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Preface

This report on the EQ3NR code is a revision of the first EQ3NR User’s Guide (Wolery, 1983). 1t
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),

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

II1. The EQ3NR Theoretical Manual and User’s Guide (this report).

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

EQ3NR, the subject of the present Teport, 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 Teport, 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. 0. 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: wolery1@linl.gov
Telephone: (510) 422-5789
Fax: (510) 422-0208
Secretary: (510} 423-2970

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

James W. Johnson, 1L.-219

Lawrence Livermore National Laboratory
P.O. Box 808

Livermore, CA 94550

E-mail: johnson@s05.es.1lnl.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, Mpller, and Weare (1984); see also X, X"

Theqnonpauﬁc activily of the i-th aqueous solute species.
Thermodynamic activity of water.

vy dogay +vylogay

Varx

Mean activity of neutral electrolyle MX; logay poy =

Thermodypamic activity of the o-th component of the y-th solid solution phase.

Generalized hard core diameter or “ion size” in aqueous solution.

Hard core diameter or “size” of the i-th aqueous solute species.
Affinity.

Thermodynamic affinity of the j-th reaction. The forward direction is implied, which in EQ3/6 is tak-
en to be that in which the associated species is destroyed, for example by dissolution or dissociation.

Themmodynamic affinity of the j-th reaction (forward direction).
Thermodynanyic affinity of the j-th reaction (reverse direction).

Thermodynamic affinity {per electron) of a redox couple with respect to the standard hydrogen elec-
trode; AR = F ER,

Titration alkalinity, in units of equivalents per kilogram of solvent water or equivalents/L..
Debye-Hiickel A parameter used in writing expressions for In ¥;.
Debye-Hiickel A parameter used in writing expressions for log ;o 7;; Ay10=1303A,,.

Debye-Huckel A parameter used in writing expressions for In a,,.
Titration alkalinity, mg/L of equivalent CaC03; also denoted as T.

Titration alkalinity, mg/L of equivalent HCO5.
Bicarbonate alkalinity, mg/L of equivalent CaC(;.
Carbonate alkalinity, mg/L of equivalent CaC0O;.

Hydroxide alkalinity, mg/L of equivalent CaCO;.

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



Eh

bith

Stoichiometric reaction coefficient, the number of moles of the s-th aqueous species appearing in the

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

Stoichiometric reaction coefficient, the number of moles of the s-th aqueous species appearing in the

reaction for the dissolution of the g-th gas species; it is negative for reactants and positive for
producits, '

A parameter theoretically egnivalent 10 the product 4 B, and appearing in Pitzer’s equations with an
fixed value of 1.2,

Debye-Hiickel B parameter used in writing expressions for In ; or log, 1.

Observable second order interaction coefficient for neutral electrolyte MX (M = cation, X = anion);
a function of the ionic strength,

The denvative of B, (/) withrespect to ionic strength.

The compound function By, (7) +1B',..(I).

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

Concentration of the i-th solute species in molarity (moles/L).

‘Concentration of the i-th solute species in mg/L.

Concentration of the i-th solute species in mg/kg solution.
Total dissolved solutes in mg/kg solution.

Total dissolved solutes in mg/L..
Third order interaction coefficient for neuiral electrolyte MX.
of

The quantity MX

2 Lty
Subscript indexing a chemical element.

Total pumber of chemical elements in a system.

The electron. In common thermodynamic fornalism, this is usnally a hypothetical species, not areal
one. ‘

Electrical potential of the j-th redox coupie, volts.

Standard state electrical potential of the jth redox couple, volts.

Redox potential, volts. Theoretical equilibrium electrical potential of a redox couple;
Eh = @%{{I (&:Jgfﬂ2 ~4pH —ioga —logK, ), where fozis undersiood to be the
hypothetical equilibrivmn oxygen fugacity in agueous solution.

Debye-Hiicke! f function.



)

gr
a(x)

g'(x)

JAP
J(x)
Jix)

Debye-Hiickel f function; (1) = dfidl.
The quantity f(T)/2.
Fugacity of the g-th gas.

Oxygen fil gacity.

(1) The Faraday constant, 23062.3 cal/equiv-volt; (2} Cornpound electrostatic function used by
Harvie, Moller, and Weare (1984) to write Pitzer’s equations (see Chapter 3).

Subscript denoting a gas species.
Total number of gas species i0 a system. -

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

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

s Hem

The factor

. where 5" denotes the dependent aqueous species which is associated with and
*r .

destroyed by the r~th 2queous reaction.

msu zsu

The factor

(analogous to H,,).

sy
Ionic strength.

