execute a single Newton-Raphson step. The flow of executiostap.f is
illustrated in the simplified flow diagram in Figure 7. Note that this is actually a fairly complex
piece of coding.

If hybrid Newton-Raphson iteration fails, the main program writes an error message to the screen
andoutput files. It then calls modulediagx.f to examine the results of the failed calculation in

an attempt to generate useful diagnostics. If any are generated, they are written to the screen and
output files. Most of the possible messages that might be written identify the relevant aspects of
ill-posed input. The code then loops back to look for another problem amptitefile.
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If hybrid Newton-Raphson iteration succeeds, the code continues processing the current prob-
lem. The next action of the main program is to call the magtulpx.f. This writes a description

of all relevant results to theutput file. As necessary, it calculates various secondary parameters
before writing them. What this module writes is essentially all of what the user sees as the results
of the calculation.

The next action oéq3nr.f is to see if a valighickup file can be written. To be valid for trans-

mittal to EQ6, the aqueous solution model must include each strict basis species which is linked
to each auxiliary basis species in the model. If a yatup file can not be written, the main
program writes a note to the screen aatput files. Otherwise, aickup file is then written. If
theinput file was in “W” format, the main program calls the modsgebo.f, which writes the

pickup file in the corresponding format. If theput file was in “D” format, it calls the module
scribx.f, which writes thepickup file in the corresponding format.

This terminates all code activity on the current problem. The main program then loops back to
look for another problem on theput file.
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Initialize the array zvecl) defining _
the active basis set /_> Setnpass= 0 (pass loop counter)

i '
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—p| Label 25 Incremeninloop by 1 (betfnc), negative convergence
4 counter gegbfg, and special
# residual norms
Make estimates of basis species ¢
concentrationsopnc) from the input
data; concentrations of non-basis Setncycle= 0 (cycle loop counter)
species are taken to be zero ¢
¢ /.> Label 3220 Incremenincycleby 1
Calculate the charge imbalaneem
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unknowns gvclgl), using current
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Calculate the activity coefficients of] (use modularrsim.f to make
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Save “old” values oEm, I, and the Compute the concentrations of the
activity coefficients non-basis species (catmpx.f)
|
. ) k
J
FROM
PAGE 2 FROM
PAGE 3

Figure 5 (page 1 of 4). Simplified flow diagram for creation of starting values and pre-Newton-Raphson optimi-
zation (from the viewpoint of modulrset.f).
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& %

Figure 5 (continued, page 2 of 4). Simplified flow diagram for creation of starting values and pre-Newton-Raph-
son optimization (from the viewpoint of modwderset.f).
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pass
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Figure 5 (continued, page 3 of 4). Simplified flow diagram for creation of starting values and pre-Newton-Raph-

son optimization (from the viewpoint of modiderset.f).
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satisfied?

Go back tdabel 3210t0 do another

pass

TO PAGE 1

Optimization has failed; write a
message to this effect to the <J
output and screen fileQuit

#

EXIT

Figure 5 (continued, page 4 of 4). Simplified flow diagram for creation of starting values and pre-Newton-Raph-
son optimization (from the viewpoint of modwderset.f).

- 200 -



TO
NEXT

BEGIN PAGE

no

Zero thedel array (correction vector
and related variables, suchites e
(iteration counter)betfnc and
delfnc (convergence functions),
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Figure 6 (page 1 of 2). Simplified flow diagram for hybrid Newton-Raphson iteration (from the viewpoint of the
EQLIB modulenewton.f).
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computedelfnc, delmax, npcony, activity coefficients, applying change
negbfc (call eqlib/nrstep.f) limits; compute associated
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Error
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¢
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Figure 6 (continued, page 2 of 2). Simplified flow diagram for hybrid Newton-Raphson iteration (from the view-
point of the EQLIB modul@ewton.f).
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Figure 6 (page 1 of 4). Simplified flow diagram for a Newton-Raphson step (from the viewpoint of the EQLIB
modulenrstep.f).
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Figure 6 (page 2 of 4). Simplified flow diagram for a Newton-Raphson step (from the viewpoint of the EQLIB

modulenrstep.f).
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Figure 7 (page 3 of 4). Simplified flow diagram for a Newton-Raphson step (from the viewpoint of the EQLIB
modulenrstep.f).
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Figure 7 (page 4 of 4). Simplified flow diagram for a Newton-Raphson step (from the viewpoint of the EQLIB
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Appendix A: Glossary of Major Variables in EQ3NR

