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PREFACE

This report on the EQ3NR program is the first in a series of reports on
computer programs used in modeling agueous geoci.emical systems. To aid user
understanding of EQ3NR app)ications, we have included the underlying '
geochemical theory and the rumerical and computational mathods by which the
theory is implemented in the program; The report also explains EQTL, the data
base preprocessor that supports both the EQ3INR and EQ6 programs. Separate

.repozts, explaining the EQ6 and MCRT programs, should be published by the end

of 1983. The EQ6 program calculates either reaction paths of reacting aqueous
systems or heterogeneous equilibrium with fixed masses of chenical elements
and was the subject .of pievious reports (Wolery, 1978, 1979). MCRT 1s a
thermodynamic data base and temperature extrapolation program.

These programs are aveilable %o the public. The MCRT package'consists of
the MCRT program and related files. EQ3NR, EQt, EQTL, and related files
cométise the EQ3/6 package. Tnese packages can be ordered from either Thomas
J. Wolery, L-204, Lawrence Livermore National Labotatory, P.O. Box B808.
Livermore, CA, 94550, or the National Energy Souttware Center, Argonne National
Latoratory, 9700 S. Cass Ave., Arqonne, 1L, 60439.

Source codes and data files are not included 1in this repor%t. Those who‘
want to use EQ2NR should read Sections 1-7 and App2ndices F-H. Those who are
installing EQ3NR and related codes on a computer system for the first time
should also read Appendices A-E and I.

The informaticn in this report corresponds to the EQ3NR.3230U48,
EQTL.3230U01, and EQ6.3230U01 codes in the EQ3/6.35230 package version. The
sample problems we describe in the report were run with thé DATAO0.3230U01
(also designated DEQPAK9$ thermodynaric dat. file. ‘he internal documentation
of this version of the data file is largely incomplete.

The computer programs and data bases in the EQ3/6 and MCRT series are the
objects of a continuing effort of improvement and expansion. Comments from
ptogfam users are welcome. We recommend that users ideﬁtify the code or data
base version for which they have comments so that we can easily respond to

their queries.
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GLbSSARY OF SYMBOLSA
Thermodynamic activity.
hebye~Huckel ion size parameter.
(2) Thermodynamic affinitf.. (b) Debye-Hi.ckel A constant.

Thermodynamic affinity, per electron, of a redox couple with
respect to the standard hydrogen electrode; Ah = F Eh (see
Section 2,.3.5.3). .

Titration alkalinity, equivalents per kilogram of water (see
Section 2.3.3). Normally, defined by the pH 4.5--methyl
orange--endpoint.

Carbonate alkalinity, egquivalents per kilogram of water.
Debye-~Huckel B constant. Sometimes called the extended
Debye-Huckel constant (not to be confused with B, below).
Extended Debye-Huckel B parameter (Helgeson, 1969).

Factor used in computing the activity of water as a function of.

equivalent stoichiometric ionic strength (B' = 1 + vy Ig).

Stoichiometiic reacticn coefficient (e.g., by, is the number of
moles of aqueous species s appearing in reaction r; b is negat1ve
for reactants and positive tor products). :

Stoichiometric ma.'s coefficient (e.g., C s is the number of
moles of elemeat ¢ per mole of agqueous species s).

Concentration of agqueous solute on the molar, mg/L, or mg/kg
subscripted scales (see m).

Total dis:tolved salts, mg/kg solution. -

Factor usec¢ in computing the activity of water as a function of
I, the equivalent stoichiometric ionic strength:

-3
' =
D 2,303 A/(wlIE) .

Electron. In commonly practiced thermodynamic formalism this is a
hypothetical aqueous species. (Though real agueous electrons may
actually exist, notably in gamma radiation fields, their
thermodynamic properties are not identical to those of tie
hypothetical aqueous electron.)
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_Thzoretic .l equilibriuvm electri~.l potential of a redox couple,

= r ( - - -
rh = [2.303r1/(4F) ] (log foz 4 pH - 2 log a"z° log xgh) ,
where
f is understood to be the hypothetical equilibrium oxygen
Oy fugacity in aqueous solution.
Fugacity. '

(a) Hypothetical equilibrium oxygen fugacity i.. agqueous solution.
{(b) 1n less common usage in discussions involving aqueous
solutions, the fugacity of real oxygen in a gas phase,

Subscript indexing a gas species,

Total number of gas speéies.

Excess (iibbs energy of solid solution.
Faraday constant.

The factor: mgeucwe/bow,, where s™ = s, .
The factor: ms'zs"/bs'r' where s" = Sp s

The factor: ms"s'/bs't' where s" = Sp »
2 -
The factor: m _z ./2b , where s" = s
. s"r r

sﬂ P

The factor: m_  u /b, ., where s" = s
s" s s"r r

S

Ionic strerngth,
Ion activity product ‘see Q).

.

Equivalent stoichiometric ionic strength of a sodium chloride
solution; defined equivalent to the total molal concentration of
cither Na* or C1™.

An element of the Jacobian matrix.

The Jacobian matrix (3aj/2zj) used in Newton-Raphson
iteration.

Factor used in computing the activity of water as a function of
I, the equivalent stoichiometric ionic strength:

J' = B* - 21n B' - 1/B' .

AY
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Thermoaynamic equilibrium constant.

Thermodynamic equilibrium constant for the half-reaction:
. .. _

0 + 4H +4e .

2(9)

s

2 H

%)

Q
The quantity: ) b T -

s=2
Ioglo m, (log sz in the special case s = SB) .
log 1
log 1

Molal concentration of an aqueous species.

Total molal concentration of an agueous species.

Molecular weight, grams per mole.
Mass of a species, in moles.
Total mass of a speéies,'in moles,

Oxygen gas. In agueous solution, this refers to a hypothetical
species similar to e+, also symbolized as Oj.

Partial pressure of a gas.
Pressure.,

Logarithm of the hypothetical electron activity:
pe = F Eh/(2,303 RT) = Ah/(2.303 RT).

Activity product of a reaction. IAP is also used for this
definition (Parkhurst et al., 1980).

Subscript indexing an aqueous reaction.
Total number of aqueous reactions.
The gas constant.

Subscript indexing an aqueous species (s = 1 implies H20(py) -

Subscript denotiny the master aqueous species (H003 or coi')
that is constrained by alkalinity balance.

viii



Number of aqueous master species that formally correspond
one~to-one with the chemical elements and charge balance; sg
specifically refers to the hypothetical aqueous species 02(“).

Subscript denotxng the master agueous species, either Na* or
Cl7, that defines Ig. .

Subscript denoning a master aqueous species whose concentration is
adjusted to satisfy solubility equilibrium.with the gas denoted by
g.

The total numper of.aqueous master species. Depending on the
problem at hand, Sg is e¢j31al to or greater than sg.

Total number of aqueous species.

Subscript indexing the agueous specieé that formally corresponds to
tne r-th dissociation or aqueous redox reaction. Reactions are not
formally associated with the tirst s, aqueous specigs;

sr = .B* r.

Subscript denoting the master aqueous species whose concentration
is adjusted to achieve electrical palance.

Subscript denoting a mascer aqueous species whose concentration is
adjusted to satisfy solubility equilibrium with the fixed
composition wineral denoted by ¢.

‘Subscript denoting a master agueous species whose concentration

is édjusced to satisfy solubility equilibrium with the end member
component denoted by ¢ of the solid solution phase denoted by ¢.
Saturation index for a mineral:
SI1 = log (Q/K) .
where

Q 1is the activity product for the dissolution reaction,

K is the equilibrium constant for the dissolution reaction.
Time.
Kelvin temperature.
Stoichiometric cozfficient calculated from the stoichiometric
reaction coefficients and the JFLAG options specified for the
problem at-hand; ugig relates the stoichiometric equivalence of

species s' to master species s such that u f1sMg* is the
contribution of s' to mass balance wrxtton in terms of s.

ix



w Coefficient for computing the activity of water.

W Solid solution excess of Gibbs energy parameter.
X {(a) Mole fraction. (b) A general algebraic variable.
X Mass fraction of H_O in aqueous solution.
820 2 . :
y Power series coefficient for computingy R
: 2(aq)
z (a) Electrical charge. (b) A master iteration variable, an element

of the vector z.

Vector of maste: Newton-Raphson iteration variables.

|

2.303 Symbol for and approximation to ln 10.

a Newton-Raphson residual function vector,
8 Newton-Raphson residual function vector, identical to‘g{ with the
exception that mass balarce residual elements are normalized.
8 max pargest absolute value of any element of 8.
Y Activity coefficient of an aqueou§ species.
YT Stoichiometr%c Activity qoefficignt of an aqueous species.
T d log ay o/d log Ig. '
2
T d log mg/d log I (for s greater than 1).
8 Newton-Raphson correction term vector.
8 max Largest absclute value.of any element of §.

8 cor.. Newton-Raphson convergence function.

¢ Subscript indexing a chemical element.

€p Total number of chemical elements in a chnemical system.
E Reaction progress variable,

X Under-relaxation parameter in Newton-Raphson iteration.
A _Activity coefficient of a solid solution copponent.

Aij d log A4 /d log X§.



Chemical potential.

A function for computing log ¥ as a function of 1.
co. .
<{aq)
A funeticn for computing lecg a" o as a function of IE'
27(1)
Density.

Subscript indexing an end-member component of a solid solution.
Total number ot end-menbers in a solid solution.

Alkalinity factor for aqueous species; the number of alkalinity
equivalents per mole.

Subscript indexing a minerai nt fixed composition.
Total number of minerals c. fixed composition.
Osmotic coefficient of water.

Fugacity coefficient.

Sﬁbscript indexing ; solid solution.

Total numbét of soiid solutions.

Water constant: 1000/mulecular weight of H,0, = 55.51.

xi



EQ3NR
A COMPUTER PROGRAM FOR GEOCHEMICAL
AQUEOUS SPECIATION-~SOLUBILITY CALCULATIONS:
USER'S GUIDE AND'DOCUHBNTATION

ABSTRACT

EQ3NR is a geochemical agqueous speciation-solubility FORTRAN prougram
developed for application with the EQ3/f software package. The program models
the thermodynamic state of an aqueous solution by using a modified '
Newton-Raphscn algorithm to calculate the distribution of aqueous species such
as simple ions, ion-pairs, and aquéous complexes. Input to EQ3NR primarily
consists of data derived from total analytical céncentrations of dissolved
components and can also include pH, alkalinity, electrical balance, phase
equilibrium (solubility) constraints, and a default value for either Eh, pe,

or the logarithm of oxygen fugacity. _

The ptoéram evaluates the degree of disequilibrium for various reactions
and computes either the saturation index (SI = log Q/K) or thermodynamic
affinity (A = -2,303 RT log Q/K) for minerals. Individual values of Eh, pe,
equilibrium oxygen fugacity, and Ah (redox affinity, a new pa;ameter) are
computed for aqueous redox couples. Differences in these values define the
degree of aqueous redox disequilibrium. EQ3NR can be used alone. It must be
used to initialize a reaction-path calculation by Edﬁ, its companion program.

EQ3NR reads a secondary data file, DATAl, created from a primary data
file, DATA0, by the data base PLeprocessor, EQTL. The temperature range for
the thermodynamic data in the file is 0-300°C. Addition or deletion of
species or changes in_associated thermodynamic data are made by changing only
the file. Changes are not made to either EQ3NP or EQTL. Modification or
substituticn of equilibrium constant values can be selected on the EQ3NR INPUT
file by the user at run time. EQ3NR and EQTL were developed for the FTN and
CFT FORTRAN languages on the CDC 7600 and Cray-l corputers. Special FORTRAN
conventions have been implemented fo; ease of portability to IBM, UNIVAC, and

VAX computers.



1. OVERVIEW

EQ3NR is a geochemical aqueous speciation-solubility FORTRAN program that
replaces the EQ3 cude in the EQ3/6 software package. 1Its function is the same
35 the old code, 1.e., to modél the thermoaynémic state of an aqueous solution
by ~calculating :ne Jdistrivution of ayueols species (simple.ions, ion-pairs, -
and aquecus compliexnes). £0°MK is much faster than the old code and its
+rinted ocutput 1s'uign1xicantly UPJTaGeE .o

The relat.ionship ot EQINR to the E(6 (Wolery, 1983a), EQTL, and MCRT
{(wolery, 1963b) codes is snown in Figure 1. This tigure depicis the flow of
intormation involving these codes. MCRT is a thermodynamic data base building
code. EQTL 1s the preprocessor tor the ECI’6 daia base. EQ6, vwhich must be
tnitialized by an EQINR calcalation, computes tnermodynaﬁic equilibrium models
or reaction-patt kinztic! mondels.

The output of EDINR centains the aqueous species distribution
fmancentrations and thermodynamie activities of indavidual species) and the
totai concentraticns of aissolvea components 1n cases where these are output
vdriables instead of 1nput patameters. It also includes the saturation
indices {S! = 1oy Q/K) and thermodyunamic attiniiies (A = -2.363 RT log Q/K) of .
precipitation reactions ot mirerals in the data base. It estimates the
thermodynamic state ut eacn aqueous redox couple, expressing it as
couple-specitic values ot Eh, pe, equilibrium oxygen fugacity, or Ah (redox
aftinity--see Seuction 2.3.5.3). Differences in corresponding values of these
quantities define Lhe degree of disequilinrium among any two aqueous redox
couples. EQ3NR alsu calculates the equilibrrium rfugacities of géses in the
data base. )

The 1nput to the couae consists of a ciemical analysis of a water and
specifiration of varicus user-defined optiuns. The descriptive input usually
consists mostly of analy.ical values for concentrations of discolved
components. These inputs represent total values that do not distinguish
between conlrihutions from simple ions, icn-pairs, and aqueous codplgxes.

They may or may not distinguish a dissolved component by valence form.
Normally, the pH is also an input parameter. Bicarbonate, or carbonate, may

e constrained by tiliation or carbonate alkalinity.
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If desired, specified ionic soluté may be constrainad by electrical
balance. A default redox parameter (1og oxyaen fugacity, Eb, or pea) may bne
input to distribute total concentrations that include more than one oxidation
state in-the corresponding mass balence.

Alternatively, the default redox staﬁe may be deterrined by a specified
redox couple for which there is an analytical datum for each oxidation state.
For example, one might spevify'the ferrous-ferric couple 1f one had two total
concentration values, one for Fez* and another for F93¢. It is he:;t to
treat aé many couples as possible hky tris method and thereby avoid using a
1odox default, That way, redox equilibrium can he tested inszeéd ot merely
ansumed. (3ection 5.5 gives an example of such calculations.)

The speciation calenlation is utherwise based oa thermodynamic
=gquillib:ium constraints., These data are includea on a supporting jata f{ile
called DATAO. Addition or dele«tion of species, or changes in associated
*hermodvnamic data, are made on this file without any corresponding changes
tequired in EGINR. The temperature ranae of the thermodynamic data on DATAO
is 0-300°C. The related codr/data £iié'packaae, MCRT (Wolery, 1983b), is an
important aid in revising and expanding DATAO. _

The data base preprocassdr, EUTL, checks the composition, charge, and
resctior coefficient data on DATAU for internai consicstency and fits
interpolating polynomiale to its equilibrium constant-temperature grids. FEQTL
then writes a secondary data file called.DATAl that is read by EQJNR. Ad hoc
alteration of the values of selected ejuilibrium constants can subsequently be
selected by the user on the INPUT file for EQ3NR,

£J3NR uses the ﬁ equation (Helaeson, 1969) to approximate the activity
coefficients of aqueous specics. An alternative would be the Davies (1962)
equation. These approximations are not applicable to strong brines, A
Generally speaking, the current set of activity coefficient approximations
should be limited to applications in which the ionic strenath is no greater
than approximately one molal. EQ3NR uses an expression suggestgd by Helgeson
{1969) to estimate the activity of water. |

EQ3NR uses a highly efficient modified Newton-Raphson algorithm derived
from the one that was developed in the EQ6 code. EQ3NR is much faster than
the cld EQ3 code, in part, because the equatiéns for ionic strength correction
and electrical balance adjustment are solved simultaneously with those

describing mass balance, altern.tive constraints, and mass action



(equilibrium) in aqueous solution. EQ3NR features both ' -er-controlled and
automatic basis-switching, a procedure of rewriting the agqueous reactions and
redefining the set of agqueous master species. This feature is sometimes
essential in getting the iterative calculations to converge. Other
convergence aids (pre-iteration optimization and under-relaxation techniques)
may also be employed.

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
incons.stent 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 the Newton-Raphson iteration fails to.converge, EQ3NR will analyze
the wreckage to generate crash diaénostics. Most of these diagnostics will
point to bad input, usually input that is bad in more subtle ways than those
which would have been flagged earlier.

Both EQ3NR and its supporting thermodynamic data base are extensively
documented internally. They and the INPUT and OUTPUT files are transpa:ené to
users since users deal with chemical elements and aqueous, mineral, and gas
species by recognizable names rather than index numbers. The EQ3NR OUTPUT
file is self-documented and can be effectively controlled by the user by means
of print option switches. A

EQ3NR can be used by itself. It is required, however, io initialize
reaction-path calculations performed by the companion code, EQ6 (Wolery,
1983a). 1In this case, EQ3N§ writes the tespltsvinto a file callel PICKUP,
which then forms the bottom half of the EQ6 INPUT file.

EQ3NR, EQTL, and related codes'(BQ6, MCRT) were written and tested on the
CDC 7600 and Cray-1 computers. Special FORTRAN conventions were followe. to
maximize portability to 1BM, Univac, and VAX machines.

This report describes the assumptions underlying the use of EQ3NR and
documents the mathematical derivations and the numericai techniques used by
the code. The EQ3NR INPUT file is described in detail. Several examples,
each of successful and unsuccessful uses of the code, including the full INPUT
"and OUTPUT £iles for each ex .mple, are presented and discussed. The

limitations and possible misuses of the code are pointed out.



The remaining parts of this report that are of primary interest to code
users are Sections 2-7 and Appenaices FP-H. Appendices A-E and I contain
information that can help in getting EQ3NR and EQTL up and running on a new
system. Section 8 aocuments the mathematical derivations in complete detail.
Many readeté may wish to skip it. Appendices A-E contain information mainly
of interest to programmers. Readers knowledgeable about geochemical modeling
of aqueous systems should at least skim the sections providing background
information on the geochemical theorY ard principles Qsed in EQ3NR, if for no
other reason than to familiarize themselves with ocur notation and the contents
of the code.

2. CHEMICAL MODELING OF AQUEOUS SOLUTIONS
2.1. INTRODUCTION

2.1.1. Types of Geochemical Models for Aqueous Systems

*Chemical modeling,” when applied to aqueous solutions, implies
éttempting to understand the properties of these solutions in terms of aqueous
species: simple ions, oxyions, hydroxyions, neutral species, and ion-pairs

and complexes like NaSO4,

attempt to present a thorough review of the subject. Reviews of the basic

CASOi, and uoz(cos)gf. This report will not

principles may be found elsewhere (Garrles and Christ, 1965; Krauskopf, 1967;
Freeze and Cherry, 1979; Snoéyink and Jenkins, 1980; .Stumm and Morgan, 1981;
Drever, 1982). Nordstrom et al. (1979b), Wolery (1979), Potter (1979), and
Jenne (1981) review the state of the art in chemical modeling, especially with
regard to the application of computer codes.

It is important to distinguish speciation-solubility wodels from reaction
path or kinetic models. A speciation-solubility model is a static model of an
agueous soiution. It estimates the concentrations and activities of all the
important agueous species in this fluid and calculates the saturation indices
for various minerals. A reaction path or kinetic model is a dynamic model.