Ion activity product; see 0,

A function used to describe the higher order electrical interactions term in Pitzer’s equations.
The denvative of J{x) with respect to x.

oo,

An clement of the Jacobian matrix (ﬁ""i ).
74

J
The Jacobian matrix,

Thermodynamic equilibdum constant,

Thermodynamic equilibrinm constant for the half-reaction ZHZO(]) = 02@) +4H +4e .

Equilibrinm constant for the reaction 5,0, = H' + OH
Molal concentration of the /-th agueous solute species (no contributions from dependent species).

Total molal concentration of the i-th aqueous specics (includes contributions from dependeut spe-
cies).

Symbols denoting cations (see also ¢, c').

Molecular weight of the i-th substance, grams per mole; e.g. M,,, is the molecular weight of water.



pe
pH

pHCH

Q.

Q+,112

Q.12

Fr

Symbols used to represent cations in the notation of Harvie, Mpller, and 'Weare (1984); see also N,
N

Number of moles.of the i-th aqueous solite species.

Number of moles.of the s-th agueous species.

Total number of moles of the s-th (basis) aqueous solute species.
Nurnber of moles of solvent water.

Total number of moles of the e-th chemical element,

Symbols denoting nentral species (see also n, n').

Weight fraction of water in aqueons solution.

Site-mixing parameter for the y-th solid solution. If N, = 1, the model is equivalent to a molecnlar-
mixing model,

Oxygen gas; in aqueous sofution, this refers to a hypothetical species similar to e7; also symbolized
as sg.

Partial pressure of the g-th gas, bars,

The k-th parameter used to compute the interaction coefficients Wy, Wy, Wy, which in tam are used
to compute the activity coefficients of end-member components in the y-th solid solution.

(1) Pressure, bars; (2) Phenolphthalein alkalinity, equivalent mg/L of CaCOj;.
Logarithm of the hypothetical electron activity; pe = F Eh/(2.303 RTy = Ah/(2.303 RT).

The quantity - log a__, .
The quantity - loga —_— !ogac .

Activity product of a reaction; JAP is used by many others (e.g., Parkburst et al., 1980) to denote the
same quantity. “()” implies {J,, the activity product corresponding to the reaction taken in the for-

ward direction.

Activity product of a reaction, the same as ().

Reverse activity product of a reaction, equal to /02, .

Activity product of a balf reaction.

Reverse activity product of a half reaction, equal to 1/Q, ;.

Subscript denoting an aqueous reaction,

Total number of reactions for the dissociation/destraction of dependent aqueous specics.
The gas constant, 1.98726 cal/mol-°K.

Subscript denoting an agueous species (s = w implies H,0).

Subscript denoling $ in the range from 1 to sy, excluding the cases s = w and 5 = sp.



Sg

S0

5T

St

2303

o, Gy, Q)

=]

Subscript implying the species formally associated with the aqueous reaction designated by r (s" =
r+sp)

Subscript denoting the hypothetical aqueous species O2(g)-

The total npmber of aqueous masier species; depeﬁdjng on the problem at band, sp is equal to or
greater thap sp.

Total number of aqueous species.

Saturation index for a mineral; ST= log (Q/K), where O and X are the activity product and equilib-
rium constant, respectively, for the dissolution reaction.

(1) Temperature, °K; (2) Titration alkalinity, mg/L of equivalent CaCO;.
The molar volame of an ideal gas, 22,413.6 ml/mole.

Stoichiometric mass balance coefficient calculated from reaction coefficieats and certain model con-
straints; ug.is the stoichiometric factor for computing the contribution of the 5-th agueous species 1o

the mass balance for the s'-th basis species.
Subscript denoting water (e.g., a,,, the activity of water).

Number of kilograms of solvent water,

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

Array of partial derivatives of logx,, with respect to logm ., where s' is a basis species. This deriv-

ative is zero for ' =w or Sg.

A general algebraic variable,

Mole fraction of the i-th aqueous solute species.

Mole fraction of water in aqueous solution.

Mole fraction of the o-th end member of the y-th solid solution.
Symbols denoting anions (see also a, a*).

Electrical charge of the s-th aqueous species.

Subscript denoting charge balance (e.g., H.).

Vector of algebraic master variables.

Symbol for and approximation of in 10. As an approximation, this is not sufficiently accurate for
general use in caiculations; this constant should be computed to full machine accuracy in a computer
code in order to avoid both inaccuracy and inconsistency.