This glossary covers the major variables in EQ3NR. Almost all of these are also shared by EQ6
(Wolery and Daveler, 1992). Those which are unique to EQ3NR are so marked. This glossary
does not include variables which are of a purely local nature, such as a floating point variable
used to accumulate sums in a do loop. Logarithmic quantities are frequently used. All refer to
base ten, unless otherwise specified.

The variable names may be preceded by the corresponding algebraic symbols used in this report,
if any. Following the conventions used universally in the EQ3/6 package, variables beginning
with i, j, k orn are integer, those beginning wghare logical, and those beginning wittare

character variables. Variables beginning with any other letters, includmgm, should bee-

al*8. On 32-bit machines, this correspondsidaible precision on 64-bit machines, this corre-
sponds tesingle precision.

Some of the entries in this glossary are described as either “data file ordered” or “input file or-
dered”. The former refers to the indexing of arrays that have been filled by reading the data file,
datal. The latter refers to the indexing of arrays that have been filled by readinguiédile.

Since the two forms of indexing are not equivalent, EQ3NR must correlate them. This is done by
mapping “input file ordered” data into a form which corresponds to “data file ordering,” which

is the ordering which is used in the code calculations. Most data arrays which are “input file or-
dered” are therefore treated as holding arrays and play no further role in the calculation once the
data in them has been mapped to corresponding arrays which are “data file ordered.”

Most arrays in EQ3/6 are dimensioned using FORTRAN parameters. The value of a parameter
is assigned once in a code (in a PARAMETER statement) and can not be changed elsewhere.
Some FORTRAN compilers permit parameters to be passed through calling sequences, but oth-
ers do not allow this, as a means of protecting the parameter’s assigned value. A called module
often requires the dimensions of passed arrays. This is handled in EQ3/6 by the use of “dimen-
sioning variables,” which are ordinary integer variables whose values have been set equal to the
corresponding parameters. The names of the dimensioning parameters in EQ3/6 typically end in
par, pa, orpal. The names of the corresponding dimensioning variables end, respectively, in
max, mx, andmx1. Thus, the dimension of tl&a matrix is given by the pakpar/kmax. The
maximum number of aqueous species is givendtyar/nstmax. The parameter suffixes are

used exclusively by dimensioning parameters. However, the corresponding variable suffixes are
not used exclusively by dimensioning variables. For exantplenx is the maximum number

of Newton-Raphson iterations.

J aa The Jacobian matrix. Dimensionirea(kpar,kpar). Usageaa(krow,kcol) is the
element corresponding to tkeow-th row and thecol-th column. Note: In

EQ3NR, this is also used as the matrix that is required for simultaneous solutions in
pre-Newton-Raphson optimization.

aadh Interpolating polynomial coefficients for computing the Debye-Hiickel parameter
Ay, 10(adh) as a function of temperature. Dimensioniagdh(narxpa,ntprpa). Us-

age:aadh(narx,ntpr) refers to thenarx-th coefficient for thentpr -th temperature
range.
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A g

log &y, log g

Ay10

A A

A A

A A

Q

2.303

aaphi

abdh

abdot

act

actlg

adh

aeh

afcnst

aff

afflex

affx

ags

alpha

all0

Interpolating polynomial coefficients for computing the Debye-Huckel parameter
Ay (aphi) as a function of temperature. Dimensioniagphi(narxpa,ntprpa). Us-

age:aaphi(narx,ntpr) refers to thenarx-th coefficient for thentpr -th temperature
range.

Interpolating polynomial coefficients for computing the Debye-Huckel parameter
By (bdh) as a function of temperature. Dimensioniaggdh(narxpa,ntprpa). Us-

age:abdh(narx,ntpr) refers to thenarx-th coefficient for thentpr -th temperature
range.