It predicts the path of a :éac;ing system, i.e., it calculates changes in

total concentrations, concentrations of individual aqueous species and their



thermodynamic activities, and the appearance and disappearance of reactants
and products as a reaction progress or time variable advances.

Ordinarily, a reaction path model must contain one or more reactions that
are not in a state of thermodynamic equilibrium. Without any of thesc

so-called irreversible reactions, there would exist no driving force for any

rock/water interaction process. The excéption to this rule occurs when there
are changes in temperature or pressure. Driving forces then occur even in the
absence of irreversible reactions.

Speciation-solubility models are commonly used as a method to test
whether heterogeneous reactions are at or near a state of thermodynamic
equilibrium. The saturation indices of the fluid with respect to mineral -
phases (log Q/K) are measures of thermodynamic disequilibrium. Too often,
these models ignore the possibility that some homoéeneous reactions (reactions
involving only aquevus species) may also be in disequilibrium. The
homogeneous reactions that are moet likely to te suspect are those involving
oxidation-reduction and the formation/dissociation of complexes that are
actually small polymers (ol;gome:s;, such as (002)3(OH);. Speciation-
solubility models are better used when employed to test the degree of
disequilibrium for these types of reactions than when they are forced to
merely assume that such reactions are in equilibrium,

A speciatiuva-solubility model can not, by itseif, ptedict the change in
aqueous solution composition in response to rock/water interactions.
Nevertheless, this type of modeling can be a powerful tool for elucidating
such interactions wher 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 éequence of ground water samples taken from along an underground
flow path, or a sequence of water samples taken during a rock/water
interactions laboratory experiment. '

denne (1981) revigws several studies of this kind. Particularly
" interesting are Nordstrom and Jenne's (1977) study of fluorite solubiiity
equilibria in geothermal waters and the Nordstrom et al. (1979a) study of
contcols on the concentration of iron in acid mine waters. To minimize the
chances of misusing geochemical modeling codes, would-be users of EQ3NR and
other geochemical modeling codes should familiarize themselves with several
studies of this type to increase their understaﬁding of the approaches that
éan be taken in chemical modeling.



EQ3NR is a speciation-solubility code without the capability to calculate
reaction-path models. That function is reserved for its companion code, EQ6
(Wolery, 1983a); however, EQ3NR can use phase equilibrium (solubility)
constrairts to construct a given chemical model. In such cases, a solubility
equilibrium replaces a total concentration or other type of analytical datum
on the INPUT file (see Section 4). The-goiution in the res@lting model will
then be saturated with respect to the heterogeneous reactions that were
specified; however, EQ3NR only assumes that ﬁhe solution has been saturated.
EQ3NR does not calculate chemical mode]# in which the state of the agueous
solution is changed by a process, such as the dissoiution of a mineral, until

saturation is reached.

2.1.2. Specific Interactions vs lon Pairing/Complexing: An Alternate Approach

EQ3NR follows tﬁe traditional approach in geochemical modeling that
emphasizes the role of ion-pairing and complexing in an aqueous solution.
This approach is based on the classical model of sea water devised by Garrels’
and Thompson (1962), and tc deeper roots in inorganic chemistry, and
biochemistry. 1Ion pairs and complexes are considered as physical entities
present in solution, formed by reactions, such as:
ca?® + uco? = cancot .

3 3
We refer to this concept as 'species—including—ion-paits-and-complexes-és-
components.” .

An alternate approach is the "specific interactions” formalism (Pitzer,
.1973. with references therein, and Whitfield, 1975a,b). This concept cculd be
termed "species-excluding-ion-pairs-and-complexes-as-components.®” From a
purely formal viewpoint, the dissolved components are assumed to be fully
dissociated. Here the chemistry of ionic interactions is treated as a factor
affecting the activity coefficients of the ions. These coefficients are not
identical to the activity crefficients of the same ions under the tr&ditional
approach discusséd above. To avoid confusion, they are sometimes called
"total" or "stoichiometric™ activity coefficients, and symbolized by 7T. For
the i-th ion,

I I
ag; " By i



T . .
where m is the "total"™ and m the "free"™ concentration. Hence,
T T
= m./m .
Y5 Yi(i/ ﬂ

The specific interactions approach has been treated mostly in terms of
'saltséas-components.‘ Here one deals not with individdal_ionic components
and their properties, but electrically neutral combinations, the "salts®", and
their corresponding (combined) properties. The activities and activity
coefficients of salt components are experimentally measurable, while the
corresponding individual ionic pr&pezties that.contribute to them are not
separately observable. whitfield (1975a,b) and Harvie and wWeare (1980)
present formulations for single-ion activities in the context of a specific
interactions approach utilizing Pifzer's equations (see below).

The two principal advantages of the specific interactions approach are
{evwer components with which to deal and all parameters can be directly
experimentally measured. An ionic splitting convention is still required to
obtain single~ion activity roefficients. 1Tt is a sometimes frusctrating fact
that the thermodynamic properties, and often even the identities of many
aqueci1s ion pairs and complexes, must be largely inferred from measurements of
gross solution properties such as vapor pressure, conductivity, o}
solubility; On the other hand, there is sufficient hard evidence (e.g.,
spectrophotometric) that aqueous complex formation is, in geheral, a very real
and important phenomenon.

As one might expect, the dissolved salt approach tends to work best in
systems where there is only weak ion-pairing and no strong complexing. This
approach has been successfully applied to aqueous systens where this
assumption holds true (e.g., Pitzer, 1973). Its primary disadvantage is that
.aqueoué complexing is extremely important~in some caseS, €.9.,

2 2- 2

3

+ - + -
UOz+-C e 2n° ~Cl , and ng -Cl interactions.

This approach has been most extensively cdeveloped by Pitzer (1973, and
subsequent papers). DPitzer's approach, like several other attempts to develop’
this concept, is based on the 1déa of fitting a virial coefficient expansion
to experimental measurements. 1ln simple terms, this expﬁnsion is a type of

multivariable power series. Pitzer made two major improvements over previous



works in this area. Pirst, he used improved modifications of the Debye-Huckel
term. Second, he treated the first order virial coefficient as a function of
ionic strength instead of as a constant. ‘

The "specific interactions™ approach has been déveloped to the point
where it has appreciable, but limited, appiicability to brine systems (i.e.,
systems involving aqueous solutions of high ionic strength). For example, -
Harvie and Weare (1980), have applied Pitzer's equations to the study of
equilibria among brines and evaporite minerals in the Na-K-Mg-Ca-Cl-SO4-H20

system,

-~ e

A vorkable approach to modeling brines ucing ion pairs and complexes as
components has yet to be demonstrated; however, there is no reason that
Pitzer's equations could not be developed using these as components. Pitzer's
model has been modified somewhat in this direction with regard to the
treatment of acid-base equilibria of phosphate (Pitzer and Silvester, 1976),
sulfate (Pitzer et al., 1977), and carbonate (Peiper and Pitzer, 1982).

The present version of the EQ3NR éode does not contain approximations for
estimating activity coefficients that are valid in brines. 'Consequently,
calculations should be limited to modeling aqueous solutions with ionic
strengths no greater than approximately one molal. (Work i3 now in progress

to extend EQ3NR's applicability to systems that include brines--Wolery, 1983c.)

2.2. UNITS OF CONCENTRATION

EQ3NR usesnihe molal scale as the principal unit of concentration for
‘aqueous species. The molal concentration (molality) of a substance dissolved
in water is the number of moles of that substance per kilogram of solvent
(water). Other common measures of aqueous solute concentration are the
moiarity (moles of substance per liter of agueous solution), the parts-
per-million or ppm by volume (mg/L, milligrams of substance pe} liter of
solution), and the ppm by Qeight (mg/kg, milligrams of substance per kilogram
of solution). The EQ3NR code accepts conééntration parameters in any of these
units (see Section 4), but converts non-molal concentrations to molalities
before computing the aqueous speciaticn model.

The conversion-equations in all three cases require a value for the total

dissolved salts in mg/kg solution (CTS)' The density of the aqueous
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solution in g/L (p) is also required to convert molarities and mg/L
concentrations to molalities.* Let us define the weight fraction of solvent

X = (1,000,000 - CTS)/l,OOO.QOO .

H20

Then letting Cmo be the molar concentration, the molality is given by

lar
m = cmolar/(pxﬂzo) .
Letting cmg/L be the concentration in mg/L, the conversion is

= (0.0
m ( 0l Cmg/b)/(Hp XHZO)
where M is the molecular weight of the solute in grams per role. Letting

Cmg/kg be the concentration in mg/kg solution, the conversion is -

m = (0.001 Cag/kg)/(uxﬂzo) .

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 possible input constraints and gcverning equations. The input
constraints can include total (analytical, concentrations, alkalinity, an
electrical balance requirement, free concentrations, gptivities, pH, Eh, pe,
oxygen fugacity, phase equilibrium requirements, activity coefficient
corrections, homogeneous equilibria, and values for the necessary

thermodynamic functions. The governing equations are the corresponding

* In principle, both Crg and p are model-dependent quantities (o being
related to the species distribution and partial moulal volumes of the dissolved
species). In practice, water analyses often include estimates of Cqgp and
p, or values sufficient for the purpose of converting concentration units

are estimable without great difficulty. EQ3NR expzcts values of Cng and p
on the INPUT file if such conversions are necessary (see Section 4).
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mathematical expressions, such as the mass balance equation and the charge
balance equation.

The choice of governing equations in large part depends on which
parameters (e.g., pH, a species concentration, a total concentration) are to
be inputs to the model and which are to be outputs. This, in turn, is a
fuhction.of the available data on a given water, the form of the data, and the
hypothetical assumptions the modeler would prefer to apply.

Chemical analysis mainly provides a set of vzlues for the so-called total
concentrations of dissolved components. The analytical value for an ion such
as calcium is an example. It does not discriminate between the various
calcium spgcies in solution, but rather estimates the dissolved calcium from

all of them. This leads to a mass balance equation of the form

mT 2+ =m 2+ + m + +m o+mn + +m O+ o« o @
Ca Ca - CaOH CaCO 3 CaHCO 3 CUPO 4

T
where “ba2+ is the total concentration. The summations must be weighted by the

appropriate stoichiometric equivalences, e.q.,

HF HF

o
-=m -+ + O + +2m - ...
W T WT Ym0+ 2m 5 ‘2’ 2“&11?2 + 3"%1?? + 2’”A1P2

The‘total concentration is the most common Ltype of input parameter to an
aqueous speciation model. The mass balance constraint that corresponds to it
is, therefore, the most common governing 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, ion-triplets, etc., and complexes., For some
investigators, thé term "ion-pair™ implies a species 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 bonding. Other investigators use these terms interchangeably. It is
a general assumption in cases of geochenical.intgrest that the soncentrations

of ion-pairs and complexes are governed by thermodynamic equilibrium.

12



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 carbonate ion-pair dissociates according to the

reaction
Cacog = ca’t 4 cog' .

where "=" is used as the sign for a reversible chemical reaction. The corres-

" ponding mass action equation is

(3,24 (35270 (3, o)

K O =
CacCo 04 ¢

3 a 3

yhere K is the equilivrium constant and a represents the thermodynamic

activity of each species. This may also be written in logarithric form

R
leg KCaco‘; = log a, 2+ + log acog- “9 aCacog ,

The thermodynamic activity is related t{o the molal concentration by the

relation

a=my .

where vy is the activity coefficient, a function of the.composition of the
aqueous solution. As the solution approaches infinite dilutior, the value of

‘7 for each species approaches unity. (Activity coefficien®*s are the subject

of Section 2.3.4.) The following subsections discuss the formulation of
agueous speciation problems in general terms. '

2.3.2. Reference Formulation of the Aqueous Speciatioh Problem

In general terms, setting up an aqueous speciation model involves
choosing n unkowns and n governing equations. The EQ3NR code offers a very

wide range of options in this regard. To make sense of the various ways of

setting up a model, we will define a reference formnlation for the aqueous

speciation problem. This reference formulation will serve as a springboard
for discussing the information entered into speciation models, the 6utput from
the model, and the modeling options. It will also be used to compare the

13



fcrmulation of the aqueous speciation problem in EQBNﬁ, and other
speciation-solubility crdes, with the formulation in a reaction-path code such
as EQ6.

In the reference formulation, we will ignore activity coefficient
corrections and assume that the activity of the solvent, water, is unity.
Note that the molal cuncentration of the solvent is fixed as the number of

moles of water in a one kilogram mass of the pure substance,

We will assume that there are :* chemical elements in the model. To
further simplify the reference formulation, we will assume that each element
is prrsent in only one oxidation state. Therefore, suppose that chemical
analysis has given us cTrz total concentration values with one
corresponding to each chemical element except oxygen and hydrogen. That gives
us cT-Z mass balance equations as governing equations.

The charge balance gquation will play the role that might have been

played by a mass balance equation for hydrogen. The charge balance equation
may be written in the general form

ies overall aqueous species,
z is the electrical charge of a species,

m is the molal concentration of a species,

The hydrogen mass balance equation can not be used as a governing equation to

'ca;culate the pii. This is due to the impracticability, if not'impossibility,

of ever measuring the total concentration of hydrogen with sufficient accuracy
when nearly all of it is contributed by the solvent.
To sum up, the reference formulation consists of (1) cmrz mass
balance equations/total concentrations, one pair for every element except
oxygen and hydrogen, and (2) the charge balance equation (to calculate pH).
Each element is present in only one oxidation state. Activity coefficient
corrections, including one for calculating the activity of water, are ignored.
Before proceeding, ve will contrast this framework (in general, common to

-speciation-solubility codes) with that emnloyed in the EQ6 code. 1In the

14



corresponding prctlem for that code, we would be given € masses {in

moles) and the same number of mass baiance equations written in terms of
masses instead of concentrations. There we have a mass balance equation fcr
oxygen, and we must calculaﬁe the ﬁass of the solvent, water. In the case
where each element appears in only one oxidation state, as we have temporarily
assumed here, the charje balance equa*ion is_a linear combination of the mass
balance equations and the governing equation associated with #* can be

either a hydrogen mass baléﬁce equéiion or the charge balance equation. The
speciation-soluhility code problem has one less unknoyn.and, hence, oﬁe less
governing equation than the corresponding EQ6 problem,

In gither 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, A13+ with aluminum balance, and H+ with charge
balance. Suppose our model must consider n balance equations and k aqueous
complexes (using the term to include ion-pairs). That gives us k mass action
relationships which zre also governing equations. We now have n + k equations
in n + k unknowns (the massas/concentrations/activities of the n + k aqusous
species).

The number of agqueous complexes is usually much g:e&ter~than.the number
of balance equations. This is espeéially true when there are a very large
number of balancé equations. A useful approach is facilitated when the number
of equations and unknowns is reduced by substituting the aqueous mass action
equations into the balance equat.ons (se2 Section 8). This leaves us with n
equations (modified balance eQuatiohsi-in n unknowns (the coacentrations or
activities of the aqueous species that were chosen to fcrmeily correspond to
the balznce relationships). . ‘

This approach leads us to the concept of dealing with a set of masﬁér
aqueous species. These may alsc be termed “"basis species"; however, the
concept does not arise purely from an attempt to réduce the number of
iteration variables. The k aqueous complexes.give us k linearly independent
dissociation reactions ahd k liﬁearly 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
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of master aqueous species. The dissociation reactions are then written as

overall dissociation reactions but never as stepwise reactions; e.g.,

HgCl, = ﬂg2+ + 3¢l ,
not

. - ~ ’ -
HgCl3 = HgCli + Cl .

We will also use this format to write dissolution reactions for minerals and
gases and their associated heterogeneous mass action equations. (See, Section

3.1 for furcher discussion of master species and reaction formats.)

2.3.3. Alternative Corstraints

Tue reference forrulation cf the aqueous speciation problem consists of
the cT~2 mass balanze equation:/total concentrations and the charge
balrnce equation (to calculatz pH) mentioned earlier.
We have discussed adding activity coefficient corrections and corrections
for the activity of water. Now we will discuss alternative constraints to the
\"// balance equations in the re-erence formulation. Insertion of the oxidaiion-
reduction options into the formulation will be discussed in the following
subsection.
The alternative constraints are:
° Specifying log a for a species (recall, log aH+ = -pH) .
[} Applying the charge balance constraint to a master species other
than H+. )
° Alkalinity balance (carbonate or bicarbonate only).
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).
o Specifylng the individual concentration of a master aqueous species,
When a mass balance constraint. is replaced by one of the above ‘
constraints, we will continue to reduce the number bf unknowns to a master

\\_,/ " pet, as previously discussed. The corresponding total concentrations become
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_parameters to be caiculated. We can calculate, for example, the total
mass/concentration of hydrogen with sufficient relative accuracy to permit the
EQ6 code to use the result as a constraint to solve for pH.

It is appropriate that the first substitution we will discuss concerns
the hydrogen ion. In the course ofAchemical analysis, the pH of an aqueous
solution is usually determined by means of a épecific-ion electrode. This
gives us the activity of the nydrogen ion (recailing, pH s--loq aH+). The
_activities of many other species, including Na', ca*, s, F, and c1”7,
to name but a few, may also be measured by specific-ion electrodes.

EQ3NR will accept, as an innut, the logarithm of the activity of a
species. This means that the code expects to see =pH, not pH, on the INPUT

file when the option is invoked. The new governing equation is just
m=alf .

We recommend routinely calculating pH from electricail balance only in
cases of synthetic salt soluticns wﬁe:e the ionic totals are eract with
respect to charge balance (see the example in Section £.4). In other
circumstances, this practice is potentially dangerous because the tesuli is
affected by the error in every analytical value put into the model and by
every analytical value not entered, but required by the model. 1In general,
apart from the case of synthetic salt solutions, it is only safe to caiculate
pH this way 1f the pH is low , ;iq solutions) or high (alkaline solutions

where pOH = -loqg a

ou" is low and electrical balance would effectively be

constraining OH ).

The charge bhalance constraint can be applied to one of the major ions if
a charge-balanced speciation model is desired. 1f EQ3NR does not use the
charge balance equation as a constraint, it will calculate the charge
imbalance. Othervise, if will notify the user of the change in total
concentration or pH thét wes required Lo generate a chatée-balanced model.

Carbonate, :includirg bicarbonate, generally contributes nearly all of the
alkalinity of an aqueous solution. EQ3NR allows titration alkalinity to be
irput for carbonate instead of total concentration. An alkalinity balance
equation is very similat to a mass balance equation. It may be written in the

general form

Sp
A’Z‘!m ’
t s=1 s S
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where
[ ]

At is the titration alkalinity,

t-values are the corresponding alkalinity factors.

There is more than one type of alkalinity and consequently more than one
set of alkalinity factors. EQ3NR offers two choices{ The first is titration
alkalinity to the methyl orangé endpoint at pH 4.5. This is the same
definition of titration alkalinity given by Parkhurst et al. (1980) for use in
the PHREEQE code. The user is warned, however, zhat other titration
alkalinity standards exist, corresponding to different end points, and they
require a different set of titration factors.

The titration alkalinity balance equation corresponding to the methyl

orange end point is

= - + . (as .
Ry mHco3 * mCaHC03 Yoo 2mc0:3> * szaco‘; e

+ ..+m-+2m2"+...
m HS s

- 4+ m + +
OH CaOH

The second alkalinity option in EQ3NR does not correspond to a different
end point. It merely includes only the carbonate/bicarbonate species in the
a2lkalinity balance. It is of limited usefulness because there is not an
experimental procedure fcr determining the alkalinity attributable only to
carbonate.