Parameters appearing in Pilzer’s equations.
Newton-Raphson residual function vector,

Residuat function for charge balance,



Rad

£

" @

Briax

Bork- Bagx

Yi

Y.

Yo, M=

AGY,

AG,
AG?
3

€r
Canex

Braard 1)

0" ard?)

E
Bypp (D

5
GMM'

K

B

MX"

Residual function for mass balance of the s-th basis species.
Residual function for equilibrium with a pure miperal.
Residual function for equilibrium with the o-th end member of the yr-th solid solution.

Newton-Raphson residuoal function vectot, identical to ¢, except that mass balance residual elements
are nomalized by the corresponding values of total nurnbers of moles.

The largest absolute valoe of any element of B.

(2)
MX

Observable second order interaction coefficient parameters for neutral electrolyte MX.
Molal activity coefficient of the i-th aquecus solute species.

Stoichiometric molal activity coefficient of the i-th aqueous solute species; generally defined onty
for simple 10ns.

Mean molal activity coefficient of aqueous neutral electrolyte MX.
Stoichiometric mean molal activity coefficient of aqueous neutral electrolyte MX.

Newton-Raphson correction term vector,

The largest absolote vaive of any element of &.
Convergence function.
Under-relaxation parameter.

Gibbs energy of formation of the i-th chemical species.

Standard state Gibbs energy of formation of the i-th chemical species.

Gibbs energy of reaction of the r~th reaction.

Standard state Gibbs energy of reaction of the r-th reaction.

Subscript denoting a chemnical 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 electrolytes MX and M'X; in-
dependent of the identity of X and a function of the ionic strength.

The denivative of 8,,,,{]) with respect 10 ionic strength.

The electrostatic part of 8yg47).

The short-range part of 8yy,{7); treated as a constant.

Under-relaxation parameter in Newton-Raphson iteration.
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MX

Second-order interaction coefficient for the i-th and j-th aqueous solute species; in general, thisisa
function of the jonic strength.

The derivative of l{,(] } with respect to ionic strength.

Second order interaction coefficient parameters for cation M and anion X,

Rational (mole fraction) activity coefficient of water; a,, = Y95

Rational (mole fraction) activity coefficient of the 6-th end member of the \-th solid solution.
The electrostatic part of A7),

The short-range part of Aye{7); treated as a constant.

Third-order interaction coefficient for the i-th, j-th, and -th aqueous solute species.

Number of cations M produced by dissociation of the aqueous neutral electrolyte MX.

Number of cations M and anions X produced by dissociation of the aqueous neutral electrolyte MX.
Number of anions X produced by dissociation of the aqueous neutral electrolyte MX.,

Solution density, g/ml.

Symbols denoting end-member components of a solid solution.

Total number of end members in the y-th solid solution.

Alkalinity factor, the number of hydrogen ion neutralizing egnivalents per mole of the s-th agueous
species.

{a) Subscript denoting a pure mineral: (b) the osmotic coefficient of the aqueous solution.

Harvie, Mpiler, and Weare’s (1984) notation for €yp(F).

Harvie, Meller, and Weare’s (1984) notation for 8%,47).

Fugacity coefficient of the g-th gas.

Subscript denoting a solid solution.

Total number of solid solutions in a system.

Observable third order interaction coefficient for neutral electrolytes MX and MX.

Waier constant; 1000 divided by the molecular weight of water; about 55.51.

zZ;z
- L

Tonic activity combination parameter: Nij = ;zj{ loga, ~ Effoga ;
J

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.



Subscript denoting a reaction proceeding in the backward sense; the convention in this report equates
this with association, precipitation, or forrnation of the associated species.



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 agueous
solution in terms of analytical data, including total (analytical) concentrations of dissolved com-
ponents and such other parameters as the pH, pHCI, 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 index (S7 = log Q/K) and the thermodynamic affinity (4 = -2.303 RT log
O/K) for various reactions, such as mineral dissolution or oxidation-reduction in the aqueous so-
Intion itself. Individual values of Ef, pe, oxygen fugacity, and Ak (redox affinity) are computed
for aqueous redox couples. Equilibrium fugacities are computed for gas species. The code is
highly fiexible 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 vsing options on the
input file. The output consists of an output file and a pickup file, which can be used to initialize
an EQ6 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 data file (datal) that is created from a primary.
formatted data file (data0) by EQPT, the EQ3/6 data file preprocessor. There is currently a set of
five data (data0) 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 from 25°C only to 0-300°C. 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 disequilibrinm} 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, and pit. These are provided in formatted ASCII and are called datad files.
EQPT processes these one at a time (looking for a file named simply data@, though these files
are normally stored under names which include the relevant suffixes) and writes a corresponding
unformatted data file, which is called simply 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 simply as datal.