Interpolating polynomial coefficients for computing the extended Debye-Hiickel

parameteB gbdot) as a function of temperature. Dimensionialgdot(narxpa,
ntprpa) . Usageabdot(narx,ntpr) refers to thenarx-th coefficient for thentpr -th
temperature range.

The activity of an aqueous species. Dimensionéog(nstpar). Usageact(ns)re-
fers to the activity of thas-th aqueous species.

The log activity of an aqueous species. Dimensioractg(nstpar). Usage:
actlg(ns) refers to the log activity of thes-th aqueous species.

Debye-Huckel, parameter for computing the base ten logarithm of the molal ac-
tivity coefficient of an aqueous species.

Interpolating polynomial coefficients for computing the special equilibrium con-
stantlog Kgp, (xlkeh) as a function of temperature. Dimensioniagh(narxpa,

ntprpa) . Usageaeh(narx,ntpr) refers to thenarx-th coefficient for thentpr -th
temperature range.

The affinity constant; equal to 0.001(2.3B3)

Affinity of a pure mineral to precipitate, kcal. Dimensioniaff{nmtpar) . Usage:
aff(nm) refers to the affinity of tham-th pure mineral.

Affinity of a solid solution phase to precipitate, kcal. Dimensionaiticx(nxtpar) .
Usageafflcx(nx) refers to the affinity of thax-th solid solution.

Affinity of an end-member component of a solid solution. Dimensioning:

affx(iktpar,xtpar) . Usageaffx(ik,nx) refers to the affinity of thé-th end-member
component of thex-th solid solution.

Interpolating polynomial coefficients for computing the array of equilibrium con-
stantsxlkg. Dimensioningags(narxpa,ntprpa,ngtpar). Usageags(narx,ntpr,ng)
refers to thenarx-th coefficient for thentpr -th temperature range for theg-th gas
species.

Residual function vector. Dimensioniradpha(kpar). Usagealpha(kcol) refers to
thekcol-th master iteration variable.

In 10; note- the value 2.303 is generally an insufficient approximation; this param-

eter should be calculated to the full machine precision to avoid problems with nu-
merical consistency.
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Pk

Qo

Bfunc

Bmax

amn

aphi

apress

ard

apx

ars

atwt

azero

bbig

bdh

beta

betfnc

betamx

betmxo

bdot

bfac

Interpolating polynomial coefficients for computing the array of equilibrium con-
stantsxlkm. Dimensioningamn(narxpa,ntprpa,nmtpar) . Usageamn(narx,
ntpr,nm) refers to thenarx-th coefficient for thentpr -th temperature range for the
nm-th pure mineral.

Debye-Huckeh, parameter.

Interpolating polynomial coefficients for computing the presspres§ as a func-
tion of temperature. Dimensioningpress(narxpa,ntprpa) Usageapress(narx,
ntpr) refers to thenarx-th coefficient for thentpr -th temperature range.

Holding array used to read in the interpolating polynomial coefficients used to com-
pute equilibrium constants of various kinds of reactions. Dimensioning:
ard(narxpa,ntprpa) . Usageard(narx,ntpr) is thenarx-th coefficient for the

ntpr -th temperature range of the current reaction.

Solid solution activity coefficient model parameters. Dimensioning:
apx(iapxpa,nxtpar). Usageapx(iapx,nx) refers to théapx-th coefficient for the
nx-th solid solution.

Interpolating polynomial coefficients for computing the array of equilibrium con-
stantsxlks. Dimensioningars(narxpa,ntprpa,nstpar). Usagears(narx,ntpr,ns)
refers to thenarx-th coefficient for thentpr -th temperature range for the-th aque-
ous species.

Atomic weight of a chemical element. Dimensioniagvt(nctpar) . Usage:
atwt(nc) refers to thenc-th chemical element.

Hard core diameter of an aqueous species. Dimensicego(nstpar). Usage:
azero(ns)refers to thensth aqueous species.

The mass balance residual (an element ob#taarray) which has the most ex-
treme positive value; if none is positive, this is assigned a value of zero. The name
of the associated basis species is given in the vandiiiig.

Debye-HuckeB, parameter.