A r.ass balance constraint may also be replaced by a specified mineral or
gas equilibrium. For instance, suppose we wanted to know what concentratjon
of dissolved calcium would be required for a water to be in equilibrium with
calcite (the s*able polymorph of Caco3(c at 25°C). The dissolutioq

)
reaction may be written

2+ 2~

Calcite = Ca + CO3 '

and the corresponding governing equation is then

( 2+)(a_, 2-) .

a
C
a 3

Kcalcite = Co

If the required equilibrium involves an end-member component of a solid

solution, the governing equation is slightly modifi»d. - Suppose we choose
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equilibrium with a calcite encd-rember of a high-magnesium calcite

(Ca,Mg)CO3 . The governing equation beccmes

(c)

K . = (a 2+)(a__2-;° . )
calcite ( Ca A CO3 (aca.c1:e .
The activity of a scl.d sclution component, like that of calcite sbove, is

given by

where
} 1s the activ:ity coeft ient,

X 1s the mole f:action of the corpunent 1n the solid solution.

The current versioun of EQINR declc cnly witn sclid solutions thaﬁ are
composed of cnd-memhe: components. For ideel solutions ot.thxs type, the
activity coefficients (1) all have values of unity. for ron-ideal -
solutions, t' ~ activity cocfficiants are functions of the composition of the
solid solutions. As the mole-fraction (x) of a component approaches unity, so
does its activity coefficient. Hence, tne activity of pure calcite is unity
and need not explicitly appear i1n the mass action equaticn for aits sélubility
eguilibrium,

In order to use this tvpe ot constraint, one must complete tne input to
the speciation moudel by 1ncluding the mole tractions of the end members of the
solid solution. The tvpe ol sol:i:é soluticn (the “law” that relates tne
activity coefficients to the mole fractions ot the ¢nd members) is specified
on the EQ3/6 data file. For exahples of sich snlid solution "laws,” see
Wolery (1979, Table 3, pp. 12-13).

Suppose we want to know how much dissolved carbonate would be in solutioun

if it were in equilibrium with C°2(g)' The coz(g) dissolution reaction
may be written )
+ 2-
Cco + H O =2H + CO .
2(q9) 2 (1) 3

Tae corresponding governing equation is

.- 2 -
K = (3, (3, 27/ (o,

i (f ) .
€03 (q) 3 2

)
0
C02
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where £ is the fuaacity of CO To use this option, the user must

co 2(g)°
provide tﬁis fugacity as an input value 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 speczies is

akin to the molal councentration. The formal relationship is given by

f =xp .

where
p is the parcial pressure,

v 1S the fucacity coefficient, analogous to the activity coefficient y.

At low pressures xy approaches unity, and fugacities can be equated with
partial pressures.

Specifying heterogeneous- equilibria as inputs to an ajueous speciation
model can bte a bit dangerous, First, ghe user must choose which phares
(stable or metastable) are controlling solubility equilibria. If the choice
is an extremely poor one, the equilibrium concentration of a species so

‘constrained may be very large (see the example in Section 6.3). Furthermore,
the expressions for the logarithm of the ion activity products for all such
reations 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 heterogéneous equilibrium.) Such linear denendence
viclates what we call the "apparent”™ or "mineralogic*® phase rule (Wolery,
1979). This is élightly more restrictive than the phase rule of
-thermodynamics. Sets of equilibria that satisfy the phase rule, but only
because the temperature and pkessure happen to fall on a univariant éurve, do
not satisfy the apparent phase rule. (See Section 6.2 for an example of an
apparent phase rule violation.)

EQ3NR allows input of the individual concentrations of maéter species,

The governing equation in this case is
m=m .

It is largely appropriate only for master species that form no complexes, such

as O and other dissolved gases.

2(aq)
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. + .
log g = "coz,,lI * Voo, 2! ¥co,,3

2.3.4. Activity Coefficients and the Activity of Water

The thermodynamic activities (a) of aqueous solutes are the product of

their molal concentrations :'m) and their activity coefficients; i.e.,

a=m .,
Tne activity coefficients are functions of the composition of the aqueous
solution. 1In dilute solutions, this can be described solely as an ionic

strength dependence. The ionic strength is

S

- 2
I=0.5) mz_ ,
s=1
where the summation is over all aqueous species and z is the electrical charge.

EQ3NR uses the h equation of Helgesor. (1969) for electrically charged

species:
1 . -AZATI/(L + S B) ¢ BI .
°9 v, o a_B\ ) .

A possible alternative, though not yet implemented in EQ3NR, would be the

Davies (1962) equation:

2 .
logy_ = -az2 [( n/1'+ 1) - ar ].

Tne value of the d parameter is usually taken as 0.3 (e.g., Parkhurst et al.,
1980; Stumm and Morgan, 198l1).

Neither the B equation nor the Davies equation is generally dependable
at ionic strenaths of greater than roughly one molal. Below an ionic strength
of about 0.5, the results of the two equations are pretty much equivalent.
EQ3NR uses one of two treatments for neutral agueous species. One
treatment suggested by Garrels and Thompson (1962), and reiterated by Helgeson
(1969) , suggests assigning the value of the activity coefficient of aqueous '

coz. This function is represented by a power series:

3 4

1° 0+ 10 .
Yco,,4

2'
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The first term on the right-hand side dominates the others. 1Its coefficient

is positive, so the activity coefficient of ZC_ increases with increasing

2 .
ionic strength, the so-called “salting-out®™ phenromenon. EQ3NR only applies
this approximation to species that are essentially nonpolar (e.g., 02(aq)'

H?(aq)' NZ(;q))’ for which salting-out would Lte expecteé.

Reardon and Langmuir (1976) showed that the activity coefficients of two
polar neutral species (CaSO? and Hgsog) decrease with increasing ionic
strength, the so-called "salting in" phenomenon. There is insufficient
understanding of the activity coefficients of polar neutral aqueous species to
suggest a general mathematical description. EQ§NR sets the activity

ccefficients of such species to uvnity; i.e.,

10975=0 .

In principle, if one has a model of the behavior of activity coefficients
in agueous solution, one immediately has a model for the behavior of the
activity of water through the Gibbs-Duhem equation of thermodyngmics. Any
different model for the activity of water would be inconsistent with the laws
of thermodynamics. The following approximations are not thermodynamically
consistent with the activity coefficient approximations given above; however,
the activity of water is so close to unity, outside the case of strong brines,

that it makes no practical difference if the formulation for the activity of

. water is inconsistent with the formulation for the activity coefficients of

the solutes.

EQ3NR uses the following apprcximation from Helgeson (1969), which is
essentally a fit to data from the system sodium chloride-water up to a 2-molal
concentration. It uses a parameter called the equivalent stoichiometric ionic
strength of a sodium chloride solution (IE), taken as equivalent to the

. . + - . .
total concantration of either Na' or Cl . The equation 1is

log a0 " =21 9'/(2.30%) ,

20

where

2 3
= - D'J?
0! 1 D'J' + w215/2 + 29315/3 + 3w4IE/4 R
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and
D' = 2,303 A/(w31 )

1’’’
J* = B' - 2 1n B* - 1/B* ,
LI
B l+wlIE,

where

Wir Yyr W3, are constants adjusted to fit experimental data,

and v, .
w is 1000 divided by the molecular weight of water,
9" is the osmotic coefficient of water.

A more clementary approximation, not presently used in EQ3NR, was

suggestéd by Garrels and Christ (1965):

Sp

log o™ 1 - (1/w) 2: m .
2 s=2

where the summation is over all aqueous species, except the solvent (s = 1);
Corrections for activity coefficients and the activity of water are
treated in EQ3NR by including I and IE in the set of master iteration
variables. The other master iteration variables correspond to the agueous
maste: species. For a detailed discussion uof the mathematical derivations in
which the activity coefficient and activity of water corrections are folded in

with the rest of the governing equations, see Section 8.

2.3.5. Redox Constraints

2.,3.5.1., There is No Such Thing as a "System™ Eh

The high degree of emphasis on trying to understand the geochemistry of
natural waters in terms of pure equilibrium thermodynamics has misled many
people to believe that the redox state of real aqueous systems can be
characterized by a single parameter called Eh (a redox potential, given in

volts). The related parameter called pe, the negative of the logarithm of the
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hypothetical electron, is similarly incapable of describing the overall redox
state of a real aqueous system.

The concept of there exists a "system”™ Eh or a “system” pe is based on the

assunption that all redox reactions in an aqueous system are in a sctate of

thermodynamic equilibrium., This assumpﬁion is extremely inaccurate for real
systems, including probably all natural systems, all such systems perturbed by
man, and all but the most trivial laboratory systems (Morris and Stumm,

1967). Stumm and Morgan (19Bl) introduce their chapter on oxidation-reduction
with a warning to this eftect. Jenne (198l) also points out the problem. By
anad large, however, even the more recent textbooks and monographs on agueous
geocnemistry tail to eftectively state this caveat,

KRedox disequilibrium in natural agueous systems is primarily the
conseyuence of two tactors. First, biological activity (as in the case of
pnotosynthesls) acts to perturb these systems away fraa redox equilibrium
(althuugn by means of other reactions, it may also éatalyze an apptdach toward
equilivrium). Secondly, oxidation-reduction of compounds of the light
elements (e.g., C, H, O, N, S)'usually in;olves the breaking of covalent
bonds; hence, many such reactions tend to occur very slowly.

A third factor may be important in the disposal of nuclear waste.
Radiolysis ot aqueous solutions by gamma radiation is a very effective process
in perturoing such systems away from redox equiiibrium, because it promotes
the fornation of tnermodynamically unstable mixtures of strong oxidizing and
stronyg reducing agents., _

Several well known examples of redox disequilibrium in natural aqueous
systems can be cited., One example is the coexistence of dissolved oxygen and
organic carbon in nearly all natural waters. Anqther is the disequilibrium of
dissolved metnane and bicarbonate with dissolved sulfide and sulfate in mény
marine sediments (Thorstenson, 1970). 1In anéther case, Berner (1971, p. 119)
cites the disequilibrium of dissolved nitrogen and nitrate with dissolved
oxygen and water in marine surface waters.

How then does one characterize the redox state of aqueous solutions if the
concepts of "system™ Eh and "system™ pe are inadequate? Berner (1981) has
proposed an in:eregting geochemical classification scheme for waters in
sediments that depends on first, the presence or absence of measurable
dissolved oxygen, and secondly, in the absence of dissolved oiygen, the -

presence or absence of measurable dissolved sulfide. One approach to
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characterization would be to generalize Berner's scheme to include a broader
range of natural waters, including those perturbed by man.

A more quantitative approach, however, is to recognize that each redox
couple can have its own redox state that can be expressed as a couple-specific
Eh or pe. We can define and calculate these parameters for any couple by
using the Nernst equation in éonjunction with chemical analyses that are
specific with respect to oxidation state. 1In the following discussion, we
will discuss this concept and make it clear why the idea of & system Eh or pe

requires the generally implausible assumption that there is thermodynamic
equilibrium among all redox couples.

2.3.5.2. Background: Redox Couples and Half-Reactions

Oxidation-reduction in aqueous systems is commonly treated in terms of
redox couples and their associated half-reactions. Common couples in aqueous
- 2= + + -
systems include HS /504 . Pez /Pe3 e C /HCO3 s O /8.0 , and

H
4 (aq) 2(aq)” 2 .
"2(aq)/“2° « The half-reaction is illustrated in the case of the very

important dissolved oxygen-water couple

+ -
ZHZO(L) = 02(aq) + 4H + 4e .

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

+ -
H = 2H + 2 o
2(g) ¢
I1f we multiply this half-reaction by two and subtract it from the first one,

we get the following complete redox reaction (which has no electrons among the
reactants or products)

HO =0 + 20 .
2 (1) 2(aq) 2(9)
The thermodynamic convention describing the state of electrical potentials
of half-reactions as Eh values takes the electrical potential-of the standard
hydrogen electrode as zero at all temperatures and pressures. This is

consistent with the following thermodynamic conventions, where the superscript
"o" denotes the standard state:

25



AG? H = 0 at all tempetatuteé (the fugacity is one bar in the standard
’

2(9) state),

AG;,H+ = 0 at all temperatures and pressures,

AGO -~ = pG_ - = 0 at all temperatures and pressures.
f,e f,e

Gibbs energies are ‘related to electricil potentials by the Nernst equation

AG = 4+nFE ,

where
n is the number of electrons in the half-reaction,

F is the Faraday constant. ¢

This is the form of the Nernst equation presented by Garrels and Christ (1965),

An alternative treatment, almost equivalent to the approach in the above
Nernst equétion, is writing the half-reactions as reduction reactions, so that
tne electron appears on the left side. One then reverses the sign on the

right side of the equation. Development is equivalent to that of the original

- Nernst equation, except the signs of the Gibbs energies and corresponding

equilibrium constants and activity products are reversed (Stumm and Morgan,
1981, Chapter 7). '
Applying the thermodynamic relation

2G = aG° + 2.303 RT log Q ,

to half-reactions and substituting it into the positive convention version of

the Nernst equation, we get

E = £+ (2.303 RI/nF) 10§ Q) ,,

where
E° is the standard state potential,
Ql/2 is the activity product of the half-reaction,
R is the gas constant,
T is the absolute temperature.
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If we use the negative convention version of the Nernat equation, we get

1 ]
E = E° - (2.303 RT/nF) log Qs

t
where Ql/2 is the activity product of the reverse half-reaction. These

relativns are equivalent because log Qi/z = -log 01/2. Because the

Gibbs e¢nergy of the hypothetical electron is aiways zero, whether it is in the
standard state or not, its thermodynamic activity is fixed at unity and does -
not need to explicitly appear in the activity product expressions for

half-reactions.

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

We can wcite a modified Nernst equation for any redox couple. 1In the

case of the ferrous-ferric couple, whose corresponding half-reaction is

Fez+ = Fe3+ + e .

this is
o ’ :

E = E- 2+ + + . .
Fe /Fe3 (2.303 RT/nF) log (aFe3+)/(aFe2+)

Similarly, for the dissolved oxygen-water couple, whose half-reaction is

2 + 4 H+ + 4 e .

1% ™ %2(aq)

this relation is

o _ , 4,. 2
E=E = (2,363 RT/nf) log (a y(a +) /(a ) .
©2(aa) 2%y 02(aq) H20 ()

Under the thermodynamic conventions adopted above, the potential E on the left
side of each of the above equations equates with Eh.

If the two couples shown above are in equilibrium with each other, they
must have the same Eh. If they have the same Eh, they are in equilibrium.
Conversely, if they do not have the same Eh, theyv must be in di:equilibrium.
This can be shown by relating the Gibbs energy of a combined, complete .
reaction to the differences in pétentials. I1f the first half-reaction has
Eh, and n

1l 1

electrons appear in it, and the second half-reaction has Eh2
and n, electrons, we can create a compléte reaction by multiplying the



second half~reaction by -nI/nz and adding the result to the first. Then

1
reaction is then given by

n, electrons are transferred in the complete reaction. The Gibbs energy of

4G, = m)F Ehy - (ny/n,) nyF Ehy = n)F (Eh) = Ehy) .

The condition of zero Gibbs vnergy of reaction (thermodynamic equilibrium) is
met only if Ehl = Ehz.
The redox paramecer pe, popularized by Truesdell (1968) and Stumm and

Morgan (19Y8l), is defined to be analogous to pH:
pe = -log ae- R

where e 1s the hypotnetical aqueous electron. It should not be confused
with real agueous electrons, which are extcemely scarce in nature. Their
thermodynamic properties a}e not the same. 1In fact, the hypothetical electron
used to define pe is not the same as the one used to define Eh. The Eh
conventions require the activity of the hypothetical electron to always be
unity. That convention wculd fix pe at a value of zero.

The relation often given (e.g, Thorstenson, 1970; Stumm and Morgan, 198l)

between pe and Ek is

pe = (F/2.303 KT) Eh .

One may derive that this requires the thermodynamic convention

- = 1/2 AG - 4G, + at all temperatures and pressures, which

AG
B

f,e

requires that
(]
AGf e” = 0 at all temperatures and pressures, whereas the Eh convention
’

for the hypothetical electron was

AGZ e = Acf o = 0 at all temperatures and pressures,
1 4 . ’

It should be clear to the reader that pe is not a perfect analog to pH
because pH is-defined with respect to H+, a real agueous species, whereas pe
-is defined with respect to a hypothetical species. (In calling B+ a real
- agueous species, we ignore the potential issue of whether or not Hao+ is

tne real species that defines pH. The point here is that pH is defined by a
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real species.) Each redox couple can have its own pe, just as it_can have its
own Eh, with both related by the equation given above. It follows from the
previcus development that thermodynamic equilibrium between two redux couples

is synonymous with each having the same value of pe..

The state of an agqunous redox couple is described in terms of an
electrical potential by a couple-specific Eh. It c.a also be expressed in
terms of a chemical affinity by a new parameter we define here and call the

redox affinity, Ah. This is a special case of the thermodynamic affinity
function, viz., application of this function to redox half-reactionc. This

quantity is related to Eh by the relation:

Ah = F Eb .

The driving force for any kind of complete chemical reaction (meaning to
exclude half-reactions) can be expressed by the thermodynamic affinity, which
is related to the equilibrium constant ¥ and the activity product Q by the

equation:

A = 2.303 RT log (K/Q) = -2.303 RT log (Q/K) .

If n, electrons appear in one half-reaction and n, in another, the two

halffreactions can be combined into a complete regox reaction by multiplying
the second half-reaction by -nl/n2 and adding it to the first. The ‘
thermodynamic affinity of the complete reaction, in which ny electrons are
transferred, is then related to the Ah v;lue§ (Ahl and Ahz, respectively)

of the two half-reactions by the equation:

Thermodynamic eguilibrium (A = 0) among two redox couples is the case if and
only if both couples have the same value of Ah.

The redox affinity has no fundamental advantage over Eh as a redox
descriptor as long as one understands that Eh is .couple-specific and not a
"system” parameter. 1In the geochemical literature, however, Eh has received
so much atteﬁtion as a "system" parameter that this connotation is difficult
to disregard. ) .

Alternatively, the state of a redox couple may be expressed in terms of

an equilibrium oxygen fugacity. Recall that fugacities are properties of gas



-species. Gas species can not exist in agueous solution because, by defini-
tion, all species 1n agueous solution are aqueous spec.es. Therefore, we can
only talk about oxycen fugacities in aqueous solution by reference to

hyputhetical equiiinrie with a yas phase. Putting it another way, O

2(q)
makes a perfectly gwod hypathetical agqueous species, much like the
hypothetical ayueous electron.

Consider the half{-reaction:
2H_O = 0. e 4} s 4e_ R
Z () 03;
whete, we now Zane o0 to pe a hypethctical aqueces species with the

- 3
tnermodynatic sropecti-n 2 tne reai gas species. We can calculate an

equilib.ium uxyven fujarnity {or any hali-reaction by coupling it with this
nalf-reacticn to totr 3 complete redox t1eaction.
d . the equl. 1bri constant for the O H.O
Let K o the equl. ltrium ¢ 2(9)/ 2w
nalf-reuction gi1ve:. atwve. ©h und oxyg:n fugacity are then related by the

equation:

loy to = WAF- 71, 362 Ry} Eh - 4log a + ¢+ 2log a + log KE

H HZO(I) h

This equation *an ne used to relate the equilibrium oxygen fugacity of any
£edox COupie witr 113 own Eh. Two redux coupies are in thermodynamic
egquilivrrum wits =ich otrner 1f and only if they have the same equilibrium
.ovy3en fuoaTity,

cotehed. Redos inlaanii:  Testing vs Assuming Equilibrium

A Tommeinly uned approach in agueous speciation modeling is to input a
tutai zoncentration for a dissolved element that occurs in more than one
oxidation <tate and partition it according to a given Eh, pe, or oxvaen
fugacity. This, however, requires us to assume that all redox couples in the
svstem are in a state of thermodynamic equilibrium. The EQ3NR zode offe:s
this option.