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 thermodynamic data.
The activity coefficient formalisms currently built into EQ3/6 are discussed in Chapter 3. The
com, sup, and nea data 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 (Hel-
geson, 1969). These equations are only valid in relatively dilute solutions. The hmw and pit data
files are specific to the formalism proposed by Pitzer (1973, 1975) and can be used to model so-
lutions extending to high concentrations. However, the scope of chemical components covered
is smaller. The ternperature limits on the data files also vary, from 25°C only to 0-300°C.

Some important data file characteristics are given in Table 1. The com (for “composite™) data file
is the largest of the three data files specific to the extended Debye-Hiickel formalism. Itis 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 based. The sup data 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. (1992). The nea data
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)The hmw data file is based on Harvie, Mpller, and Weare (1984). The pit
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 1s part of the Yucca Mountain Site Characterization Project’s Technical Data Base.

The sup data 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 agueous 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 number (C 2-Cg). The nea data file is some-
thing of a specialty item. Its strongest point is a thorough representation of the thermodynamics
of uranium species.

The com (composite) data file encompasses a much broader range of chemical elements and spe-
cies. It includes the data found on the sup and nea data files, with preference given to data from



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

Activity Number of Numberof  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 GEMBOQCHS Extended 0-300°C 78 147 852 886 12 76
(LLNL) Debye-
Hiickel
sup SUPCRT92 Exlenced 0-300°C 69 105 315 130 0 16
Debye- :
Hiekel
fiea NEA draﬂ'_ E}(teuded 0'3OODC 32 50 158 188 0 76
reporl Debye-
Hiickel
hmw Harvie, Maller, Pitzet’s 25°C only 9 13 17 51 0 3
and Weare Equations
(1984)
pit Pitzer (1979) Pilzer’s 0-100°C 52 62 68 381 0 38

Equations




the former in cases of overlap. It also includes some data found in the hmw data 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. The com 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). )

The hmw 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, Tt
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 of 25°C. The pit 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 0-100°C. However, 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 data on a data0 file for internal consis-
tency and fits interpolating polynomials to various temperature dependent data which are orga-

nized on the data0 file on temperature grids. Such data include certain aqueous species activity
coefficient parameters, such as Debye-Hiickel Ay 10 2nd By, and the equilibrium constants for the

reactions represented on the data file. In addition, in the case of data files specific to the formalism
of Pitzer’s equations, observable interaction coefficients are mapped to a set of conventionally
defined primitive interaction coefficients (see Chapter 3). EQPT then writes the datal file corre-
sponding to the input datad file. For details of the contents and structure of data0 and datal files,
see Daveler and Wolery (1992). Run-time alteration of the values of selected equilibrium con-
stants can subsequently be selected by the user on the EQ3NR input file (see Chapter 6). EQPT
also writes to a screen file and an output file, both of which are generally significant only if an
error condition is encountered. In addition, it writes an slist (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 EQ3NR input file.
This is the subject of Chapter 6 of this report. Examples are presented in Chapter 7. The code
then produces an output 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 writes a pickup
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 the EQ6 input file.
It has no other real use. EQ6 in turn writes its own output file, as well as a tab 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 own pickup file, which

Ch



may be used as an input 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 aqueous 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. The pH is also normally an input parameter. A new alternative parameter
called pHCl can be input in place of pH to overcome the liquid junction potential problem in mea-
suring pH in concentrated solutions (see Chapter 2), The Eh (redox potential) is also a common
input parameter, though its usage is somewhat problematical (see Chapter 2). One may specify
the oxygen fugacity or pe instead, 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, one for Fe?* and another for Fe>*. 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 concentrations, pH, etc.) are associated on a one-to-one basis

with master or basis species. 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 species such as Na* and CI" and a
few more complex species such as § 042'. 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 called the strict basis. EQ3NR also has an auxil-
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 indices (SI = log /K, where Q is the activity product and K the equi-
librium constant) and thermodynamic affinities (A = -2.303 RT log Q/K, where R is the gas con-
stant and T 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 equilibrium (the input file requires
additional data to do this). In the case of agueous redox reactions, the theoretical Eh, pe, oxygen
fugacity, and redox affinity (Ah) are computed. Differences in the values of these cormresponding
parameters for two redox couples are measures of the degree of disequilibrium betwéen 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 .£., 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-Hiickel Ay 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 agueous 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
custom pff 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 occa-
sionally necessary to induce the iterative calculations to converge. The code creates its own start-
ing 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 from the input 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 subtie 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 briefty 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-
uons to supercomputers, including Sun SPARCstations, VAXes (ULTRIX operating system), Al-
liants (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 SPARCstations
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 aqueous 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 indices (SI = log 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 calcite ST values 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 Row five to choose from) and by other assumptions which the user sets on the EQ3NR input
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 adequate input file.