Residual function vector, with mass balance elements normalized. Dimensioning:
beta(kpar). Usagebeta(kcol) refers to thécol-th master iteration variable.

Convergence function that measures the improvemerdtamy, defined as
(1.0 - (betamx/betmxo)

Max norm off3.
The previous value dfetamx.

Extended Debye-Hiickel B-dot parameter.

1

Array of (B + 1)n factors used in pre-Newton-Raphson optimization. Dimension-
ing: bfac(kpar). Usagebfac(kcol) refers to thécol-th master iteration variable.
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Mijk

XU

1)

bgamx

bmu

bneg

bslm

bt

cco2

cdrg

cdrm

cdrs

cdrsd

cess

cessd

The max norm of activity coefficient residual functions; the name of the associated
species is given in the variahlegamx.

Array of third order primitive virial coefficients of Pitzer’s equations°@¥alues).

Dimensioningbmu(nmupar). Usagebmu(k) is the coefficient for thk-th species
triplet. Seedmul, dmu2, nmu, andpmu.

The mass balance residual (an element ob#ta array) which has the most ex-
treme negative value; if none is negative, this is assigned a value of zero. The name
of the associated basis species is given in the validinleg.

Array of second order “short range” primitive virial coefficient parameters of

Pitzer’s equations (2& values). Dimensionindasim(3,nslpar). Usagebsim(n,k)
is then-th such parameter for tieth species pair. Seksim1, dslm2, nsimx, psim,
andpslam.

Theb factor appearing in the Debye-Hiickel term in Pitzer’s equations; it is assigned
a constant value of 1.2.

Parameters of the Drummond (1981) equation for compllmtmcoz( ) as a func-
aq

tion of temperature and ionic strength. Dimensionoap?2(5) Usagecco2(i)refers
to thei-th coefficient.

Reaction coefficient for dissolution reactions of gas species. Dimensioning:
cdrg(nsqpal,ngtpar) Usagecdrg(ns,ng)is the coefficient of thas-th aqueous
basis species appearing in the dissolution reaction forgtie gasicdrg(nsql,ng)
is the coefficient of thag-th gas itself.

Reaction coefficient for the dissolution reactions of pure minerals. Dimensioning:
cdrm(nsqgpal,nmtpar). Usagecdrm(ns,nm)is the coefficient of thas-th aqueous
basis species appearing in the dissolution reaction afrthth pure mineral,
cdrm(nsql,nm)is the coefficient of tham-th pure mineral itself.

Reaction coefficient for aqueous redox and dissociation reactions. Dimensioning:

cdrs(nsgpal,nrstpa) Usagecdrs(ns,nrs)is the coefficient of thas-th aqueous
basis species appearing in tire-th aqueous dissociation/destruction reaction;
cdrg(nsql,nrs)is the coefficient of the associated species (of indge nrs +
nsh). If thens-th species is an auxiliary basis speciesrasds its own formally as-
sociated reactiorgdrs(ns,nrs)= 0 andcdrs(nsql,nrs)is its coefficient.

Holding array used to read in the coefficients of reactions listed on the data file. Di-
mensioningcdrsd(nsqpal) Usagexcdrsd(n) is then-th coefficient in the current
reaction as it is written on the data file; it corresponds to the species whose name is
udrxd(n).

Array containing the elemental composition coefficients of aqueous species. Di-

mensioningcess(nctpar,nstpar) Usagecess(nc,ns)s the coefficient of thac-th
chemical element for thes-th aqueous species.

Holding array used to read in the elemental composition coefficients of species list-
ed on the data file. Dimensioningessd(nsqpal)Usagecessd(n)s then-th coef-
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e}

6func

6max

cessi

conc

conclg

csort

csp

cspb

cstor

csts

cte

del

delfnc

delmax

delmxo

ficient for the current species as it is written on the data file; it corresponds to the
element whose name uglemd(n).

Temporary storage array used to decode the elemental composition coefficients of
species listed on the data file. Dimensionicgssi(nsgpal)Usagecessi(nc)s the
coefficient for thenc-th element. This array is used to transfer data between the
cessdarray and theessarray.