1f we ccnstrain the thermodynamic activities of all the aqueous spec.es
appearing in a couple's halt-reaction without resorting to an input Eh, Ah,
pe, or oxygen fugacity, the equations presehted above give us a means to

calcul te its i1ndividual redox state exprecsed as any of the following:
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° En in terms of an electrical potential.

® Ah in terms of a chemical potential.
. be.
. Equilibrium oxygen tugacity.

Generaliv, analvtical techniques do not discriminate petween a simple
species and its ion-pairs and complexes; however, there are techniques in many
cascs to discriminste between different oxidation states. For example, to

- calculate the couple-specitic Eh of the ferrous-ferric half-reaction, we must
have an analytical datum for each of Fe2+ and Fe3+ (Nordstrom et al.,
19792). 1f these data are both total councentrations (e.g, total Fe2+, total
Fej‘)q we simply have two master species and two corresponding mass balance
equations for ron in tne aqueous speciation model instead of one master
species and ore mass balance equation.

This i5 the preferred approach to treating oxidation-reduction in aqueous
speciation modeling (Nordstrcm et al., 1979b). One may then test whether or
not various redox couples are-in equilibrium witn each other. EQ3NR can treat
any redox couple in this fashion. Aliernativu constraints discussed in the
previdas £~ ction could pe used to substitute for one or both total
concerntrations/mass balances in the usual way. The code will use a redox
default to partstion an element that appears in more than one -*idation state
if insufticiunt data are input to calculate a couple-specific parameter. The
redox tlefiult may be an input Fh, a pe, or log oxygen fugacity.:
Alternatively, it can be defined by a ?edox couple for which sufficient data
are input to culculare couple-specific pareameters. By constraining one or
rore 0f the species in %ne corresponding half-reaction by a hetecrogeneous
ega:librivm constraint, it-is possible to constrain the default redox state by

a heterongeneous equilibrium,

2.3.6. Measures of Mineral Saturation

EQ3NR umploys two measures of the saturation state of an aqueous solution

with r2soect to minerais. The first is the saturation index defined as

SI = 103 CIK [}
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where it is inderstood that Q is the activity preduct and K the equilipbriwum
constant for a dissolution reaction. The second measure of the saturatior
state is the thermodynamic affinity of the precipitation reaction. The
aftinity of a reaction, no matter how it is written, is related to its

activity product ar<l equilibrium constant by the equétion:
A = 2,303 RT log (K/Q) = -2,393 RT log (Q/K) .

Because 1log 0/K changes sign when the reaction is reversed, the affinity to

precipitate is related to the saturation index by

Aprecxpitat_ion = 2.305 RT ST .
Follo~ing these conventions, both SI and A are positive for supersaturated
minerals, zero for saturated minerals, and negative for undersaturated
minerals.

In the case of solid solution minerals with end-member components, the
saturation index of the g-th end member is related to that of the
corresponding pure phase ¢ by

S1 = 8S1 + : = + + .
o ° log ao Sl" log xo log Ag.

where
a is the thermodynamic activity of cthe end member,
x is the end-member mole fraction,

A is the end-member activity coefficient.

Consideration of an overall dissolution reaction of a solid solution of given
composition suggests that the saturation index of the y—-th solid solution

should be defined:

O
S1 = x SI .
1 22& o @

Affinity functions can be defined analogously.
The pro-lem of defining the saturation state of a solid solution, for

which no composition is given, is not so straightforward because the result is
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composition-dependent. One way to approach this is to find the compositions
‘that maximizes the SI. Another is to search for those compositions that are
either in equilibrium with the fluid (SI = 0) or are closest to the minimum
absolute value of SI. .

The present version of EQ3INR has very little capability for dealinc with
the saturation states of solid solutions of unspecified compositions. The
current coding for this was taken directly from the old EQ3 code. The
approach taken here requires estimation of the saturation index or affinity on
the basis of a composition for whiéh all end members, except the last, would
be in equilibrium with the aquecus solution. This approach fails wnen such a
composition does not exist, whicﬁ is the czse when any pure end member but the

last has a positive saturation index.
2.4 USE AND MISUSE OF SPECIATION-SOLUBILITY CONES

There is significant potential to misuse any speciation-solubility code.
Nn such code should be used as a "black box.“. As Jenne (1981, p. 36) puts it,
". . . each application shculd be viewed as a partial validation.®™ The
geochemical model of each new scenario (e.g., a set of waters in a composi-
tional 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. Many heterogeneous and
aqueous redox reactions are likely to behave this way.

Geochemical modeling with aqueous speciation-solubility codes must
actively address three questions. First, are all the significant species iﬁ
the model? Second, are all the important thermodynamic data sufficiently
correct? Do they make sense when compared with the model outputs 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 i{n contact? Third, would disequilibrium constraints
be more appropriate than equilibrium constraints for some reactions,
especially aqueous redox reactions? Users should kgep in mind the admonition
of Nordstrom et al. (1979b) that ". . . no model is better than the

assumptions on which it is based."
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The EQ3/6 C~ta base iz desiaoned to make it very convenien% to add or
delete species or change their assuciated thermodynamic data. Furthermore,
the EQ3NR coce permits changing the values of equilibrium constants at run
time (see Sectior 4§, fhé codr- uLfers the user no excuses ior rot addressing
the above gquesticn... '

If theemadynamic gate ace not avai]aﬁle for species known or suspected to
be impor.ant :n a4 given aopliraticn, then such date shdu}: be estimated by
empirical o1 . coemiempirital retrods.  EQINR's capability tu modify equilibrium
constants at run time ~uke: it ¢cnvenient to make sensitivity studies of the
uncercalinty i aalh eﬁ'im::ed volues. ianguuir (1979) summarizes approaches
for estimating thermodvnamic prouperties of aquebus species and reactions.
Tardy and Gurrels (;%23), w»iu:yl(ISIG;. and. H2lgeson et al. (1378) discuss
) methoas fur estimatine tire the-rimodynemic properties of mineraics.

A conmon peotaem taced by novices ot spéciation-so}ubility moceling is
that thei: modeis aor wt cruscly cupetsaturatea with nearly every aluminum
and ferr.c ican-tearing Minerar 1n the zata Lase, This oiten occurs because
analysis s made of arv?ified samplss that were tnadequately filtered and
containcd cirtlaidal pacticles of tne:se two components. Thuese partic 3 then
dissolve and "influate” vhe zurcespundéing chemical analyses.

Burenhery (i978) showed that large gquantitices of 2 eonlloidal aluminum
phase sccurr:d in the: size range 0.1-0.4% ym during a set of feldspar
dissolutinn expesiments,  Laxen and Chandler 11982) perfurmed more detailed
studies on iton particulate size digtribution jn fresh waters. Their work
shows that . fil%er finer than 0.1 vm is necessary to effnctively rembve
these pactiz-iwates from :ﬁé chemxcél analy-is.

The oudsler shnuld he aware that mény solubility-controlling phases,
especiaiiy 2t low remperature, ars» metastable (e.g., amor phous I-‘e(OH)3 may
control rthe lev.! «f dissolved iron, not the more stable hematite,

Fe203). In add:tion, the stability of some controlling phases may .e
somewhat variahle because of factors such as crystallinity (crystal size),
order/disorder, jvnic substitution, 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 in o solution assuming appropriate solubility equilibria.
For example, one might constrain dissolved aluminum to satisfy equilibrium

with gibbsite [Al(on)3(c3]. oc constrain iron to satisfy equilibrium with
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amorphous Fe (OH) , or a nontronite (ferric-rich smectite) clay; however, this
is by no means a substitute fur analysis of carefully filtered samples.

Certain analytical operations, such as filtering, should nearly always be
performed immediately upon cullection of a water sample. Measurement of pH,
platinum electrode Eh, titration alkalinity, dissolved sulfide, and other
parameters subject to possible significunt chaﬁge during transportation and
storage should also be performed as soon as possible upon éollection. Water
samples should be insvected after ‘transportation and storage for the formation
of precipitates. ’

Internal consistency can provide usetul tests of the guality of aqueous
speciation models (See Merino, 1379). Une such test is to compare the
calcula;ed electrical imbalance with the cation/anion subtotals for charge
equivalents. EQ3NR perforns these calculations to provide a meaningful test
{croviding electzical balance is not used as an fnput constraint). .Merino
(1979) also recommends the technique of comparing measured and independently

calculated values of titration alkalinity.
2.5. OTHER SPECIATION~-SOLUBILITY CODES OF INTEKEST

It would be nice to provide a deiailed and comprehensive comparison of
EQ3INR with other speciatiun-solubility codes. Unfortunately, a comparison of
this sort is not feasible. This would reqguire not only gettiny a fairly large
number of such codes up and running in one place, but wnuld also require
familiarity and development of expertise with each. Such an éffort would be
further complicated by the development of many local or persoralized versions
of some widely distributed codes. Discussion nere will be limited to listing
some of the otner major specig:ion-solubility,codes tsed in geochemistry while
pointing out some previous attempts to review and compare them. We will also
note a few of the important points to consider in evaluéting such codes.

Any list of the major speciation~solubility codes now in use should

include:

WATEQ (Truesdell and Jones, 1974) and its derivatives:
WATEQF (Plummer et al., 1976)
WATSPEC (Wigley et al., 1977)
WATEQ2 (Ball et al., 1979, 1980)



SOLMNEQ (Kharaka and Barnes, 1973)

REDEQL (Morel and Morgan, 1972) and its derivatives:
REDEQL2 (McDuff and Morel, 1973)
. . GEOCHEM (Mattigod and Sposito, 1979)

MINEQL (Wettall et al., 1976)

PHREEQE (Parkhurst et al., 1980)
EQ3 ti4olery, 1978, 1979)
SOLVEQ (Reed, 1977, 1982)

There are other codes (and derivatives of the above codes) that do not appear
in the above list. The codes that were chosen for discussion here were
primarily picked because they have received a significant level of
distribution and use in the geochemistry community. Similar codes are used in
the fields of inorganic chemistry an® hHiochemistry.

The reader is referred elsewhere for more extensive guides to the
available codes. 1In a study by Nordstrom et al. (1979b), the existing
speciation-solublity codes were compared {only PHREEQE and SOLVEQ, in the

above list, were not included). Wolery (1979) reviewed some aspects of

_ several of the the major geochemical modeling codes, and Potter (1979) gives a

short, but wide-ranging, review; however, Jenne's (1981) report is the most
up-to-date. 1In these sources, the reader will find references in these
sources to codes not included in the above list,

We will consider he:e-only the speciation-solubility modeling
capabilities of these codes. For instance, PHREEQE and SOLVEQ both have full
reaction-path capabilities. Codes in the REDEQL/MINEQL series have limited
reaction-path capabilities. 1In the FEQ3/6 package, all reaction-path modeling
functions are reserved for the EQ6 code.

The major points of evaluation for speciation-solubility codes are:

° *Hard coding” vs generalized coding. ‘

® Range of allowable optibns.
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° Reliability of the numerical algorithm.
Ease of use and level of .documentation.
Quality and range of activity coefficient corrections.
Ease of extending existing capabilities.

° 'Quality, extent, and temperature competency of the data base.

° Ease of portability to a different computer. '

*Hard coding” here refers to the practice of writing specific lines of
code for specific agueous species and minerals. One then must write such new
lines wnen adding additional species. This practice carries a high
probability of introducing a smals numbef of errors that may be difficult to
locate. With generalized coding, there are not any lineé specific to
individual species; nence, a much smaller number of lines is required for the
same job. Adding or deleting species from the chemical model is accomplished
by changing only the data base. WATEQ, WATEQF, WATSPEC, WATEQ2, and SOLMNEQ
are hard coded speciation-solubility computer programs. EQ3, EQ3NR, PHREEQE,
REDEQL, and MINEQL use generalized coding.

A good speciation-solubility code should offer the user a wide range o£_
model options to test alte:nativé assumptions and accept various types of
input data expressed in different ﬁypes of units. All such codes known to
this writer accept total concentrations and pH as model inputs. Other types
of model input capabilities can be equally desirable; e.g, using alkalinity as
a constraint on carbonate or constraining one dissolved component by
electrical balance, allowing for redox disequilibrium modeling or perritting
the use of heterogeneous equilibrium constraints. EQ3NR and PHREEQE can do
all of these things. .

Nearly all of the above codes use reasonably reliable numerical
algorithms; however, there are two functions to consider: first, choosing
starting estimates for tne iteration variables and, second, iterating to a
solution. Most codes, including EQ3NR, automatically generate their own
starting estimates. A few, like EQ3, provide the user with the option of
entering his own values. There is no need for this feature in codes with
generally reliable algorithms for generation of starting estimates and
subsequent convergence. . '

There #re two main classes of iteration algorithms. The so-called
"first-order™ methods (Van Zeggeren and Storey, 1970) have a highe:'tendency

toward lmpractically slow convergence for some problems than does the
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Newton-Rapnson method (a “"second-order™ meth d, see Chapter 8). These
probliems usually invoive cases of very strong complexing, such as between
mercuric ion and chloride, or uranyl and carbonate. The EQ3 code uses «a
first-order method developed by Wolery and Walters (1975). The technique of
basis-switching, 1.e., making an important species in a mass balance the
corresponding master species (see ChaptefQBi, eliminates most convergence
rroolems of this type. The WATEQD, WATEQ2, and SOLMNEQ codes also use .
first-order algorithms, but do not have basis-switching.

EQINR, REDECL, MINEOL,. SOLVEQ, and to sume extent, PHREEQE, al.i use
Newtun-Raphson algorithm:. “'he typical behavior of the unmodified
Newton-Kepnson method is that of quick convergeace when converging. The
behavior is tuvrther characterized by occacrional extreme senstivity to the
values used for the starting estimates. The success of this iteration
algorithm muy depend on the cuality of the algorithm that generates the
starting estimites: howevar, otner techniques {see Van Zeggeren and Storey,
1970; wWotery, 1979; ond Section 8.4 1n thas reporﬁ: may also be-cmployed.
-EQ3NR uses Lhr *tacnnigues (optimization 61 starting estimates and
under-relaxation) that were aeveloped for use in the EQ6 code (Wolery, 1979).
It also offers botn user-centrolled ana automatic basis-switching. 1In
testing, EQ3Nk has e¢ltectively manipulated some problems that ware beyond the
capability of EC3. .

EQINR is easier to use than EQ3.. FQ3 reguires the user to deal with
index numovrs for species. EQ3NR requires the user to deal only with names.
All 1ndexing is set up during execution and is generally not seea by the
user. The {NPUT and UUTPUT :iles nave been organized to make them easily
used. onNR is funlly documentea internally using comment lines. In contrast,
internal documentation is neatrly non-existent in REDEQL. External manuals
cxist for nearly all codes (EQJ being an exception) and they vary considerably
in scope and cuality. )

Neither LQ3NR nur any of the other speciation-solub:ility codes listed
above can make activity coefficient corrections Lfor aqueous solutions more
concentrated than approxinately one molal in ionic strength, which rules out

. application to geochemical modeling of most brines. This problem was
- discussed at some length in Section 2.3.3, and directions toward its solution

- were discussed in Section 2.1.2.
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Most codes, including EQ3NR, EQ3, WATEQ, WATEQZ2, SOLVEQ, Vand PHREEQE
correct the ionic strength for the effects of aqueous complexing. MINEQL, as
described by Westall et ai. (1976), does not do this unless the user alters
the main program to crcate an "jonic strength® loop around the species
distribution coding such as that used in soa; In EQ3Nk, the ionic strength
correction is made simultaneously with the species distribution calculation .

Most geochemical codes are not sufticiently well written to accept
additional capabilities at a later time. All EGI/6 software has been written
with the idea of accepting furure expansion. EQ3NR was specifically written
for later incorporation of Pitzer's (1973) eguations to produce activity
coefficient norrecticns in solutions ot high ionic strength. As discussed
earlier in Section 2.1.2, Pitzer's equatiunc represent the curzeht
state-of-the-art approach to calculating activity coefficients in concentrated
electrolyte solutione. ' '

Activity coefficients in concentrated aquecus salt solutions depend, in a
general way, on the solution compositions rather than only the 1onic
strength. All realistic equations for describing chese functions must reflect
this fact. 1lncorporation of eguations, such ‘as Pitzer's, into most of the
existing geochemical speciation-solubility codes, 1ncluding EQ3, would be
difficult because the 1tccation structures ol these codes are built on the
assumption that the activity coetficicnite :npendg only on the ionic strength.

There are four imporzant factcze %o cunsider for the thermodynamic data
that support geochemical modeling calpulthcns pertaining to aqueous
solutions_. The fifst is the numbrer 9f sjpecins represented. The greater the
number, the more likely that all the impcrtant species will be represented in
a given application. The data basc of WATEQ> (Ball et al., 1973, 1980) :s
noteworthy in this respect. The sccund factor pertains to the issue of '
temperatura Eompetency, i.e, does the supportisng dataAbase allow modeling ove:
a useful range of tempeature? Must of the data bases tor ccdes in the
REDEQL/MINEQL series are restricted to a single temperature, usically 25°C.
EQ3NR's data base supports calculations over the range 0-300°C (it will
aLtomatically extrapolate its data base to higher temperatures, but this is
not recommended). The SOLMNEQ data base extends over the range 0-350°C while
the WATEQ and PHREEQE data bases are sufficient to support calculations
roughly over the range 0-75°C. The third factor, at least ideally, is that
any set of supporting data would be both accurate and internally (i.e.,
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thermodynamically) consistent. In gene:al, no existing speciation-solubility
code data base is generally superior to others on these counts, however, the
WATEQ?2 data base (Ball et al., 1979, 1980) is one of the more noteworthy
examples, It is the basis of the PHREEQE data base. Parts of the WATEQ2 data
base have been used as a starting point and as a benchmark in building
sections of the EQ3/6 data base., The fourth factor requires that a good data -
base be well documented. WATEQ2's data base is well documented externally
(i.e., in reports separate from the data file itself). The data bases for
many other codes, especially in the REDEQL and MINEQL series, are usually
poorly documented. The EQ3/6 data base is designed to be documented
internally by the inclusion of references in the data file (DATAO) with full
citations of sources in journal-styleliormat either at the end.of this file or
at the end of the MCRT data files used to build DATAO (see Wolery, 1983b).
The documentation in the current version (DATAO.323OUOI; see Appendix H for a
description of version nomenclature) is still largely incomplete. - A new
version is being prepared with full internal documentation.