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 aqueous 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, such as (U0, )3(OH ). Speciation-solubility models

are better used when they are employed to test the degree of disequilibrium of these kinds of re-
actions 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 peologic 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 Bail’s
{(1979) study of controls on the concentration of iron in acid mine waters.

EQ3NR offers many options for the input 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 example, the pH of a 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 desired pH. Some 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 pertain to Ek, alkalinity, and pH and will be discussed in some detail
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)
W

where n; is the number of moles of the i-th solute species and w,, 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 conceniration parameters in any of these
units (see Chapter 4), but converts non-molal concenirations to molalities before computing the
aqueous 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, meskg)- The density of the aqueous solution in g/ml (pg/p) 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 mg/L (Crg, mgsz) and the density according to:

CTS,mg!L
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EQ3NR expects values of C1g, me/ke and Pgsm; On the input file if such conversions are necessary
(see Chapter 4). In place of Crg, yg/kg. One may enter Crg, mg/z a0d Pgjmy, and CT8, meikg is cal-
culated from the above equation. If such values are not provided, Crg, pgig is assigned a default
value of zero and pgp, is assigned a default value of unity. These values are generally adequate

for dilute solutions at temperatures near 25°C. In 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:

N = 3
w 1,000, 000 o)

Letting C; moiqor be the molar concentration of the i-th sotute species, the molality is given by
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Letting C; mg,L be the concentration in mgfL the conversion is:
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where M,, is the molecular welght of the solvent, water (M,, = 18.015 g/mole). Letting C i, mglkg
be the concentration in mg/kg solution, the conversion is:

0.001C.
m. = . bmglL {6)

’ M N,

Some dissolved gas analyses are reported in units of mi (STP)/m1 solution, where STP refers to
standard temperature and pressure (0°C and 1 atm). The conversion equation is:

2 J000C; mistPymi @
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where V 1s the molar volume of an ideal gas at STP (Vg = 22,413.6 ml/mole).

The concentration of solvent water is defined as its mole fraction:

X, = ———— (®)

where n,, is the number of moles of water. The molality of the i-th solute species can also be writ-
ten as:

m, = — )]
where € is the number of moles of water comprising a mass of 1 kg (= 55.51; Qw,, = n,,).
Substituting this relation into the one above it gives:
Q

OV —
.Q+Zmi
I

EQ3NR uses this relation to calculate the mole fraction of water. This is done in a self-consisient
manner in the iteration process. Thus, the user is not required to input a value.

(10)
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A similar self-consistent treatment could be implemented to handle both Crg, et and 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, activities, pH, E#h, pe,
oxygen fugacity, phase equilibrium requirements, homogeneous equilibria, and run-specific val-
ues for equilibrium constants. The govemning 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 inpuis 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 +m +m + ... 11
T, Ca® ca*t T CaOH CaC0s4gy " CaHCO; (b

{ag) E

where Mmoo is the total or analytical concentration {on the molal scale} and m; is the molality

b

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

m =m_ +m +2m +2m +3m + e (12)
T, F F HF(ag) H,F, (aq) HF, AIFS(aq)

The total concentration is the most commen type of input parameter to an aqueous Speciation
model. The mass balance constraint, which comresponds to it, is therefore the most common gov-
emning 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 caiculated (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.. o - -

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: ' '

CaS0, 4y = Ca®* +507 a3)

&E__¥y *

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

a
. ca* %so*
= 7 (14)
CaSOMaq) aCaSO4 .

where X is the equilibrinm constant and a; represents the thermodynamic activity of each species,
This may also be written in logarithmic form: '

logK = I + 1 -1 15
og CaS0, 4 ogaca2+ OgaSOE' OgaCaSO4(aq) (15)

The thermodynamic activity is related to the molal concentration by the relation:
a; = myy; , (16)

where 7; is the activity coefficient, a function of the composition of the aqueous solution. As the
solution approaches infinite dilution, the value of ; for each species approaches unity. The set of

equations for computing the activity coefficients of aqueous species is chosen by the user on the
EQ3/6 input file (by means of the iopgl 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 peneral terms, setting up an agueous speciation model involves choosing n unknowns and n
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. 1t is also used
to compare how the aqueous 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.