Molal concentration of an aqueous species. Dimensionong(nstpar). Usage:

conc(ns)is the molal concentration of the-th aqueous species. This is defined as
zero for water, even its molality is technically fixedaf= 55.51).

Log molal concentration of an aqueous species. Dimensiatonglg(nstpar). Us-
age:conclg(ns)is the log molal concentration of the-th aqueous species.

Molal concentrations of the aqueous species, sorted in order of increasing value. Di-

mensioningcsort(nstpar). Usage: primarily as a storage array required for the sort-
ing; csort(n) = conc(jsort(n)). It is unique to EQ3NR.

Constraining parameter array; the meaning of each member of this array is deter-
mined by the corresponding member ofjftey array. Dimensioningzsp(nsqpal)
Usage:csp(ns)is the constraining parameter for teeth aqueous basis species.

This array is data file ordered. It is unique to EQ3NR.

Holding array into which thespvalues are read from tlrgput file. Dimensioning:
cspb(nsqpal) Usagecspb(n)is the constraining parameter for tih aqueous
basis species listed on thgput file. This array is input file ordered. It is unique to
EQ3NR.

Stoichiometric mass balance factors of aqueous species for oxygerOff tre

lence form and hydrogen in th€" valence form. Dimensioningstor(2,nstpar).
Usagecstor(1,ns)is the factor for thas-th aqueous species in the mass balance for

0?7 cstor(2,ns)is the corresponding factor in the mass balanceiforThis array
is used to set up the corresponding parts otsgarray. It is unique to EQ3NR.

Mass balance coefficient array. Dimensioniogts(nsgpal,nstpar) Usage:

csts(nse,ns)s the coefficient of thes-th aqueous species in the mass balance equa-
tion for thenseth basis species. It is unique to EQ3NR.

Equivalent total molality of a chemical element in a given valence form or combi-
nation of valence forms in mutual equilibrium. Dimensionictg{nsgpal) Usage:
cte(ns)is the equivalent total molality of thres-th aqueous basis species.

Newton-Raphson correction term vector. Dimensioniteg(kpar). Usage:
del(kcol) is the correction term for tHecol-th master iteration variable.

Convergence function that measures the improvemetdglinax, defined as
(1.0 - delmax/delmx0).

Max norm ofd.

The previous value afelmax.
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=

S}\(n)

o

dT

d2 S)\(n)
dT?

Eh

EA), EA(T)

dlogxw

dmul

dmu?2

dsiml

dslm2

ee

efac

eh

elam

eps100

farad

fo2

Array of partial derivatives of the log mole fraction of water with respect to the log
molalities of the solute basis species. Dimensionithmgxw(nsqgpar). Usage:
dlogxw(ns)is the partial derivative with respect to theth basis species.

Array of first derivatives with respect to temperature of third order primitive virial

coefficients of Pitzer’s equations (Z5 values). Dimensioningimul(nmupar).
Usagedmul(k) is the derivative for thk-th species triplet. Se@mu, dmu2,
nmux, andpmu.

Array of second derivatives with respect to temperature of third order primitive vir-

ial coefficients of Pitzer’s equations (Z5values). Dimensioningtmu2(nmupar).
Usagedmul(k) is the derivative for thk-th species triplet. Seemu, dmul,
nmux, andpmu.

Array of first derivatives with respect to temperature of second order “short range”

primitive virial coefficient parameters of Pitzer’'s equations®’@%alues). Dimen-
sioning:dsim1(3,nslpar) Usagedsim1(n,k)is then-th such parameter for the
th species pair. SdisIm, dslm2, nsimx, psim, andpslam.

Array of second derivatives with respect to temperature of second order “short

range” primitive virial coefficient parameters of Pitzer's equationS@2%alues).
Dimensioning:dsim2(3,nslpar) Usagedsim2(n,k) is then-th such parameter for
thek-th species pair. Sd¥sim, dsiml, nsimx, psim, andpslam.

A work array used in solving matrix equations. Dimensioneefkpar).

Array of reciprocal stoichiometric weighting factors used in pre-Newton-Raphson
1

optimization; this is th% which appears in the arrayf 1)" factors used in

this optimization method. Dimensioningfac(nsqpal) Usageefac(ns)is the fac-
tor for thens-th basis species.