EQINR is one of the most portable speciation-solubility codes. 1It has
" been designed for fast and easy transfer among CDC, Cray, IBM, UNIVAC, and'VAx
computers. MINEQL is also very portable, though WATEQ2 is not so portable
because it was written in PL/1 inétead of FORTRAN,

3. ORGANIZATION OF AQUEOUS SPECIES AND SUPPORTING DATA
3.1. MASTER SPECIES AND BASIS SWITCHING

In the EQ3/6 system, there is a set of either master (or basis) aqueous

species (see Section 2.3.2). Every remaining species (aqueous, mineral, cr
gas) is formally associated with a reaction that destroys it. For example, an
agueous complex is paired with its dissociaticn teaction; and a mineral with
its dissolution reaction. The reactions are written in terms of only the’
associated species and the set of master aqueous species (Section 2.3.2);
thus, no more than one nonaqueous phase can appear in each reaction,

The set of masiet or basis species on the EQ3/6 data fi}e is divided into
two parts: the strict basis and the auxiliary basis. The species in the

strict basis set have a one-to-one correlation with the chemical elements,
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except O , which is used here as a hypothetical aqueous species and

2(q)
corresponds to charge balance. These species first appear in the overall

organization of aqueous species. The solvent, . 18 the first

H2%0)
agueous species, and 02(9), the hy?othetical aqueous species, is the last in
the strict basis. The master species in the strict basis set are not formally
paired with.any reactions. They play the role of building blocks, and appear .
as the first sub-block of aqueous species on the data file.

The auxiliary master species follow (the second sub-block of agueous

species). These master species, for the most part, represent the chemical

elements in different valence forms. They may also include OH™, and either

Co3 or Hcoa, depending on which, for convenience, is in the strict basis.
Including such species in tne master species set is necessary so that thay can
be used as general components in writing chemical reactions on the.supporting
data file, Auxiliary mastet‘species either act as master species ("buildiny
blocks®™) or as nonmaster ("derivative®) species, depending on the '
specifications for a given speciation-solubility problem. The nonmaster
aqueous species follow the auxiliary master species.

The following restriction applies to ;he master aqueous species as the

set is defined on the data file. The master species must consist of no

elements except the formally ascociated chemical element, oxygen, and
hydtogen.' They may represent any valence state. Any number of other valence
states may be represented in the aﬁxiliaty master set, each by a separate
species. The number and arrangement of master agueous species is limited only
by tne code dimensions and the restrictions that: (a) water must be the first
agueous species, and (b) tne hypothe:ical oxyyen gas species is the last in
the strict basis set.

In crder to perform a speciation-solubililty calculation, an input model
constraint, such as a total concentration, is required for egch master aqueous
species. There are, however, limitations on the constraints that can be placed
on a given master species, depending on whether the species is in the strict

basis or the auxiliary basis. The user needs to be aware which aqueous

species are in the strict master set and which species are in the auxiliary

set, Users should coneult either the DATAO file or a copy of the SLIST file,
produced by the data base preprocessor (see Section 3.2).
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The user can specify selected examples of basis switching on the I:.PUT
file. This provides a methnd to change the set qf master aqueous species at
run time. For example, a strict basis species can be exchanged with an
auxiliary basis species, placing the latter in the strict basis and the former
in the auxiliary set. Other types of basis ssitching, involving an exchange
with a nonmaster species, are aisc possible. A basis switch causes reactions -
tc he rewritten for consistency with the modified basis set of aqueous
=pecies. The stoichiometric restrictions on master species on the £Q3/6 data
file do not apply to basis switching.

A basis switch invulving a ncnbasis species causes the corresponding
1nput constraints (CSP and UPHASE parameters; see Section 4), to be reassigned
to the species hrought into ths pasis set. For example, if Al(OH);, is to be
switched with A13‘, for whick JFLAG = 16 (log acrivity constant) ard
CSP = -5.0 (the desirec¢ value), the model <pecified is one in wnich the log
activity of Al(cﬂl; is -5.0. '

Setting the CFLAG param=z%ter of an auxiliary master species to 30
efifictively remuves the species from the set of master species ‘see Section 4).
For cxample, if Fez' is the sirict basis species corresponding to dissolved
iz:n, ané Fe3+ is in the auxiliary basis, cetting the JFLAG parameter of the
latrer to 30 effectively makes Fe3+, and all its complexes (in the loosest
csense of the wozd), a set ot deriva~ive speciec of Fe2+. '

For example, the reaction
Tr
9eso4 = Fe + SO .

“1s tewrittan

Y sz velt Y o + s0°°
Feso4 + 2/2 Hzc(z) = t'e + H 4+ ], 2(g) 3 o

The JFLAG parameters for the strict basis species (i.e.; thcse in the étrict
basis before EQ3INR sets up for Newton-Raphson iteration) can not be set %o 130.
for any species in the adxiliary set purely for convenience, such as
OH , it is important that the J.'LAG paraneters be set to 30. If the flag is

incorrectly set, unintended diseruilibria may be introducea into the

- csr s . +
speciation-solubility model (2.g., OH not in eguilibrium with H and

Hzo(l)).



3.2. DATAQ AND EQTL: DATA FILE AND PREFROCESSOR

The primary data file that supports EQ3Ki ard EN6 is caliec DATAQ. This
file contains thermodynasic data corresponding t0 tae Iemperatures 0-25-
60-100-150-200-250-300°C, a pressure of 1.013 tar (1 atmospneze; up to 190°C,
and the steam/liquid water equiiibriux pressure at nigher tesperatures. All
other necessary supporting data are also on tnis file.

EQTL, a data base preprocessor, reads DATAL an? writes trnree secondary
data files, DATAl, DATAZ, and DATA2 as shown ina Figure 2. j: referring to the
figurte, we sve that DATAL is rzad directly oy EGINR, LETAZ anl DAT?3 by EQ6.

 EQTL checks each reaction for rass and cnarge paiance anc tits interpolatirng

polynomials to all data on temperature ge10s. it 3150 zeforsaste the
information 6n DATAO into forns suitatle for <i1rect reading ny EQJINR and EQ6.
EQ3NR and EQ6 read the coefficients of the iatezfolating puiyﬁoaxals from
DATAL and DATA3, respectively, instead of =he griddez ésva.

MCRT (Wolery, 1983b) is a data bacge bu:lding frec-arm wrose data base
consists of Gibbs energies ana enthaipies of tn(xz:1nor, entruples, neat
capacities, etc., and the 109 K function of specified reactions on the
temperature-pressure grid used in DATAO. To ease trne )jot of zuilding or
revising DATAO, MCRT writes cooplete 1noividuai cata dlocks for a
reaction/species {see Section 3.4 fur an éza:p:e and c¢iscussion of tne
format). These plocks can then be directly mer3ged :nto DATAUL.

It is not the purpose of this report to gresen~ the conternis ¢f tne data
file, but rather to discuss its format. Wwe will, nowsever, describe soae of
the major sources of data in the current version cf DALAD (DATA0.3220U01; see
aAppendix H for a description of version nomenclature:. ozt of the log K
values for agueous redox reactions and mineral dissolution reactions involving
the major geochemical elements Na, X, Ca, Mg, Fe, Ai, Si, C, S, O, and H were
generated from the SUPCRT program/data base (Helgeson and Kirknam, 1974a,
1974b, 1976; and Helgeson et al., 1978). A significant nurcer of log K values
for aqueous coitplex dissociation fnvolving these and other elexents were taken
from Helgeson (1969).

These data are supplizmented by‘esti-ates of the therxoldynamic properties
of some clay minerals, mostly szectite comspositions, taken. frox Wolery
(1978) . These values are based on a modification of the estimation method of
Tardy and Garrels (1974). Wolery (1960) added Langmuir'’s (1278) data for
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1

Manudl . .

Hevisiuns DATAOQ Primary Data File:
L ® Names and Properties

e Compositions
N, ® Reactions
Inser t:ons ® Equilibrium Constants
. ®In i
of MCRT Lo - - ternal Documentaticn
TTILE Dutput l - !

{ 1 EQTL Code: :
! ?f“m ":!" L ® Flags Inconsistencies
i "“‘;'"’”‘ i ® Fits Interpolating Polynomials
. EQ3NR | to log K Grids
]
| 1
DATAZ File: DATAS3 File:
® Suapurts ® Supports
EQb EQ6
Phdear w. pee 1t L€ Leemas ey tne EQUTL gata base preprocessor, primary
HER BE TS ST T s e e s L Tal Y da%a files (D'\TA!, oA M7, and DATA3) .

EdNLEM HEeCles . et Lte afe! itemalne's (1¢30; data on plutonium and

iso veen 1ncluded, as have data

-3

Lakjaemeniary 3ata i _falial LaVe
Tocem Lot Yol DLzl e 2nd LIUSPEROLJS Species generated through MCRY. The
tnternul documentat.on i LAiAL.3<3UUCL is nostly incomplete. FRevision of
LATARD 1N prougtess to o l0tess the vroolem,

Thne tirot line o! Lf.AJ contains tne name and release number ot the tile
1Se€ Appenaix ). The Iec.tase huwbel 1S tollowed by a block of data for the
chemical eciements, giving the symool for each, atomic weight. name of a
Colterponaing Oxile, 310 ine JlavimetrlC 2actor relating the oxide to the pure
element.

Fullowing tne chemlcal element block in DATAO 1s thé standatd temperature
gxid,_O-Zb-bb-1uo-15u-iuu-zﬁd-:uu‘c. The tenperaiure grid is followed by the
pressure gric, correspunding to one aumospneré pressure (1.013 bar) up to

100°C and tne liuig/vapor equiliorius cucrve for water at higher
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temperatures. Thrse are tollowed by’ temnerature grids the. Debye-Huckel A and
E parameters, the B parameter, the bC( coefficients, the Vi 0 coefficients,
4

and ioq ¥ This part of DATAD is followed by four sunerbhlocks, one for

i’
ajyuenus species, one for minerals o fixed compnsition, one for gases, and one
for enlid solutians, Each superblock is terminated by a lfne containing the
character strina "FNDIT." i: the name field. The solid solutinn superblock is
follawed Liy the references snctinn,

hs the term 1molies, each snn;thlnck consists of individual data blocks
tor species/ieantinns, The data t.lacks for aqueous speries, minatrals, and
gases are very cinilar in format. (mineral and aas blocks are identical), and
wil! be disrcussed 1n fome detail Nata klacks for aguenus snecies in the
strier basis set are =hat:er than thase for other amienus cnecies, bicause
these soecies do not have farmally assrniated reantions,

An aguenus Sewt1es data bloar is =hown 1n Fiaare 3, 1ts conrents should
Le rransparent to tne reader. %ne firet line contains the nane of the
species, in this case "mah/nnd+", the pname of the person rpépnnsiple for the
data in the data block, the date of entry or last revisiorn, a source
incdicater. and an estimate of the uunlit# af the nata. The soutce indicator
identifies major data snurces, ané shaculd te hiank or read “see below” unless
the data are taken from a major data sonrce. Sources of isolated dara should
be identified in comment iines, which heain witn an asterisk in column 1, and
can appear anywhere in the data olock, In this case, the data hlock was
written 5y MCRT. The cumment line identifies the name of the MCRT file from
which the data was taken (1n .%° . case, "mdaasp") and the wethod MCRT used to
make the temperature extrarnlation of the thermodynamic dara ("criss—-cobble
mufh()d") .

The use of the "quality" parameter is optional. Valid entries include
"good, " “poor," "bad," "restricted,” "speculative,” "uncertain,” and
"unspecifird.” The pntr9 "anod" implies that log K data have uncertainties of
less than one or two units., A "noor™ entry implies that the log K data have -
uncertainties drester th-: several units. A "bad” entry marks data that
should not be »sed except in demonstrative calculatinns., A "restricted” entry
marks data which have heen shown to be consistent with :jecific observations,
but vh.ch may aot. ne aenerally valid. Appropriate caveats should be given in
comment lines, A "speculative®™ entry marks cases where the existence of the
species, as well as th: valu?s of the corresp: ll.:g thermndvnamic dara, aze

beth inferred by analcqy to known substances and theiz tnermodynamic
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Figure 3. Example of an aqueous species data block.

P caicm et et st cmm e eman meme e mmmm = ———————————

mgh2pod +
entered Ly 7 wolery date= NY/22/80
Cyur e mee? ' quality= 3..d
cnet Je- e tety tactorT 0.0 eg/mal
ion sizex 1 Q¢ ty 2. number=s AN
4 chemical eiemanye::
1.0C0 m¢ 2.L8C h | 1000 p
4.000 ¢
4 species in regctlinnz .
-1.000 mgh2puds 1 975 ma+é 1.000 n+
1.06C0 hpod--
d log k yrid {0-~25-60-100/150-200-250-3C0 c¢)=
-8.6609 ~-5.7049 -£.9642  -9.3915
-10.0489 -11.9454 -1y 7897 -12.9789
¢ detve grig (G-25-60-100/150-200-250-300 c)=
0 once 0 3060 ¢.0000 0.0000
0 0000 £ 0000 0.6000 0.0000 .
. mert fite mdoqsp . rev. 9/22/BO, criss~cobble method

——— e e = - a




prorerties. An "uncertain® entry is used to mark cases in which significantly
different valuas of the data have been reported by different sources, and

these dirferences nheve not heen resclved. The alternate data values should be
given in zomment lirnes. A blank entry is equivalent to an "unspecified™ entry.

Follocwing in the agueous species data vlock are the electrical charge,
the titration tactor, the Debye-Hucxel ion size parameter, and the hydration
number of the species.- %vdration numbers zre not preéently used., After
these, the chemica: fourmula, the associated reaction, the log K grid, and a
similar gri1d tor the standard partial molal volume of the reaction "delve” ere
listed. The volume of reactinn griu 1s presently not used, and its contents
now cunsist cf zeros. In the anurse wf future development, we interd tc
support the minor pressure corrections necessary for calculstions otf the
standard temperatuze-pressure grid.

" The data block farmat tor minerals and gases is 1llustrated in Figure 4.
Its format is :de,niCai to that of the aqueous species data block, except
there 1% an entry for tae molar volume fat 298.15°K and 1.013 bar pressure) in
lieu of entric: for electrical charqge, titration factor, ion size, and
hydration nunner. (These latter quan.ities ore not relevant to minerals and
gases.)

The ezact foarmats used 1in thié data vlock can bhe ovtained frem either the
EYTL «r MURT source codes. llsers zhould either gencrate data blocks using the
MCRT cude or une 2ogiey cf wxisting btlocks as tempiates and mbdify.thc
contents with, a co.udr editor. ‘

. The selid solution rlocks contain the name of the solution, the number <t
end-member conponents, o tember indicating the equations used to describe the
end-member activity canificients, the names of the components, limits on the
mole frantions, and the parameters from which EQ3NR or EQ6 can calculate the
activity cnefficienz functions of the end mexhers.

We do not recommend direct user moditication of the secoﬁdary data files
(DATALl, DATA2, and DATA3). Modification of the data base should be
accomplished by making r2visions to DATAO, foullowed by running EQTL to
generate new versions of DATAl, DATA2, and DATA3Z,

To assist the user 1n maintaining a record «f the species in the data
file (as well as tne position of aqueou: species with respuct to the strict
and auxiliary basis zets), EQTL writrs a zelatively short listihg on a tile
called SLIST. It may be helpful to keep a printed copy of tiiis list near the

user's computer terminai.
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Figure 4. Example of a mineral species data block.

o e o 2 o 0 2 89 2 e 1 A2 0 0 0 o e o e e
anorthite ccollsilo8
entered by= .| wolery date= 07/14/82
source= supcr! quality= good
volume= 100.790 cc/mol
4 chemicol elements=
8.000 o 1.000 co 2.000 ol
2.000 si
6 species in reactlion=
-1.000 anorthite- 4.0006 r2o 1 000 ca++
2.000 ol+++ 2.000 sio2(0q) -8.000 n+
* log k grid {0-25-60-100/150-200-250-300 c)=

© 31,7527 27.0626 21 6136 16,7017
11,9653 8.2178 4,9259 1.3252
. delvr grid (0-25-60-100,/150-200-250-320 ¢)=
0.00C0 0.0000 0.0000 0.06G60
0 0000 0.0000 0 J0d0 0.0000
. supcr! dota for anorthite ., no. 1030, run 7/14/82
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4. THE EQ3NR INPUT FILE: SETTING UP THE PROBLEM

In this section, we examine the INPUT file for EQ3NR. Thig file is the
only means, apart from changing the thermodynamic data file, by which the user
specifies a problem to be solved by the code. The reader will find examples
of INPUT files for EQ3NR, along with the corresponding OUTPUT files, in
Sections 5 and 6. .

The recommended way of creating a new INPUT file is to use an old file as
a template. This is particularly effective if the user has accesg to a cursor
editing capability. At Lawrence Livermore National Laboratory, an on-line
cursor editing capability exists, using HP2645A terminals. The TRIX AC editor
for this system is implemented with the "VW"™ command. Though the user may not
have direct access to cursor editing, we still strongly recommend dealing with
INPUT files with text editors rather than punched cards.

The INPUT file is read by the subroutine called READX. This routire is
heavily documented internally witﬁ.comment lines. This internal documentation
is the final authority bn the EQ3NR INPUT file. What follows in this section
is basically a compact restatement of the internal documentation in the latest
vercion of EQ3NR.

Subroutine READX writes an instant echo of the INPUT file on the GUTPUT
file. That is, after READX reads a line or closely related group of lines, it
echoes their contents. This is particularly helpful for identifying the
causes of read format errors, which most commonly occur when a line is missing
or is out of the proper sequence. )

The reader should be careful to noté the number of lines is variable in
an EQ3NR INPUT file. Whether or not some potential lines appear in a given
file deéends upon the contents of other lines. The file structure has been
chosen so that the size of the INPUT file reflects the size of the problem.

There are no species index numbers for which users need be concerned.
EQ3NR establishes its own internal indexing schemes at run time. Users deal
with species in terms of their names, which are alphanumeric character
strings. The names are much easier to remember and are instantly

recognizable; however, the names must perfectly match those on the

- thermodynamic data file or EQ3NR will not recognize them. When a name is not

recognized, the code will write an error message and terminate activity on the

current problem input.
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EQ3NR input problems can be stacked on the INPUT file so that the code
will read one problem, solve it, then read another, solve it, anu so on, in
one execution. 1In most cases, if an error is detected in a problem input, the
code will proceed to the next problem input, if any.

A short summary of the contents of the EQ3NR INPUT file and its format is
given in the table on the following page._;?qramétets for which default values
are recommended are marked with “(*)." To take the deféu;t for a'given .

parameter, simply leave the corresponding input field blank. The user may
find it helpful to photocopy this page and keep it near a computer terminal or

card punch for reference.

Following the short summary is a discussion of the INPUT file
parameters. The user need not enter values for all of these. Some parameters
may not appear on specific examples of INPUT files, depending on the values of
other parameters. Default values are recommended EO{ some, such as the
cbnve:qence tolerance parameters TOLBT and TOLDL. '

Comment lines, marked by an asterisk in column one, and analogous to
comment lines in FURTRAN source codes, may appear anywhere in the INPUT file;
however, the READX subroutine does not echo these lines on the OUTPUT [ile.

The reader should compare the discussion in this section with the INPUT
file specimens in Sections 5 and 6, which follow. Section 5 presents INPUT
file examples that work. Secticn 6 presents examples that do not work and

explains why these inputs fail to function.
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PHOTOCOPY THIS PAGE AND KEEP NEAR THE COMPUTER TERMINAL
Short Summary of the EQ3NR INPUT File

parameters
UTITL
TEMPC

RHO, TDSPKG, TDSPL
(enter only one ot TDSPKG, TDSPL)

FEP, (UREDOX(J), J = 1,2)
(enter either FEP or UREDOX)

TOL3T(*), TOLDL(*), TOLSAT(*)
ITERMX (™)

toeTl, 10PT2, ICPT3, 10PT4, IOPTS,
10PT6, 10PT7, 1OPTH, IOPTS, 1OPTI1O

IPRNT1l, IPRNTZ2, IPRNT3, IPRNTY,
IPRNTS, IPRNT6, IPRNT7

IDBUGL, XDBUG2, IDBUG3, 1DLuG4,
IDBUGS, IDBUG6, IDBUG?