S13-



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 are e chemical 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 given us - 2 total concentration values, each for a chemical species,

each of which corresponds to a chemical element other than oxygen and hydrogen (e.g., Na* for
Na, SO42' for §). That gives € - 2 mass balance equations as govermning 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 writien in the general form:

57
> zm =0 (17)

s=1

where the summation is over all aqueous species, z; is the electrical charge of a species, and m;

is its molal concentration. The hydrogen mass balance equation can not be used as a governing
equation to calculate the pH 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 matier, 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 of £ - 2 mass balance equations/total concentra-

tions (one parr for every element except oxygen and hydrogen) and the charge balance equation
(to calculate pH). 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 given £ 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 EQ6 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 equation; e.g., Na* with sodium balance, AP * with aluminum

balance, and H* with charge balance. Suppose our model must consider » balance equations and
k aqueous complexes (using the term to include ion-pairs). That gives k mass action relationships
which are also governing equations. We now have n + k equations in n + k unknowns (the mass-
es/concentrations/activities of the n + k aqueous species). '

The number of aqueous 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 leaves us with n equations
(modified balance equations) in # unknowns (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. The k aqueous complexes give us £ linearly independent
dissociation reactions and k linearly 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:

HgCly = Hg™* +3Cr )

not:

HgCly = HgCl3+Cl (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) &7 - 2 mass balance equations/total concentrations.

(2) the charge balance equation (to calculate pH).

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 (recall pH = 'l"gaH*r ).
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+ Log activity combination functions (e.g., pHCI; 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 other than H*.

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 for pH.

The log activity constraint. The first substitution that we discuss is most often applied to the hy-
drogen ion. In the course of chemical analysis, the pH of 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 = —log a . (20

The activities of many other species, including Na™t, Ca* t Sz‘, F°, and CI', 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 see -pH, not pH, on the input file when this option is invoked. The new
governing equation is just:

R

m. = (21}

=2

The charge balance constraint. This 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 or pH that was required to generate a charge-balanced model.

We recommend routinely calculating pH 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 be pH buffer solutions. In other circumstances, this practice is potentially dangerous be-



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 of pH buffer solutions, it is only safe to calculate pH this way if the pH is low (high

concentrations of H"' ) or high (high concentrations of OH").

Equilibrium constraint involving a non-aqueous species. A mass 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
CaCO3.at 25°C). The dissolution reaction may be written as:

Calcite+H" = Ca** + HCO, )

and the correspo.nding govemning equation is then:

a a
Ca** "HCO,
Keaicite = a " a (23)
Calcire™ y+
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 calcite (Ca,Mg)CO3(C ). The governing equation has the same form as above,

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

CCalcite = 7L'C‘a!ci‘tex(:':zlcim (24

where Acgscie 18 the activity coefficient and X Calcite 15 the mole fraction of the calcite component.
The mole fraction of the 6-th component of the y-th solid solution is given by:
"GW

Yoy T o \ )

Ty
Z no'w‘
UI

where ngs, is the number of moles of the ¢'-th component and O,y 1s 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 coefficients (lml,) 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 with COj(;). The COy(,) dissolution reaction may be written as:
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The corresponding governing equation is:

a .a i
K., =1 7 an
COyg) fcozﬂw

Here £ Ozis the fugacity of CO,. In order to use this option, the user must provide an input value

for it to the speciation model.

Fugacity i1s 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:

fo = AgPy (28)

where p, is the partial pressure and y, i the fugacity coefficient of the g-th gas. The fugacity co-

efficient is analogous to the activity coefficient. Atlow 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 agueous species. It is possible to specify equilibrinm 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 (represented by HS") in this
manner, computing it on the basis of equilibrivm with sulfate and oxygen gas. The reaction re-
lating sulfide to sulfate 1s:

HS +20, ., = H +507 (29)

The governing equation 15 the corresponding mass action equation:

o o
~ H'sor 30

K
3

HS™ V)
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The sulfide component (HS and related species such as H35(4q)) does not count in the mass bal-

ance defined for sulfate. This option is similar to those involving specifying various heterogenous
equilibria.