Redox potential, volts.

The higher order electrostatic lambda functions that appear in Pitzer’s equations. Di-
mensioningelam(3,10,10) Usageelam(1,i,j) = EA(l) for a pair of ions the magni-

tude of whose charges drandj; elam(2,i,j) = EX'(l) for the same pair of ions;
elam(3,i,j) = EA"(1) and is presently not used.

One hundred times tlreal*8 machine epsilon.

The Faraday constant, 23062.3 cal/equivalent-volt.

Oxygen fugacity, bars.
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Iogf02

log fg

a(a, /1)

g'(a,/1)

log A, logy;

fo2lg

fug

fuglg

gp

glg

glgo

gm

iapxmx

iapxpa

ibasis

ibetmx

ibswx

iebal

ielam

Log oxygen fugacity.

Array of fugacities of gas species. Dimensionifugi(ngtpar). Usagefug(ng) is
the fugacity of theng-th gas species.

Array of log fugacities of gas species. Dimensionfngig(ngtpar). Usage:
fuglg(ng) is the log fugacity of thag-th gas species.

The functiong(x) which appears in Pitzer’s equations. Dimensiong{g). Usage:

9(1)= g(o, /1) andg(2)= g(a,/) .

The functiorg'(x) which appears in Pitzer’s equations. Dimensiongpg2). Usage:

gp(1)= g'(a,/1) andgp(2) = g'(a,./1) .

Array of log activity coefficients of agueous species; this is a mole fraction activity
coefficient for water and a molal activity coefficient for all solute species. Dimen-
sioning:glg(nstpar). Usagenglg(ns)is the log activity coefficient of thes-th aque-

ous species.

Array of previous values of log activity coefficients of aqueous species Dimension-
ing. glgo(nstpar).

A work array that is used to store a copyafthe Jacobian matrix. Dimensioning:
gm(kparkpar) .

Maximum number of coefficients for determining activity coefficient parameters
per solid solution in thapx array. This is the variable equivalent to the parameter
iapxpa.

Dimensioning parameter: the maximum number of coefficients for determining ac-
tivity coefficient parameters per solid solution in Hpx array. Seéapxmx.

Array that contains a record of basis switching. Dimensionbagis(nstpar). Us-
age: ifibasis(ns)is not 0, then thes-th species was switched with the species whose
index is given bybasis(ns)

The index of the element of thetaarray corresponding to the max nofmetamx).

Array that contains the indices of species which are candidates for switching into the
basis set. This is a part of the automatic basis switching mechanism. Dimensioning:
ibswx(nsgpar). Usage: ifibswx(ns)is not 0O, then it gives the index of a species to
switch with thens-th basis species.

The index of the aqueous species chosen for electrical balancing.

Flag controlling whether or not higher order electrostatic terms are used in Pitzer's
equations. Itis set by theelamflag on the supporting data file and has the following
meanings:

= -1 Higher order electrostatic terms are not used

= 1 They are used
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ier

iindex

iindx1

iktmax

iktpar

insgfl

iodb1, etc.

iopgl, etc.

ioprl, etc.,

ioptl, etc.

ir
irang

istack

itermx

izm

jcflag

An error flag parameter commonly found in subroutine calling sequences. Values
greater than zero mark error conditions. Values less than zero mark warning condi-
tions. The significance of this flag is only that the subroutine did or may have failed
to carry out its primary function. For example, a matrix solver may have found a ma-
trix to be computationally singular. This situation may or may not equate to an error
in the context of the larger code. For example, the larger code may not have a prob-
lem with the fact that a matrix is computationally singular.

Array containing the indices of the basis species for which the starting iteration val-
ues must be estimated simultaneously. Dimensionimdgex(nsqpar). Usage:
iindex(n) is then-th such species.

Array that contains the indices of the species for which the master iteration variables
are defined. Dimensioningndx1(kpar) . Usageiindx1(kcol) is the index of the
species corresponding to tkeol-th master iteration variable.

The maximum number of end members in a solid solution. This is the variable which
corresponds to the dimensioning paramiigar .