(UEBALkJ), J = 1,2),(UACIONJ)}, J=1,2)
NXMOD

Do N = 1, NXMOD:
(UXMOD(C,N), J=1,3),
JAMOD (N) , KXMOD(N), XLKMOD (N)

Do the following and stop when
UBASIS(1,NS) = "ENDIT."” (NS is just
a line counter):
(UBASIS(J,NS), J = 1,3),
(USPECB(J,NS), J = 1,3),
CSPB(NS), JFLAGB(NS),
(UPHASE(J,NS), J = 1,3)

Bypass the following if IOPT4 is not 2:

Do the following and stop
when USOLB(1,NXB) = "ENDIT.":
(USOLB(J,NXB), J = 1,2)

Do the following and stop when

UMEMB(1,1IKB,NXB) = "ENDIT.":

(UMEMB(J,IKB,NXB), XBARB(IKB,NXB),
"I =1,2)

Format

{15A6)
(12x,E12.5)

(3(12x,E12.5))
(12X,E12.5,12X%,2A6)

(3(12X,E12.5))
(12%,12)

(12%,1015)

{12X,10I5)
(12X,101I5)

(12X, 2A6,12X, 2A6)

(12X%,12)

(12X,3A€,/12X,12,22X,12,22X,E12.5)

(3X,2A6,3X,2A6,3X,E12,3X,12,3X,3A6)
{3X,2A6)

(6X,2A6,3X,F10.4)

(*) Default values are recommended (i.e., leave these blank on the INPUT

file)
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The EQ3NR INPUT file parameters are:

Parameter

UTITL

TEMPC

RHO

TDSPKG

TOSPL

FEP

URFEDOX

TOLBT

TOLDL

TOLSAT

ITERMX

I0PTI1

Description

Thirty lines of text that describe the input problem.
Temperature °C.
Aqueous solution density, g/mL.

Total dissolved salts, mg/kg (enter only one of TDSPKG,
TDSPL) . . f

Total dissolved salts, mg/L (enter only one of mDS?KG,
TDSPL) . ‘

Default redox parameter:

Log oxygen fugacity if I0PT1 = 0 .
Eh if IOPTLl = -1 .,
pe” if IOPT1 = -2 .,

Name of an auxiliary master species that defines the redox
couple that indirectly specifies the default log oxygen
fugacity (I0PT2 must be 1; enter only one of FEP, UREDOX).

Convergence tolerance on residual functions (default value
of 1.E-10 is recommended).

Convergence tolerance on correction terms {(default value .of
1.E~-10 is recommended).

Saturation tolerance (this only determines whether or not a
mineral is listed as "saturated" on the OUTPUT file. TOLSAT
does not affect Newton-Raphson iteration. Its default value
of 0.5. Values anywhere in the range 0.1-1.0 would not be
unreasonable.

Upper limit on the number of Newton-Raphson iterations
(default value of 30 is recommended).

Option switch for default redox coupling:

= 0 log oxyqen fugacity is specified in FEP.

= -1 Eh is specified in FEP.

= -2 pe is specified in FEP,

= 1 An aqueous redox couple identified by URFDOX
indirectly constrains default oxygen fugacity. _

= ~3 A heterogeneous redox reaction indirectly constrains
the default oxygen fugacity. It is identified by the
UPHASE parameter on a USPECB line for 02(G);
otherwise, no such line usually appears on the INPUT
file.
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EQ3NR INPUT file parameters (continued)

Farameter Description
10rT2 Control switch for automatic basis switching:

= =1 Turns it off.
= 0 Allows the code to turn it cn.
1l Turns it on.

I0PT3 Control switch for writing a PICKUP file for input to EQ6:

= ~] PICKUP file is not generated,
= 0 PICKUP file is generated.

I10PT4 Control switch for solid solutions:

o

Solid solutions are ignored.

= 1 Only solid solutions, for which compositions are
given on the INPUT file, are concidered.

= 2 Both input and hypothetical solid solutions are

considered.

10PTS ‘ Control switch, not currently used.
10PT1'6 Controul switch, not currengiy used.
10pT7 Control switch, not currently used.
10rT8 Control switch for convergenue criteria:
= -1 Only BETAMX is tested.
= 0 Both BETAMX and DELMAX are tested.
10PT9 Control switch, not currently used.
IPRNT1 Frint control switch:

= 0 No function.
= 1 Lists the species being loaded into memory.

IPRNT2 Print control switch:
= 0 No function.
= 1 Lists all reactions and log K values., (CAUTION: This
can bé a lengthy item.)
IPRNT3 Print control switcsh:

= -1 Aqueous species properties are printed in the order
the species were read from the supporting data file.

= 0 Aqueous species properties are printed in order of
decreasing concentration. '
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EQ3NR INPUT file parameters (continued)

pParameter Description
IPPNT4 Print control switch:

= -3 Aqueous species ptopetties are not printed.,

= -2 Only agqueous species with concentrations no less
than 1 x 10720 are printed.

= -1 Cnly agueous species with concentrations no less
than 1 x 10712 are printed.

= 0 All aqueous species are printed.

IPRNTS Print control switch, not currently used.
IPRNT6 Print control switch, not currently used.
IPRNT? Print control switch:

= -1 Saturation indices and affinities of minerals are not
printed.

= (0 Saturation indices and affinities of minerals are
printed only if the affinities are no less than
-10.kcal.

= ] Saturation indices and affznitxes of a11 minerals
are printed.

IDBUGL Debugging print switch:

= 0 No function.
= 1 Prints some informational messages.
= 2 Prints more informational messages.

IDBUG2 : Debugging print switch:
.= .0 No function.

= 1 Prints some information when reading the DATAl file.
= 2 Prints more information when reading the DATAL file.

IDBUG3 Debugging print switch, not currently used.
IDBUG4 Debugging print switch:

= 0 ©No function.
= 1 Prints extensive detail of Newton-Raphson iteration.

IDBUGS Debugging print switch:

= 0 No function.

= 1 Prints calculated stoichiometric equivalence factors
for oxygen (02‘) and hydrogen (H%).

= 2 Prints calculated stoichiometric equivaleuce factors
for all aqueous master species.
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EQ3NR INPUT file parameters (continued)

Parameter

IDBUG6

IDBUG?

UEBAL

UACION

NXMOD

UXMOD

JXMOD

KXMOD

XLKMOD

UBASIS

Description .
Debugging print switch:
= 0 No function.

= 1 Prints details of the calculation of the
stoichiometric equivalence factors.

Debugging print switch:

= 0 No function.

= 1 VUritec aqueous reactions on the file RLIST before

and after basis switching

‘Name of ionic species for electrical balancing. If UEBAL

is "PICKl1l.", the code picks a species. If UEBAL is blank,

electrical balancing is not. performed. 1I1f UEBAL is not
recognized, the code selects a species. :

Name of an agueous species (Na' or Cl1”) that defines the
equivalent stoichiometric ionic strength. If UACION is
"pICXl.", the code picks a species. If UACION is blank,
equivalent stoichiometric ionic strength approach to
estimat.1g the activity of water is disabled and that
variable is taken as unity.

Number of suppressed/altered species/reaccion pairs.

Name of a species to be suppressed or a species whose
cortespcnding ejuilibrium constant is to be modified.

' Flag identifying the type of species affected by an

alter/suppress option:

0 Agueous species/reaction.
1 Mineral.
2 Gas.

3 Solid solution.

Flag identifyiny the type of al“er/suppress oztion:

Species is suppressed.

log K is replaced by XLKMOD.

log K is augmented by XLKMOD.

Same as KXMOD = 1, but XLKMOD is in kcal/mole.

N~ O -

Corresponding equilibrium constant alteration function.

the

The name of an aqueous species that is to be basis switched

with this master species.



EQ3NR INPUT file parameters (continued)

bParamecer

USPECE

JFLAGB

CsPB

UPHASE

USOLB

XBARB

UMEMB

Description

The name of an aqueous master species (first twelve
letters); USPECB names are matched with those in the USPEC
array.

Option switch that describes tle input constraint (guverning
equation) tnat applies to this master species. The JFLAGE
values are unpacked into the JFLAG array {see following
table of JFLAG options).

A floating point datum whose meaning is determined by the
corresponding JFLAGB value. The CSPB values are unpacied
into the CSP array.

The name of a mineral, gas, or solid-solution species, if
any, that defines a phase equilibrium (solubility)
constraint.

Name of a solid solution for which a composition is entered;
USOLB names are matched up with those in the USOLX array.

The mole fraction of a solid solution end-member component
(defined by UMEMB below). The XBARB values are unpacked
into the XBAR array.

Name of an end-member component of the solid-solution
defined by USOLB.
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‘ JFLAG Options
(PHOTOCOPY THIS PAGE AND KEEP NEAR THE COMPUTER TERMINAL)

JFLAG Ccsp UPHASE
0 Total molal concentration.

l- Total molar concentration.

2 Total concentration, mg/L.

3 Total concentration, mg/kg.

4 Free molal concentration.

5 Free molar concentration.

6 Free concentration, mg/L.

i Free concentration, mg/ky.

8 Free concentratioun, cm3(S1P) /cm.

10 Titration alkalinity, eq/kg (*). _—
11 Titration alkalinity, eq/L (*).

12 Carbonate alkalinity, eg/kg (*).

13 Carbonate alkalinity, eq/L (*).

16 : Log activity (molal scale) "(*%).

19 Name of a mineral of fixed

composition for which phase
(sr saubility) equilibraum is
required.

20 Tne first twelve letters of a-
solid solution and the first
six letters of an end-member
component for which phase
(solubility) equilibrium is

required.
21 Log fugacity of the gas defined Name of a gas for which phase
by UPHASE. - . {solubility) equilibrium 1s
tequired.
27 Homogeneous ayueous equilibrium. This species and its complexes

are not zounted in the mass balance of any other master species
(compare JFLAG = 30, bLelod). .

30 "Eliminated” species. This species is effectively removed from
the master species set. 1t and its complexes are treated as
"complexes” of the corresponding strict hasis master species.
An "eliminated™ species is not eliminated from the model.

3 or CO3
(*')'Method for entering pH (-pH = log aH+).

(*) Applies only to HCO
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in certaln circumstancers, the user may wish t2 calculate the
concentration of une valence louzm ot an element by assuming equiiibrium with
anuther valence torm. The maste:r species corresponding to the latter must be
in the strict baslh set at *Ye time of Newturn-Raphson iteration. If it is not
in that set when reac from chie tatu file, it can be entered into it by basis
swltcning during LysNR execution.

¢ a strice uasx§ master species is constrained ty mass balance (i.e., a
% 9tdi concentration), thern seiting the JFLAG of any corresponding auxiliary
Taster specles to 3J counts it and all its derivative species in that strict
3351f Species’ Tass balaner, This effectively removes the auxiliary master
4 .-5 trol the waster set. Setting JFLAG to any legal value other than 30
Tel&ins the Auxlllar basig variavle in the master set,

The condition JFLAG equal to 27 worxs differently. In this case, the
specles elfectively remain. 1n the master set. It and 1ts complexes are not
*ounted 1n the muss balance =l tne ¢Ar:esponding strict basis species. 1Its
to.al concentration is then cvonstrained only by the relevant equilibria. This
“an be somewhat daﬁgcrous, Decouse that total concentration could be very
iarge (see exampie ir Secrion 6.3).

If there are no lines an the INPUT fiie for an auxiliary agueous master
sici1es, its JFLAG value astaults to 30, unless it is O

, Or H ’
2(aq) 2(aq)

in vhich case it defaults to ¢7. A line is not entered for HZO(l)' and

only wnen 10PT]1 has a valuve of -3,

2(g)
It a basis switch 15 executed between a strict master species and an

2 line 15 normaliy entered tfor O

avAlilary master species, their INPUT file properties follow them. 1If,
however, o Taster species is exchanyed with a nonmaster species, the INPUT
ti.e properties tnen belong to the new master species, Concentration

patzTaters are Jcumputed tu sat:isfy cnanges in stoichiometry, if necessary.

Tor exampie, 1t (UU2) ((CH)9 1s switched with the master species UOE*,

8

the cotrespounding INPUT tile concenttation, if it were 9 x 10 ° molal,

-o 3 13
would he recomputed ag 2 x 10 molal to preserve the sense of the original

input parameter.
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5. SAKMPLE PRUBLEMS THAT WORK: INPUTS AND .o, IPUT:
5.1. INTRUDUCTIOX

Tris section pcesents the INPUT and OWPYT tiles tor Lout
speciation-soludbility moudeling proublems Lhat were succruasfutly caccuted oy
EQ3NR. Tne sectinn following tr.s presents three exump.les whers egwcution
failed tecause the model inputs tepresented 1ll-posed Sonpinatiens,  Lace
example begins with o snort discussicin. The INPUT tiie aﬁd UL oL Yiass ode
then given os scparace figures. The reader 10 HCULI@3eU L. U pat s Tier sholiy
file ¢examples presented here witn tne INPUL (i2e desSaription coedelled o
Section 4. Full outout fales are given orly fur tae ‘i taeo =dampies. lach
OUTPUT tile begins wirth an "instant®™ ecnd ¢! thie INET Chie . b DICKRUE taae

for the first example 1irn this section 1s shown aad doSCasne e 11 oetion
S5.2. SEA WATER TdoT CASE, WITH GHLY MAJOE CAT1wNS AlD AN T

The firur sample proolem is the sea water test cass !fr- v sordsteoe:n et al.
(1979p), but only the major cations and anions or<e ancludea,  Thas simpliiea
test case 1S a classic example 1n geocnemistsy (Garrels ann itivdg R, 199
Garrels ane Christ, 196S5). Tne problem reguiteq 2.¢6: cvtonin 5 toaliia? L10c
{1.7" seconas for CPU, '« rur. on a CDC 7600 computer and Suor foe it ratilons
to solve, '

Tne INPUT file is shown 1n Figure S. The ONEUT i:le (nogiven o o
entlrety in Yigure 6., ‘ote that the model coastraints are gries -1 *hiee
tines. The tirst pirintout of tne constraints 1S port o! Lhe 2L tai L el That
1s wristen when EQINR is reading the INPUT file. The secund printoul, heoded .
by "e==-- {HPUT CONSTHALINTS =e==- *, is intended to he a ;..im.aent record ot
the user specification on tne INBLUT file (the instant echo s oot normaliy
kept as part of a permanent record). The third printout, neaaed 7 "eee--
MODIFIED INPUT CONSTRAINTS —=v=-= ", lists the moadel 1aputs % they have been
modified by the program betore starting the Hewt:n-Rapnuon iteretion. ihe
modified constraints may difter from the originals in several wavs. “hey
include all conversions of concentration units to the molal scal’e, all

defaults provided by the program, and the effects of vasis switening. Users

(5]
~
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Figure 5. 1nput, seawater example.

inpuf file nome= iswraj cresteds 07/24/8C creatcr= 1 | wolery
sea waler tesi cose, ma,ar componenls only this 1s a recclculatror

of the classic cnem.ccl medel ¢t gcrrels and thompson (1962) the

analytical cdota uLsed vere sre token from taoble 1ii of nerdstrom ¢t ol

(1979), who discuss 'he arp'lscation of vorious computer codes 1o th.s
benchmgrk protlem.

in this run, ealnr calcurctes the electrica’ mbatarce of the se>~ wao'er
aralysis. <Tuch mbatarce rasu'te 1rar errsts ie the chem cal cralysas
of individual comparents ond frem the fact that any sucbk set ¢! analyser
is a!woys more cr t'ess inccemplete tin orircifple includ' ng !¢
in tne mode! should tend tc minimize calcuicted eiectr.col .mtcolarce).
eadnr couid be set . t> force electrica! balance ty odiusting fthe
cencentrolion o! o selécted comperent, say cl-, by selting “uebci= cl-"
betow. it is not necessary to do this to initiatize egb caotlculations,

rele clements

the minerc!l pd-oxyannite (protcn-deficient oxyonnile) it suppressed.
it is a hypotheticol biotile endi-member aond does no! exist as o pure phose.

references

nardstrom, d.k., et al. 1979, o compecrison cf compulerized chemicol models
for ecuilibrium caoicuict!ions ir vquecus sysfems, p. ES7-392 in jenne,
e.a., ¢d., cherical modeling ir. oqueous systems, ous symposium series 93,
omerican chemiccl society, woshington, d.cz.

qgarrels, r.m., and thempson, m.e. 1962. a chemica! model for sea water of
25 ¢ and one oatmosphere 10ta! pressure. omer. jour. sci. 260, 57-66.

fempe= 25.
rho= 1.0233¢€ 1dspkg= C. idspl= 0.
{ep= 0.5CC uredox=

foibt= 0. toldi= 0. tolsat= 0.

itermxz=
iopt1-10= -1 0 o 0

[$]
(o]
(=]
o
o
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Figure 5. 1Input, scawater example (continued).

iprnt1-10
idbug!-19
ueba.
nxmod
species
type

hco3~
endit.

= 0 0 0 0 J 0 o

= 0 o0 0 0 0 o 0

= wasions cl-—

= 1

= pd-oxyonnite

= 1 oplion=" -1
na+ 10768. A
k+ 399 .1 s
co+é 412.3 3
mg++ 1291.8 3
h¢ -8.22 16
hcol - .002322 10
cl- 19353, 3
$s04-- 2712. 3
co3-~- 30

x lkmod=
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Figure 6, Output, seawater example (continued).

R 2 3 4 5 6 7 8 9 10
iopt1-10= -1 0 0 0 0 0 0 0 0 0
prati=10= 4] c 0 0 0 0 0
idbugl=-10= 0 0 0 0 0 0 0
‘uebal= uacion= cl-~
nxmod= 1
species= pd-oxyannite
type= 1 ‘option= -1 xlkmod= O.
run maoster .dato file csp jflog uphase
species moster species
no+ .10768e+405 3
k+ .39910e+03 3
cao++ .41230e+03 3
mg++ .12918e404 3
h+ ~.82200e+01 16
hco3- ‘ .23220e-02 10
cl- .13353e+05 3
$0d4-— : .27120e404 3
hcol- co3-- 0. 30
endit,
----- the inputl file hos been reod =—====
----- alter/suppress species pd-oxyannile was no! among the looded minerals




Figure 6. Output, seawater example (continued).

eceee qQQq 33333 n n rrrer

e q q 3 nn n r r
eeee 1 qQ 33 nnn rrrr
e qQ q9q 3 n an ¢ r
eceee qqaq 3333 n n r r 3230 vers.ion
qQ
input file nome= iswmoj created= 07/24/82 creofor= t,.;. wolery
sea wgter ftesf cose., mcyor components snly this is o recalculaltinn
of the classic chemizol model of jcr-2ls and thompssn [1362). tha

anolytizal Jotsy used rere 3re taken from tobli2 iii ol norastrom et o1
(1973), who 2iscuss tae 3pplicatisn of varinus corputer cojes to this
benchmark problem.

in this run, eq3nr cu'suistes the electrical imbalance ! the 3ea woler
analvysis. such ‘mbotanze rasults [-om ervrors in the chemical onalysis
of individual zomponents ang from the foct thot any such sel of analyses
is always more or less incomplete (in principle includin) trace elements
in the model shou!d tend to minimize calculoted electrical imboionce).
eq3nr could be set 1o force electricol balance by adjusting the
concentration of a selected component, say cl—-, by setting "uebolz ci-"
belaw, it is notl necessary to do this to initiolize eqb colculalions.