Direct specification of individual molality. EQ3NR allows input of the individual concentrations
of master species. The governing equation in this case is just the identity:

m. = m. - {31)

It is largely appropriate only for master species that form no complexes, such as O3(aq) and other
dissolved gases. - ' :

2.34. pH in Brines: pHC] and Related Functions as Alternative Constraints

Using standard methods (e.g., Bates, 1964), the pH is 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 whose pH values 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
make pH 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 correcting pH values in concentrated $0-
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 quantify pH in
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 measures is PHCI, which is the sum of pH and
pCl. As an input to a speciation-solubility code, this is just as adequate as the pH as long as there
is a separate measurement of dissolved chloride to also input. This maintains a system of n equa-
tions in n unknowns. The code is able to separate pH from pCl using an activity coefficient model



for the dissolved species and a chosen pH scale. The subject of aqueous species activity coeffi-
cients and pH scales is addressed in Chapter 3.

Knauss, Wolery, and Jackson (1990) used EQ3NR to compute the pHC! and related functions
corresponding to different combinations of specific-ion electrodes of various test solutions, such
as 0.01 molal HC1 with varying concentrations of NaCl. Pitzer’s equations were used to compute
the activity coefficients in these solutions, using mostly the model of Harvie, Megller, 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 computed pHCI or other function.
In most cases, excellent Nernstian responses were obtained, in essence identical to those one
would obtain examining the standard pH method. This indicated that such solutions could be de-
fined as calibration buffers. Of critical importance to constraining the pH in 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, however, pHBr 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
10n 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
standard pH 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 obtain pH 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 of pHCl and related functions such as pHBr and pH/Na (= pH - pNa) can now be input to
EQ3NR as alternative constraints. In the case of pH(CI, the governing equation takes the form:

= —pHCI-1 - - 32
IogmH+ PHCI—logy f longl_ Iog'yCI_ (32)

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

N o= 'z-lloga.—@loga- (33)
= oS ey
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This is valid for i and j of any charge combination. Note that &

»

-pHCl that is input to the code, not pHCI (analogons to the input of -pH instead of pH). The more
general form of the governing equation is then;

Fe -pHCl, so it is actally

ij 4 %
logm; = — ~logy, + —logm.+ —log7, (34
lzj_’ L iz, I
_ f) 7
The second general form is to input the mean log activity of the electrolyte composed of ions i
and ‘ '
]zj{ loga; + lzf| iogaj
|2 + |2
This is not quite as general, because the two ions must have opposite signs of electrical charge.
Note that log a, y¢c;= -1/2 pHCL The corresponding goveming equation is:

iogai' i = (35)

[ogm = ———-—-|Zi| " lzj{ loga -l — _i logm . — 4 I/ 36
i + §f 8V 124 —| 087 (36)
IZA M Zj I Zj 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 bicarbonate (CO3(aq)+ HCOz+ CO 32', 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 dissolved CO,

in mg/L. This must be converted to the equivalent concentration of HCQj3™ 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

HCOj3 (61.016 g/mole) to that of CO2(agq) (44.009 g/mole) (the value of this ratio being 1.3864).
A data sheet might also list a value for “total free CO,.” This represents only the COy(gq) com-
ponent. If this is the only available measure of dissolved bicarbonate, the total dissolved bicar-

bonate can be computed from this and the pH by inverting the relevant equations given later in
this section.

Carbonate (in the form of C032' and HCQj, 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, itis 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 us-
age of alkalinity is that it leads people to think that a direct measurement of total dissolved bicar-
bonate (in the sense discussed in the above paragraph) is unnecessary. Indeed, it is common to
find analytical data sheets on groundwater chemistry which lack such direct measurements.



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 tjtfation alkalinity (A,)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:

T
A= Y Tmg 37)

=1

where 7, is the alkalinity factor of the s-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 of pH 4.0 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 re-
porting the titration alkalinity in terms of the stoichiometric equivalent of mg/L of CaCO3. 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,

* = 50,0000,

A ' (38)

The “50,000” in the above equation is actually the product of 1000 mg/g and the molecular
welght of calcium carbonate (taken as 100 g/mole following Standard Methods), divided by the
alkalinity factor of CaCOjz (2.0 equivalents/mole). The molecular weight of CaC0Oj is more ac-

curately 100.088 g/mole, but the 100 g/mole value is used by Standard Methods in the formula
for calculating A; from the titration data, so retaining it as above is actually more consistent with
the titration measurement.