Dimensioning parameter: the maximum number of end members in a solid solution.
Seeiktmax .

Flag array for determining how to compute the activity coefficient of a neutral solute

species in conjunction with the B-dot equation. Dimensionimsgfl(nstpar). Us-
age:insgfl(ns)is the flag for theas-th aqueous species:

= 0 Setlogy, =0 (polar species)
=-1 Use the Drummond (1981) polynomial (non-polar species).

Debugging print option switches; see Chapter 6. Some of these switches differ from
those used in EQ6.

Activity coefficient option switches; see Chapter 6.

Print option switches; see Chapter 6. Some of these switches differ from those used
in EQ6.

Model option switches; see Chapter 6. Some of these switches differ from those
used in EQ6.

A work array used in solving matrix equations. Dimensionir{gpar) .
Thereal*8 machine exponent range parameter (the exponent rang@rg.

A work array used to sort aqueous species in increasing order of concentration. Di-
mensioningistack(nstpar).

Limit on the number of Newton-Raphson iterations.

The max norm on the electrical charges of the aqueous species.

Status flag array for chemical elements. Dimensiorjeftag(nctpar) . Usage:
jcflag(nc) is the flag for theac-th element:

=0 An element does not appear in the current model
=1 Itdoes appear

- 223 -



jflag

jflagb

joflag

jkflag

jmflag

jrs

jsflag

jsol

jsort

jstack

jxflag

Switch array that defines the type of constraint (governing equation) applied to each
basis species. Dimensionirjflag(nsgpar). Usageiflag(ns) is the flag for thens-
th basis species. See Chapter 6.

Array used to read ifflag values from thénput file. Dimensioning:
jflagb(nsgpar). Usagejflagb(n) is thejflag value for then-th basis species read
from theinput file. This array is thus input file ordered. It is unique to EQ3NR.

Status switch array for gas species. Dimensiongftag(ngtpar) . Usage:
joflag(ng) is the flag for theng-th gas:

=0 The gas species appears in the current model

=2 Itis thermodynamically suppressed

Status switch array for solid solution end-member components. Dimensioning:
jkflag(iktpar,nxtpar) . Usagejkflag(ik,nx) is the flag for thek-th end-member
component of thex-th solid solution:

=0 The component appears in the current model

=2 Itis thermodynamically suppressed

=4 It could not be found among the pure minerals

Status switch array for pure minerals. Dimensionjmdtag(nmtpar) . Usage:
jmflag(nm) is the flag for theam-th pure mineral:

=0 The mineral appears in the current model

=2 Itis thermodynamically suppressed

The indices of the aqueous reactions, sorted in increasing order of concentration of
the associated species. Dimensionjrg(nrstpa). Usagejrs(n) is the index of the
reaction which corresponds to the non-basis aqueous species whose concentration is
n-th in this order. This array is used in making sorted summations.

Status switch array for agueous species. Dimensiojsfigg(nstpar). Usage:
jsflag(ns)is the flag for thens-th aqueous species:

=0 The species appears in the current model

=2 Itis thermodynamically suppressed

=3 It does not appear in the current model

Array whose values define chosen models of activity coefficients in solid solutions.
Dimensioningjsol(nxtpar) . Usagejsol(nx) is the flag for thex-th solid solution:

=0 Ideal solution
(The data files currently support no other options.)

The indices of the aqueous species, sorted in increasing order of concentration. Di-
mensioningjsort(nstpar) . Usagejsort(n) is the index of the aqueous species

whose concentration i&th in this order. This array is used in making sorted sum-
mations.

A work array used in sorting agueous species in increasing order of concentration.
Dimensioningjstack(nstpar).

Status switch array for solid solutions. Dimensionjrflag(nxtpar) . Usage:
jxflag(nx) is the flag for thenx-th solid solution:

=0 The phase appears in the current model

=4 It has no active end-member components
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log Agy

jxmod

ket

kction

kdim

kebal

khydr

kkndex

kmax

kpar

ksb

ksq

kxmod

lamlg

Flag specifying the type of a species/reaction affected by an alter/suppress option
specified on théput file. Dimensioningjxmod(nxmdpa). Usagejxmod(n) is the
flag for then-th such option specified (s&&mod, uxmod, xlkmod, andnxmod):

=0 Aqueous species/reaction

=1 Pure mineral

=2 Gas

=3 Solid solution

Number of chemical elements present in the aqueous system currently being mod-
eled.