~ the mineragl pd-oxyannile (proton-deficient oxyannile) is suppressed.
it is a hypothelical biolite end-member and does nol exisl os a pure phase.

referances

nordstrom, d.k., et al, 1979, o comparison of compulerized chemical models
for equilibrium calcufations in aqueous systems. p, 857-892 in jenne,
e.a,, ed., chemical modeling in oqueous sysiems, ocs symposium series 93,
american chemical society, washington, d.c. '
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Figure 6. Output, seawater example (continued),

33rrels, r.m., ond ‘hompson, m.e. 1362. g chemical model flar
25 ¢ ond one atmosphere total pressure. amer. jour. SCi.

data file set deqpok9
supporting doto for progroms eqd and eqb
1 atm.-steam saturation curve dolo
lost revised 11 {februory 1983

temperoture= 25.00 degrees celsius
pressure= 1.0134 bors

29 elemen's are in the dato base
40 elements con be looded into memory
9 elements ore active in this problem

285 oqueous species ore in the dato base
74 oqueous species were loaded into memory
300 aqueous species con be loaded into memory

32

255
44
259

cqueous

oqueous
oqueous
oqueous

229 min
18 min
275 min
1S min

7 so!

species

are oclive

in this problem

reactions ore in the dota base
reactions were loaded into memory
reagctions can be loaded inlo memory

erols are in the dola bose

erals were ioaded inlo memory
erals con be toaded into memory
erols ore active in this probiem

id solutions are in the dato bose

20 solid solutions cor be loaded into memory

sy water

260,

57-66.

3 ’.
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Figure 6.

C

Output, seawater example (continued).

8 goses are in the Jo'u boase
7 goses were loaded into memoury
15 gases con be looded into memory
7 gases are active in this problem
joptl = -1 (redox oplion switch)
iopt2 = O (automalic basis swilching swiltch)
iopt3 = 0 (inlerfocing outpul conlrol switch)
ioptd = O (lturn-on solid solutions swifch)
iopt5 = O (pre-iter. optimizotion switch)
iopté = 0 (not currently used)
iopt7 = O (not currently used)
iopt8 = 0 l(conv. test criteria swilch)
iopt9 = 0 (not currently u<ed)
iopt10 = 0 (not currently used)
iprntt = 0O (list loading of species)
iprnt2 = 0 (list reacltions ond log k volues)
iprn13 = 0 (oqueous species prin! order control)
iprntd 0 (oqueous species print cut-off control)
iprnt$ 0 (mass bolance percentages print control)
iprnt6 = 0 (not currently used)
iprnt7 = 0 (mineral offinity print control)
idbugt = 0 (print info. messoges swifch)
idbug2 = 0 (print daotol read info. switch).
idbugd = 0 (no! currenily used)
idbugd. = O (print newton-raphson iterations swilch)
idbugS = 0 (1ist stoichiometric equivalences)
idbugb = 0 (controls idbugS level of defoil)
idbug? = O (write reoctions on file rlist switch)

’
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Figure 6. Output, seawacer example {continued).

solution density = 1.02336 g/ml

total dissolved salts
total dissolved salts

0.00 mg/kg solution
0.00 mg/!

tolbt = .10000e-09 (convergence tolerance on residual functions)
toldl = .10000e-09 (convergence tolerance on correction terms)
folsot = .50000e+400 (phase saturotion lolerance, does not affect
convergence)
----- inpul constraints -o=—ao
species csp iflog type o! input ) uphose ' bosis species
no+ .10768e+05 3 tot conc, mg/kg
k+ .39910e+03 3 tot conc, mg/kg
co++ .41230e+03 3 tot conc, mg/kg K '
mg++ .12918e+04 3 tot conc, mg/kg A
h+ ~.82200e+01 16 log octivity
hco3- .23220e-02 10 tit alk, eq/kg h2o co3—-
ch- .19353e+05 3 tot conc, mg/kg
sod~- .27120e404 3 tot conc, mg/kg
coJ-- 0. 30 eliminoted species hcol-
switching co3-~ ‘ from the basis for hcol-
1.000 hcol3-
© == log k = -10.3281
1.000 h+

+ 1.000 col3--
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the

Pigure 6.

chd(aq)
koh

specieas

na+
‘k+
co++
mg++
h+
hcol~-
cl-
sod—-
02(0q)
h2(aq)
ch4(aq)
hs=-
col--
clod-—
oh~

Output, seawater example (continued).

1.000 co3--
+ 1,000 h+
- == log k = 10.328!
1.000 hcol-
-—=—= inaclive oqueous species ———w-—
clod~- ke kcol-
mgcl+ ‘
----- modified inputl constraints ———=w
csp jflag type of inpul uphase
.46838e+00 0 tot conc, molol:
.10208e-01 0 tot conc, molal
.10287-01 0 tot conc, molal
.93150e-01 0 tol conc, molal
-.832200e +01 6 log octivily
0

1
.23220e-02 1 11t alk, eq/kg h2o
.54588¢+00 0 tot conc, motal
.28233e-01 0 tot conc, molal
dependent! species
0. 27 depeandent speciss
no! prassn! in the model

o
N
-~

o

30 aliminated species
0. 30 eliminaled species
‘nol presenl in the mode!

0. 30 eliminated species

ion thal defines equiv, stsizk. iasnic strength is i~
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Fiqure 6.

iter
iter
iter
iter
iter
iter
iter
iler
iter

newlon-raphson
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Output,

delimax

deimox =

delmox
delmox
delmax
deimax
delmoy
delmox
delimox

1]
o

.202e400
= .17€e400
.540e-01
.386e-02
.194¢-04
.191e-07
.172e¢-09
.158e-11

iteration converged in

===w- summary cf

elemental composition of

elemant mg/ 1
o 910814.3809
ne 11019.4302
k 408.4261
co 421.9313
mg 1321.9764
h 114511 ,4884
¢ 25.8627
cl . 19805.0861
s 926.2924

del(

delysod--
del(sod~--
det(so4~-~-
del(sod~-
del(sod-~
del(sod--
del(sod4--
del(sod--

mg/kg

890023.4335
10767.8923
-399,1031
412.3000
1291.8000
111897.5614
25,2723
19353.0000
905. 1481

Nl el i i N P Nl

8 sleps

"o "

the aqueous

fhe aqueous pha-e

seawater example (continued).

-.506e-01
-.17Ee+00C
-.540e-0"
~.386e-07
~.194e-04¢
-.191e-07
~.172e¢-09
-.158e¢-11

moles/kg

beto(sod--
beto(sod--
beta(scéd--
bela(sod~--
beto(sod--
beta(oZ(g)
bela(o02(g)
beta(oz(g)
beta(cat

.5562855057e¢+02
.4683775555e+0C
.1020768326e-01
.1028692615¢-01
.5314955770¢-01
.1110204994¢+03
.2104098918¢-02
.5458775408¢400
.2823294260e-01

1]

- .98te+00
.75Ze400
.145e400
.903e-02
.449e-04
.544e-07
.501e-09
477e-11
.432e-13

delfnc =

delinc =

detlinc
detinc
delfinc
delfnc
delinc
delfinc
delinc

.128¢+00
.694¢+400
.928e400
.395e+00
.999¢+00
.991¢+00
.991¢+400




0L

Fiqure 6. Output, seawater example (continued).

~wv~=- elemenlol cumposition as strict bos: s species =----

species mg/1 my/hy moies/kg
h2o 1025558.5253 1602148, 3403 .5562855067e+02
na+ 11019.5405 137686.0000 .4683775555e+00
k+ 408.4230 399.100C .102076832€e-0
co++ 421.9313 412.3000 .1028692615e-01
mg++ 1321.9764 1291.,8000 .5314955770e-0
h+ . 114522.8498 111908.6634 .1110204994e+03
co3—- 129.2144 126.2649 .2104098918e-02
ci- 19805.0861 19353.0000 .5458776408e+00

$04-~ 2775.3523 2712.0000 .2823294260e-01

species molas/kg h2o
h2o .5562855067e+02
no+ .4683775555+400
K+ .1020768326e-01
co++ .1028692615e-01
mg++ .5314955770e-01
h+ 1110190123403
hco3- .2104098918e-02
cl- .5458776408¢+00
s04-~ .2823294260e-01
ionic strength = .6408087437851
equiv. stoich, ionic strength (cl- ) = .5458776408202

ph = 8.22000
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Figure 6. Output, secawater example (continued)

cwana

log
tog
log
log
tog
1og
log
tog
log
tng
LIS

log

P T i R R N N e N )

activity of woler = agany
loq activity of weter = -.00788
titrotion alkalinity = 223220602 eu/kqg hWo
eltwctricol balance fotofls =« -=-
equiv/iy
tation subtotal «37118113380400
anion sublotae’ -.5703884436¢400
chorge imbolance .7926901854¢-038
this is " 14 per cent of the cation subtotal
ond -.14 per coent of the anlon subtotal
----- gctivity ratios ol lons ~ew=--
oc)(noe ) / act(he)xa V) v 7009
act(k+ Y/ aed(he)un 1 ) 6.0199
act(ca++ ) / act(h+)xx '2 ) 13.7903
act{mg++ ) / oet(he)yx 2 ) 14.6061
act{col-—~ ) » oct(h+Yen 2 ) -2t 5238
oct(ci- ) x act(h+)ex & ) ~8.6945
act(sod~~ ) v act(h+)xx 2 ) -19.0427
actl{o2(cq) ) ) ~19.3289
“act(r2(aq) ) ) -36.4563
act(hs~ ) x act{h+)xx 1) -118.7332
gct{hcol- ) ¢ act{h+)ux ) ) -11.1957
oct(oh- ) » wet(h+)xr t ) -13.955)}
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Figure 6. Gutput, seawater example (continuedq).

species

cl-

na+
mg++
s0d=~-
noz

ke

co++
mgsod
nasod-
hcol-
casod
mghcol+
kso4d-
mgcold
cahcol+
ccd~-
nacold-
cocold
h2col
mg(oh)+
oh-
caloh)+
naoh

h+
hsc4~-
he!
02(aq)
nz(oq)
hs-
h2s{aq)

€ o
-

vt ot qouecLs species

TCrQ1 COPr T

5335e40C
4501 e+00Q

. 5

L4023 e-0
.1465e -0

1241e-0"
10J4e-C!?

.6C%3e-C2
.6171e-C2
.$793%e-C:

153Ce-02
1145e €2

.2813e-032
.1720e-02
.1158e-C3
.5898e-04
.4335e~04
.3296e~04
.2915e-04
1212e-04
.5973¢~05
.2575e¢-05
.1303e-06
.1013e-06€
.7496¢-08
.2263e~-08
.1484e¢-14

4006e¢-16"

.2988e- 16
.4709-!|Q
178 1y

.1es83-118

[N N Y Y4

- J729

. 5467

-1 3346
-1.8241
-1.9062
-1.9985%
-2 0437
-2 189
-: 237
-a.0152
.~2.9410
-3.5508
-1 7644
-3.93865
-4,2293
-4.3630

. =-4,4820
-4.5352
-4.91865
-5.2236
-5.5892:
-6.8530
-€.9944
-8.1281
-8.6452
-14.8284
-16.3972
.~3€.524€
-11¢.327
-111 752¢
-*18 218

log 2

JO'k
L1274
.499 ¢
75kt
.000¢C
L2016
.6065
.00CG0
L1651
L1608
.0000
L1724
. 1860
.0000
.1460

.7207

. 1605
.0000

.0683

L1724

.1860

1724
.0goe
.0949
L1724
.0000
.CEB2
.C683
.186C
.C00G
LE783

\‘,u"l."’

L 383+400
. 3Cz6e 00}
1466e~01
. 24Y%be-02
N124te- 01
.€£308e-02
.2240e~0¢
.64210-C2
.36861e-02
.1C058¢-02
.1145e~-0%¢
.1891e-Co
.1121e-02
.1158e-03
.4215¢-04
.B246e-05
.2278e-04
.291€0-04
.1418e-04
.4C17e¢-05
.1678¢-05
.9431¢-07
.1013¢~-06
.6026e-08
.1522e-08
.14B4e-14
.4689¢- 9
.3497e-3€
l1068-11C
.17€8-11)
.346°-1196

-110.
11
-119

Qe f

4745

L5191

83139
6027

.9067

2001

.6497
.1891

4022

.9757
.9410
L7233
.9504

9365

.3752
.0838
.6425
.5352
.8482
.3961
L7752
.0255
.9944¢
.220¢C
.8177
.8284
.3289
L4563

€132

7526

4601
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Figure 6. Output, seswater example (continued).

----- mejicr ‘ogquecus ipel.er ccntributing te mass balonces

oquecus species accountiry for 997 ¢ more ¢! nat

species mo‘'al conc per cent
na+ .450'e+00 96.11
nac! T 1243e-01 2.6%
nascd- ".5793e-0: 1.24
subtolal : . " 99,99

aGgueous species ccceuntirg for 99™ or more cf k4

species . metai cong per cent
k+ .1004e-01 98 31
ksod- ".172ZCe=-C2 1.69
sukttotal 100 60

oqueous species acccurling for 99” or more of ca++

species mole!l corc per cent
co++ ' .9053e-02 88.C:
casod .1145e-02 11.14

subtctal 99.14
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Figure 6. Output, s-awater example (continued).

aquecus species 4. ounting for 997 or more of mgés

species

mg++
mgsod

meclc! conc

.4628e-01

.6471e-02

per cent

87.07
12.17

subtotal

aqueous species agcourting fot

species

hcol-
mghcol+
mgcol
concol+
co3--
ngcol-
cocol

+¢lo! cone

.1530e-02
.2813e-31
.1158e-03
.5898¢c-04
.4335e-04
.3296e-04
.2916¢-04a

99~

cr more of hcol-
per cent

72.74
13 37
5.50
2.80
2.06
1.57
1.39

scblotal

aqueous species occeuniing for 997

species

el-
nocl

malal conc

.5335e+00
.1245e-01

or more of cl-
per cent

97.73
2.27

subtcta!
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Figure 6. Output, seawater example (continued).

agqueous species accounting for 939° cr more ot sod4--

species molal conc per cent
sod~~ .1465e-01 51.90
mgsod .6471e-02 ~ 22.92
naso4d- .5793¢-07 20.52
casod .1145e-02 4.06
subtotoa! 99.39
————— summary of oquecus redox reactions —----
couple eh, volts pe- log fo2 ah, kcol
defoultt .500 .Ba52e+01 -16.430 11.531
02(aq) /h2o .%00 .8452e401 -16.430 11.53¢1
h2{ecq) /h2o 500 6452e+M -16.430 11.531
hs- /scd-~ .50¢ .84520401 -16.430 1.5
----- suvrary o! oQueosus nen-equilibrium non-redox reactions ——---
Lrspie attinity, kca!

rane
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‘Figure 6.

(mineratls witr aftinities

mineral

brucite

-sylvite

magres.te
hydrcmegnes:
gypsum
huntite
disordered d
nesquehonite

o o

approx.

summary of

log q/k

-1.84EF
-1 57C
.9906

-3 297

-.418
<.029
1.866

-1.73:

slcichiometric mineral

aft,

-4

-4

M

kcol

A
‘L

.87¢C

AL

.49¢

70

.7€E
.545
.363

_C

Output, seawater example ‘rontinued).

.41t =10 keol

state

ssotd

ssctd
sscic

safurafed pure minerols
approx. saluroled end-members of specified sotid solutions

ore nol

safuration slotes

mineral

Ra'ite
colcite
declom: e
anhydrife
ottinile
aragonite
ordereo dolo

’

C saluroteas end-members of hypclhélicol solid solulions

7 supersaturcted pure minerals
end-memters of spetitied solid solulions
0 supersotd. hypcthetical

0 supersata.

solid solution phaoses

tisted)

log

kcol

.55
.C80
.65%
.347

651

.85S
.652

stote

ssotld
ssaic

¢sald
ssatd
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Figqure 6. Output, seawater example (continued).

----- summary ol gases —-----
gas .lugocily Iog'lugocily

co2(g) .443321e-03 -3.35328
02(g) .371593e-16 -16.42993
s2(g) .352013-180  -180.45344
ch4(qg) .152242-113 -113.81747
h2(q) .4525750-33 -33.34431
h2s(g) L179327-110 -110.74635
steam - .307485e-01 -1.51218

----- end of output -—=---

----- pickup file successfuliy written ————-

----- readivg the input file —=~--

----- end of input file —=——-




should make a point to examine this part of the OUTPUT file to ensure that the
model they obtain is the model they want.

The listing hcaded by "e-e-- INACTIVE AQUEOUS SPECIES ====~ * is also
important. It lists those aqueous species that are on the‘data file but do
not appear in the model being computed in the current run either because
corresponding data on the DATAO file are lacking or because of user-specified.
suppression on the INPUT file. The "———wu- DISTRIBQTION OF AQUEOUS SPECIES
----- " heading normally lists the aqueous solute species in decreasing order
cf concentration, however, it is possible to provide lower limit cutoff values
for this listing {see Section 4}).

Low tn moderate supersatdtations are predicted for several carbonate
ainerals, including calcite and aragonite. These are to be expected for
surface sea water at 25°C (tefér to any agueous geochemistry text, such as
Berner, 1971). )

The redox reaction summary, (headed by “--=--- SUMMARY OF AQUEOUS REDOX
REACTIONS ====- ')} for this example indicates that all redox couples are in
mutual equilibrium. This is not a scientific conclusion about the chemistry
of sea water, but rather an exarple showing that the output of a model must be
consistent with its input. The input conétraints tor this run assumzd this
equrlibrivm. Compare this with the case in Section 5.5, where redox
equilibrium is treated in the model.

{n the model, PD-oxyannite (KFe Alsiaolzﬂ_l, a hypothetical biotite end

3 _ :
member) is suppressed. This is merely for illustrative purposes. Suppression
2f minerals, gaseé, and solid solutions has meaning only for EQ6, but has no
meaning for EQ3NR. This intormation transmitted to EQ6 via the PICKUP file

{see Section 7).
5.3. EXAMPLE USING MINERAL SOLUBILITY CONSTRAINTS

In this example we modify the sea water test case, dropping some trace
ccreonents while constraining three others, aluminum, iron, and flouride, to
satisfy mineral solubility equilibria for gibbsite EAI(OHy3], Na-ndntronite
[Nag_ 33(Fe,) (ALy 45815 (o) (OH),], and fluorite (CaF,). To make the problem a
bit more interesting; we also altered the log K values for Naso4 and
Na-nontronite. The INPUT file is shown in Figure 7. This run required 4.51

seconds of CDC 7600 machine time (4.02 seconds for CPU) and eight iterations.

78
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Figure 7. Input, modified seawater éxample.

input file nume: isw3eg “reated: 07/24,/82 crector: 1.j wolery
seo water lest case of nordstirom et ol. (1979, taoble iii), modified by

dropping o few trace covponeris, cna subslituling equilibrium contraints

for concentrations for three ot the remaining components. |to make lhis

evample more interestiry. the log k values for nasod- dissociation aond
na-nontronite dissolution nre increased 0 ' and 2.0 units, respectively,
from the volues on the *keemodynomic datu fite.

references

nordstrom, d.k.. et al. 1979, o comparison of computerized chemical models
for equilibrium colculotions in aqueous systems. p. 857-892 in jenne,

¢.0., ed., themical modeling in aqueous systems, acs symposium series 93
americon chemicol sociely, washington, d.c.

lempcﬁ 25, i
rho= 1.02336 tdspkg= 0. foznli= 0. .
fep= 0.500 uredox= )
tolbt= 0. toldli= , 0. tolsat= 0.
itermx= O

isapt1-10= -1 0 0 0 0 0 0 0 0




og

Input, modified seawater example (continued).