The titration alkalinity (A:) 1s referred to in Standard Methods as 7. This quantity may appear

on analytical data sheets as “T” or “titration alkalinity” and in units marked “mg/L” or “mg/L
CaCO3.” In this context, “mg/L” means “mg/L. CaC03.” Users of geochemical modeling codes

sometimes mistakenly interpret “mg/L” to mean that the titration alkalinity is given in units of
mg/L HCO3 (Ar HCO: ). It is not unknown for analysts to report the titration alkalinity in such

units as well, though this is not a standard practice. It can be obtained by multiplying A; by the
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molecular weight of HCO 3™ (61.016 g/mole) and the alkalinity factor of CaC0j3 (2.0 equiva-
lents/mole) and dividing the result by the product of the molecular weight of CeCOj; and the al-

kalinity factor of HCOj3™ (1.0 equivalents/mole). In s'mipler terms, one has:

*
A nco, = 11924, (39

It is very important to note that the titration alkalinity expressed in mg/L HCOjy is not equal to
the total dissolved bicarbonate (in the sense required for input to EQ3NR) expressed in the same
units, Recall that COZ(aq) does not contribute to the titration alkalinity, while it does contribute

to the desired total dissolved bicarbonate. Furthermore, C032' 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 gives T, the titration alkalinity, the other P, the phenolphthalein alka-
linity. The latter corresponds to an end point of pH 8.3. If the pH of the sample solution is already
less than or equal to this, then P = 0. The phenolphthalein alkalinity may also appear on an ana-
lytical data sheet. Standard Methods calls for using P to partition the titration alkalinity into com-
ponents due to bicarbonate, carbonate, and hydroxide; thus, one may write: :

* * *
A =A + +A 40
! HCO; A cos " Uom @0
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 mg/L. CaCOs3.

These three components, bicarbonate alkalinity, carbonate alkalinity, and hydroxide alkalinity,
are determmed from T and P according to the partitioning formuia given in Standard Methods
(1976, Table 403:1, 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 mg/L CaC0j. They are commonly found

on analytical data sheets. Since they in essence determine the titration alkalinity, this quantity 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 mg/L HCO 3" 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:
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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: '
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The denominator on the right hand side is the product of 1000 mg/g, the molecular weight of
CaCO3, and the alkalinity factor of HCOj3", divided by the alkalinity factor of CaCQ3. The mo-

lecular weight of HCOj3" is factored out in the derivation of this equation.

The concentration of the carbonate component can be similarly computed from the carbonate al-
kalinity: '
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The numerical factor on the right hand side is the product of the molecular weight of CO32'
{60.008 g/mole) and the alkalinity factor of CaCO3, divided by the product of the molecular

weight of CaCQj3 and the alkalinity factor of CO32' (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: e
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It is not unknown for analysts to report the total concentration of bicarbonare as:
“C . P=C +1.0168C _ . (45)

T,HCO,, mg/L HCOS, mg/L CO3y ", 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 weight of HCO3™ to that of CO3?" and is used to convert

the umts of carbonate concentration from mg/L CO32' to the equivalent mg/L. HCOj3". In terms
of molalities, this is equivalent to taking:
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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 component CO5 ).

Above pH 8.3, the contribution of CO3 44, 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
pH values, the concentration of COj/,) 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
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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:

C
T, mg/L, HCO} 2ag)  mglL HCO, mg/L, CO¥

where the factor 1.3864 is the ratio of the molecular weight of HCOj' to that of CO3¢gq) (44.009
g/mole). In terms of molalities, this is equivalent to:

m =m +m +m 48
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As an alternative to the nomograph of Standard Methods, we note that the molality of CO2(ag)

may be estimated from the molality of HCOj3™ and the pH by consideting 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 +lo —lo —pH
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The log K for reaction (49) has values of -6.5804, -6.3447, and -6.2684 at 0, 25, and 60°C (data
taken from the data0.sup.R10 data file). At 25°C, this reduces to:

- 10632-PH,,
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for a dilute solution of jonic strength 0.0024 molal (using the B-dot eﬁuation to calculate the ac-
tivity coefficients; see Chapter 3). From this, one can see that at pH 4.33, the molality CO2¢pq) is

100 times that of HCO3', For seawater {ionic strength of 0.662 molal), the equation becomes:

"C0, g = 107 mco; ©?
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 relatively low pH, in which C O2(aq) dominates the
total dissolved bicarbonate (defined in the sense desired for input to EQ3NR). The propagated
uncertainty in such calculations can become large owing 10 a contribution from the uncertainty
in pH measurement in addition to one from the uncertainty in the measurement in the titration
alkalinity (which is interpreted as entirely bicarbonate alkalinity at such low pH). The propagated
error is also affected to some degree by uncertainty in the values of the activity coefficients,
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 any pH 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 certain
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:



+ Using the reported alkalinity and pH 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

23.6.1. 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, usually the Eh (a redox po-
- tential, given in volts). The related parameter pe, the 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 “system” Eh or a “system” pe is 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 means of Ek-pH and pe-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 bee