A pointer array used in pre-Newton-Raphson optimization. It points to entries in the
subset of master iteration variables which must be solved simultaneously which cor-
respond to basis species used to complete the definition of input constraints for other
basis species. Dimensionirfgtion(nsgpar). Usagekction(n) is the index in this
subset for the basis species which completes the constraint definition for the basis
species whose index in this subset.ift is unique to EQ3NR.

Dimension of the Jacobian matrkgim =ksqgin EQ3NR.

Variable denoting the position of the species selected for electrical balancing in the
set of master iteration variables. It is unique to EQ3NR.

Variable denoting the position &f* in the set of master iteration variables.

Array which marks those basis species whose concentrations must be initially esti-
mated simultaneously. Dimensioning:
kkndex(nsgpar). Usagekkndex(ns) is the flag for thens-th such species:
= 0 Do not estimate simultaneously
= 1 Estimate simultaneously
It is unique to EQ3NR.

The maximum number of master variables readable by EQ6. This is the variable cor-
responding to the parametgrar.

Dimensioning parameter: the maximum number of master variables readable by
EQ6. Se&kmax.

Variable denoting the position of the species used as the redox variable, currently
Oy(g) Only; ksb =ket + 1.

The number of active basis species.

Flag defining the type of alter/suppress option specified omtha file. Dimen-
sioning:kxmod(nxmdpa). Usagekxmod(n) is the flag for then-th such option
specified (se@mod, uxmod, xlkmod, andnxmod):

= -1 The corresponding species/reaction is suppressed
0 ltslog Kiis replaced bxlkmod
1 Itslog Kis augmented bylkmod
2 Same as = 1, butkmod is given in units of kcal/mole

Array of log activity coefficients of solid solution end-member components. Dimen-
sioning:lamlg(iktpar,nxtpar) . Usagelamglg(ik,nx) is the activity coefficient for
theik -th end-member component of the-th solid solution.
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Mg

OTqu

mte

mwtss

nadl

nalpha

nappar

napt

narxmx

narxpa

nchlor

ncomp

ncompb

nct

nctmax

nctpar

nend

nfac

Array of total molalities of dissolved chemical elements. Dimensioning:
mte(nctpar). Usagemte(nc) is the molality of theac-th element.

Array of molecular weights of aqueous species. Dimensiommgss(nstpar). Us-
age:mwtss(ns)is the molecular weight of thes-th aqueous species.

The unit number of thdatal file.

A pointer array used to find tlog anda, parameters of Pitzer’s equations for a spe-

cies pair for whiciP\; and®A'; values are to be calculated. Dimensioning:
nalpha(nslpar). Usagepalpha(1,nalpha(n)) = a4 andpalpha(2,nalpha(n))=a,
for then-th such solute species pair.

Dimensioning parameter: the maximum number of distinct paics,pfi, parame-
ters of Pitzer’s equations. Seapt.

The maximum number of distinct pairs af, a, parameters of Pitzer’s equations.
This is the variable corresponding to the dimensioning paramapgrar.

The maximum number of coefficients per temperature range for an interpolating
polynomial coefficient array such ass andamn. This is the variable correspond-
ing to the parametararxpa.

Dimensioning parameter: the maximum number of coefficients per temperature
range for an interpolating polynomial coefficient array. Baexmx.

The index of the speci&d.

Array giving the number of end-member components in a solid solution. Dimen-

sioning:ncomp(nxtpar). Usagencomp(nx) is the number of such components for
thenx-th solid solution.

Array giving the number of solid solution end-member components of solid solu-
tions for which mole fractions are read from thput file. Dimensioning:
ncompb(nxtpar). Usagencompb(nxb) is the number of such components for the
nxb-th solid solution so listed on thiput file.

Total number of chemical elements.

The maximum number of chemical elements. This is a variable which corresponds
to the parameteictpar.

Dimensioning parameter: the maximum number of c