Figure 7.
iprnt1-10= 2 0 2 ]
idbug1-10= 0 0 y 0
vebal= J4azion=
nzmod= 3
species= bd-otyannite
type= 1 aptions=
species= nasod-
typez O oplion=
species= na=nnanironite
‘ type= 1 spltion=
no+
PR
ivé
mye
3lese
sia2{aq)
nes
hzol3-
s1-
s$od--
(-
fevrs
kpod~=
02(aq"
n2(oq)
chi(ag)
hs-
hco3- co3~--

~endit

o .

(5]

o
(]

cl-

-1
!

1
'07€8
339 .1
12.3
123+ 3

4.28
-%.22
002322
13353,
2712.

0.061

xlkmod=
«lkmod= 0.1

x!kmod= 2.0

Jibbsite

fluorite
na-nontronite




The OUTPUT file is given ir its entirety in Figure 8. 1In the mineral
saturation state listing on the OUTPUT file, gibbsite, Na-nontronite, and

fluorite are exactly saturated in accord with the input constraints while many
aluminum-bearing minerals, other than gibhsite, are supersaturated, A

Substituting one of these minerals for gibbsite in the equilibrium solubility

constraint on dissnlved aluminum would reduce the numher of supetsatufated

minerals,

5.4. EXAMPLE CALCULATING pH FROM ELECTRICAL BALANCE

This short example illustrates the use of EQ3NR to calculate the pll of
the solution from the electrical balance constraint. The INPUT file is shown
in Figqure 9. The agueous solution in‘this example is a mixture of water and

four salts and is assumed to he open to the atmosphere; thus, exchange of

. carbon dioxide betwean air and the solution is taken into account. This run

required 1.70 seconds of CDC 7600 machine time (1.09 seconds for CPU) and nine
iterations, o

Parts of the OUTPUT file are shown in Figures 10A and 10B. The
calculated pH is 8,.11546 (Fig. 10A). When this problem was run with carbonate
constrained to match the amount resulting from dissolution of the NaHC03
salt (ignoring carhon dioxide exchange with air), the pH was calculated to be
7.72770; therefore, if one were to produce the designated solution in the

laboratory, we would expect the pH to rise from approximately 7.60 to

approximately 7.72 as a result of a slight degassinq of carbon dioxide,

We see in Fiquie 10B that the solution is supersaturated with respect to
two calcium carbonate phases (calcite and aragonite) and three calcium
phosphate minerals (whitlockite, hydroxyapatite, and CaHPO4-2HZO). To
find the pH that would result from subsequent precipitation ?f such phases, we
would have to use the EQ6 code (wolézy, 1983a) and enter the solution
composition via the PICKUP file (Section 7).

5.5 EALvPI T OF REDOX DISEOUILIBRIUM: RIVER WATER TEST CASE

This example is the river water test case of Nordstrom et al. (1979%b).
The INPUT file is shown in Figure 11. This model tests for redox equilibrium

among several redox couples (see Section 2.3.5). Disequilibrium is apparent

8l
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Figure 8. Output, modified scéawater example.

-~-=-- reading the input file =---=

inpul file na=e: iswleq created: 07/24/82 crealor: t.j. wolery
seqg waoter test case of nordstrom el al. (1979, toble iii), modiftied by

dropping o few troce conoonents, and substifuling equilibrium contraints

for concenlirotions for three of the remaining components.

to moke this
exgmple more inferesting, the

log k volues for nosod4- dissociofion and
na-nontronite dissolution are increased 0.} and 2.0 units, respeclively,
from the values on the thermodynamic datla file.

references

nordstrom, d.k., et ol, '979. o comporison of compulerizad chemical models
for equilibrium colculations in aoqueous systems. p. 857=B92 in jenne,

e.0., ed., chemical modeling in aqueous systems, acs symposium series 93,
omerican chemicol socliety, wothinglon, d.c.

tempc= .25000e+402

rho= . 1023440t tdspkg= O. tdspi= 0.
fep=  .50000e+00  wuredox=
tolbt= 0. toldl= 0. folsol= 0.
itermx= Q.
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Figure 8. Output, modified seawater example.

=====~ reading the input fite —~<----

input file no~e: isw3eq created: 07/24/82 creator: t.j. wolery

sea waler test cose of nordstrom et af. (1979, tabfe iii). modified by
dropping o few trace components, and substiluting equilibrium contraoints
for concenirations for three of the remgining componenis. to make this
exgmple more interesting, the log k 'volues for nosod~ dissociation ond
na-nontronite dissolution are increased 0.1 ond 2.0 uni'’s,

respectively,
from ti.e vatues on the thermodynamic dofa file.

references

norﬂSQvom.'d.k.. et al. 1979, o comporison of computerizad chemicol models

for equilibrium calculations in aqueous systems. p. 857-892 in jenne,
e.0., ed., chemicol modeling in aqueous systems, 0cs Symposium series 93,
gmerican chemicol society, wathington, d.c.

tempc= .25000e+02 .
rho= 10234401 tdspkg= 0,

tdspt=. 0.
fep= .50000e+00 uredox=
tolbt=~ 0. tealdi= 0. tolsat= 0.

itermx= D
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Fiqure 8. Output, modified secawater example.

----- reading the input file —-----
inpul file po~e: iswleq . created: 07/24/82 creator: t.j. wolery

seq waler test case of nordstrom et ol, (1979, toble iii), modified by
dropping o few trace componenis, and substituting equilibrium contraints
for concenirations for three of the remagining components., 1o make this
example more interesting., the log k volues for nasod- dissocialion ond
na-nontronite dissolution are increased 0.1 ond 2.0 units, respectively,
from ti,e values on the thermodynamic data lile.

references

nordstrom, d.k., e! o). 979, o comporison of computerizad chemical models
for equilibrium caleulations in gqueous syslems. p. 857-892 in jenne,
e.0., ed., chemical modeling in oqueous systems, ocs symposium series 93,
american chemicol society, w~othington, d.c.

tempe= .25000e+02

rho= «10234e+0! tdspkg= O. tdspti= 0.
fep= . .50000e+00 uredox=
toibt~ 0. toldi= O. tolsot= 0.

itermx= D




c?

C

C

Figure 8, Output, modified seawater example (continued).

1 2 3 4 5 6
iopt1=-10= -1 0 0 0 0 o
iprnt1-10= 0 0 0 0 0 0
idbugt-10= 4] 0 0 o 0 0
uebaol= uacion= ¢cl=-
nxmod= 3
species= pd-oxyannite
" type= 1 optionz= -1
species= nosod-
type= O option= 1
species= na-nonfronite
type= 1 option= 1
run moster dato file csp
species master species
ng+ .10768e+05
k+ .39910e+03
co++ .41230e+403
mg++ .12918e+04
ol ++4 0.
sio2(aq) .42800e+01
h+ -.82200e+01
hcol- .23220e-02
cl= 19353e+05
s0d-~ - .27120e+04
f=- 0.
fes+s 0.
hpod—- .61000e-01
02(aq) 0.
h2({aq) 0.
ché{aq) 0.
ns- 0.
hcol- co3-- 0.
endit,

----- the input

fite huos peen rend

- -

[= 2N > RN RR ]

iflog

O W e e e

8 9 10
0 0 0
x Ikmod= 0.
x ikmod= .10000e+00
x lkmod= .20000e+01
vphose
gibbsite
fluorite

no-nontronite
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Figure 8. Output, modified seawater example (continued).

1.000 nasod-

= 1og &k = -.7197
1.000 no+ :
+ 1.000 so4-~~
log k of the above reaction acs cthanged to - 6197
1.000 no-nontronite
+ 7.32C h+
== tog k = -15.8482
‘4 .660 .h20
+ 330 no+
+ 330 al+++
+ 3.670 sio2(aq)
+ 2.000 fe++d
153 ¥ of the abosve reoction wos chanjed lo -153.3432
pd-a¢s2anite has been user~s,uppressed
----- fite Jotal has been sucsessiuily reqd --—=--

eeae qc 33333 n n rrrr

e q q S nn n r r

eeee q q 33 aAnnn rrrr

. 174919 3 n nan ¢ r

eeee qqq 3333 n n r ’
q

3230 version




GP

C | C |

Figure¢ 8., Output, modified seawater example (continued).

inpul file nome: iswleq created: 07/24/82 creaglor: t j. welery

sco wolet test cose of nordsirom =t ai. (1979, toble iii), moditied by
dropping ¢ few frace components, ond substiluling equilitrium controints
for concen'rotions for fhree of the remaining components. 1o make thic
example mere interestirg. the 'cg h vaolues for nosod- dissociclion and
na~nonifronite aissolution cre increosed 0.1 ana 2.0 units, respectively,
from the values on the thermodynamic cdcfa fifc.

references

nordstrom, d.k., et al. 1979, o comparisaon of computerized chemical models
for equilibrium colcutations ir o ieous systems. p. 857-897Z in jenns,
e.a., 6d., chemical mocdeling in aqueous syslems, ocs symposium series 93,
omatican chemical scciety, washington, d.c.

4010 file set deqpok9
supporting dalo 2. progroms eql ond eqb
1 afm.-steam sgturction curve dalo
lost revisea *) .february 1983
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Figure 8.

Output,

femperature= 25.00

pressurae=s

29
40
14

285
133
300

93

255
103
259

1.0134

elemants
elements
elements

aqueous
aqueous
aqueous
aqueous

aqueous
aqueous
aqueous

C

modified seawater example (centinued).

degrews celsius
bors

ore in the dolc base
con te looded into memory
gre oclive in this problem

species are in the dota bose
species were loaded into memory
species con be loaded into memory
species are oclive in this problem

reactions ore in the doto bose
reaclions were loaded into memory
reactions con be looded into memory

229 minerals ore in the doto bose
144 minerols were looded info memory

275 min

erals can be loaded into memory

138 minerals are octive in this problem

7 sol
20 sol

8 gas
7 gos

id solutions are in the dolao bose
id solultions con be loaded into memory

es ore in the data base
es were loaded into memory

15 goses can be looded into memory

7 gas

e¢s ore active in this problem
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Figure 8.

iopt!
iopt2
iopt}
iopt4
iopth
iopt6
iopt?
iopl8
iopt9

iopt!0

-1
!
0

n
OO0 OO0 O0OmMmD

ipentt
iprnt2
iprnt}
iprntd
iprnt5
iprnté
iprnt?

i
i
i
i
i
i

soltu!ti

totat
total

Output, moditied seawater example {(continued).

(redox optior switch)

(automatic basis swilching switch)
(interfocing oulputl controfl swifch)
(turn-on solid solutions switech)
(pre-iter. optimizrtion swilch):
(not currentiy used)

(not currently used)

(conv, test criterio swilch)

(not currently used)

(not currently used)

O (tist loading of species)

O (list reactions ond log k values)

0 (oqueous species print order control)

= 0 (oqueous species print cul=off control)
0 (mass bclance percentoges print control)
0 (nc* currently used)
0 (mineral aoffinity prinf confrof)

dbug! = O (print info. messages switch)

dbug2 = 0 (prinl datol! read info. swilch)

dbug3 = 0 (no! currenily used)

dbugd = O (print newton-raphson iterations swilch)
dbugS = O (list stoichiomeiric equivolences)

dbug6 = O (confrols idbug5 fevel of defoil)

dbug? = O (write reoctions on file rlist swilch)

on density = 1.02336 g/ml

dissolved solts
dissolved salts

0.00 mg/kg solution
0.00 mg/1




ge

C

Fiqure 8.

tolts?
fold!
felsct

species

no+
ke
ca+4
mg++4
al4+44

sio2(aq)

h+

hcol-
.cl-

s0d--

{-

fe+s

(.

Output, modified seawater example (continued).

.10000e-09 (convergence fcleronce o1 residual ltunctions)
.100002-09 {corvergence iclerance on (oarrtection lerms).
.50000e+4C3 (phase scluictian 1clerarce, voes rot oftect
convergence)
----- inpu! corstraints —=-—--
csp ittag type of inpul uphase
.10768¢+05 3 tet conc, mg/kg
.39910e4C2 3 to! conc. mg/ka
.41230e4C3 3 tal conc, mg/kg
..12918e+08 3 fot conc, mg/hg
0. 19 min equil gitbsite
1.0600 gibbsite
+ 3.000 h+
== log k = 7.9603
3.000 h2o
+ 1.00C oi++e
.42800e+C1 3 tot conc, mg/kg
<.82200e+0: 16 log activily
.23220e~-02 10 tit olk, eq/kg hio
.19353e405 3 tot conc, mg/kg
+27120e+404 3 fot conc, mg/kg
0. 19 rin equil fluorite
1.000 fluorile
== log k = ~10.9589 '
1.000 ca++
+ 2.000 f-
0. 19 min no-nontronife

equil

bosis species

¢c3--




C

Fiqure.B.

hpod--
02(oq)
h2(aq)
ch4(aq)
hs-
cod--

68

chd(aoq)
fecl+
fe(sod)2-

C

Output, modified seawater example (continued).

OO0 00O

swiltching co3--

1.000 no-nontronile
+ 7.32C hs
== log k = =13
4.660 hZo
+ .330 no+¢
+ 330 ol+es
+ 3. 670 sio2{uc)
+ 2.000 te++s
.61000e-01 J 10! conc, mg/kg
30 eliminoled spec.es
- 27 dependent species
27 dependent species
27 degenden! species
30 eliminoted species
from. the basis for hcol-
1.000 hcol-
== log k = -10
1.000 he
+ 1,000 col--
1.000 co3--
+ 1.000 h+
=z lg k = 10
1.000 hcol-
----- inoclive oqueous species ———--
clod- kot
feci2 fecl)3-
koh mgct+é

8482

.3281

.3281

kcol-
fecld——

hcol-
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Figure 8.

species

na+
i+
ca+é
mg##
al++4

sio2(aq)
ha
hco3-
cl-
sod-~-

=

fess

Output, modified scawater example

.46838e+00
.10208e--C1
.10287e~01
.52150e¢-01

+

c3p

~-wn= maditied

11l1ag

L OO0 00

1.000 gibposite
3.000 he+

3.0900
1.000

hlo
al++4

.71234e-04 0
-.82200e401 16
.23220e-02 10
.54588¢+00 c
.28233e-01 0
0.

+ + + ¢+

type of

fot
tot
fot
tot

min

te!
log
tit
tot

C

input
tnput
conc, molal
conc, molga!
cong, molot
con¢. .nolal

equil

log k =

conc, molal
aclivity
alk, eq/kg h2o

conc, maolal

tot conc. molol
19 min equil
1.000 fluorite
== log k =
1.000 co++
2.000 -
' 19 min equil
1.000 no-nontronite
5.320 h+
== log k =
3J.660 n2o
.330. no+
.330 al+++
3.670 sio2{0q)
2.000 fe++

teountinuedy .

censtraintg —--

Jyphase

gibbsile

7.960)

ftuorile

-10.9589

no-nontronite

'

-29 3778
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Figure 8.

Output, modified seawater example (continued).

+ .500 o2(
hpod-- .63556e~-06
02(0aq) 0.
h2(oq) 0.
ch4(uq) 0.
hs- 0.
fe+td 0.
h2pod - 0.
co3-- 0.
cloud-
oh- 0.

the ion that defines equiv. stoi
iter = 0 delimox = O,

iter = 1 delmox = .363e400
iter, = 2 delmox = .343e4+00
iter = 3 delmax = .318e+00
iler = 4 delmax = .293e+00
iter = 5 delmox = .148¢+00
iler = 6 delmox = .312-01
iter = 7 delmox = .119e-02
iter = 8 deimgx = 17705
iter = 9 delimox = .277e-08
iter = 10 delimox =

newton-raophsor

a)

0
27
27
27
27
30
30
30

30

ch.

.258e-10

iteration converged

tot conc,
deper.dent
dependent
dependent
dependent

molal

species

species

species
species
eliminoted species

alininated species

eliminated species

not! present

in the

mode |

eliminated spe-.es

ionic strength is cl-

de(( )
del(hpod--)
del(hpod~-)

det{hpod--)
del(hpod--)
del(hpod--)
del(hpod--)
de!(hped---)
del(hpod--)
del (1t~ )
del( (- )

in 10 steps

i

.908e-01
.856¢-0"
LTIV e-01
.293e+00
.148e+00
.312e-01
.119e-02
.177e-05%
.277e-08
.258e~10

beto(hpoa--)
beta(hpod-=)
belo(hpod--)
beta(hpod--)
beto(hpod--)
beto(hpod--~)
beta(hpod-<)
beta(hpod--)
beta(hpod--)
beta(hpod--)
beta(o02(g9) )

.402e+01
.311e401
.240e+01
.185e+01
.503¢400
.772¢-01
.274e-02
.408e-05
.318¢-08
.296e-10
~.455e-12

detinc

delfnc =

del fnc
delfnc
det fnc
del {nc
del inc

delfnc =

del fnc
del inc
delfinc

.565e¢-01
.691e~01
.£26e-01
.4%4e400
.789e+00
.582c¢+00
.995e+00
.998e+00
.991e+00
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Figure 8. Output, modified seawater example {continued).

element

‘species

h2o
no+
ke
co++
mg++
al+++
" sio2(o

----- summury of

elemental composition of

mg/ |

910816.7140
11019.4302
408.4261
421.,9313
1321.9764
.0045
2.0474
114511.,4998
25.8148
19805 .086!1
926.2924
4.0582
.0000

o020

mg/1

1025561.1525
11015.5405

- 408.4230
421.9313

- 1321.9764
.0045

4.3800

mg/ka

890025.7133
10767.8923
399.101
412.3000
1291.8000

.0044.

2.0006
111897,.5725
25.2255
1935%.0000
905.1481
5.9753
.0000

.0197

mg/kg

1002150.9073
10768.0000
399.1000
412.3000
1291.8000
.0044

4,2800

the ‘oquevus phose -----

the oqueous phuse —-----

moles/kyg

.5562869316e+07
.4683775555¢+00
.1020768326e-01
.1028692615¢-0"
.$314955770e-01
.1638910844¢-06
.7123360628e-04
.1110205105¢403
.2100199501¢-02
.5458776408e+00
.2823294260e-~01
.2092434829e-03
.4846993972e¢-15
.6355556945¢-06

moles/kg

.5562869316e+02
.4683775555¢+00
.10207656326e-01
.1028692615e-01
.5314955770e-01
.1638910844e-06
.7123360628e-04
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C

Figure 8. oOutput, modified seawater example (continued).

h+ 114522.8612 111908.6746 .1110205105e+03
co3-- 128.9750 126.0309 .2100199501e-02
cl- 19805.0861 19353.0000 .5458776408e4+00
sod-- 2775.3523 2712.0000 .2823294260e-01
f=- 4.0681 3.9752 .2092434829e~03
fe++ .0000 .0000 .4846993972e-15
hpod-- .0624 .0610 .6355556945¢~-06

species moles/kg h2o

h2o .5562869316e+402
na+ .4683775555¢400
k+ .1020768326e~-01
ca++ .1028692615e-01
mg++ : .5314955770e-01
oléesé .1638910844¢-06
sio2(oqg) «<71233606289-04
he .1110190238e403
heol~ .2100199501e¢-02
cl- .5458776408e+00
sod-~ .2823294260e-01
- .2092434823e-03
le+s .4846993972¢-15
hpod-- .6355556945e-06
ionic strength = .6414642840581
equiv. slzich, lonic strength (ecl- ) = .5458776408202
ph = 8.22000
activity of woter = .98203
log.octivity of water = -.00788

titration alkalinity

.23220e-02 eq/kg h2o
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Figure 8,

109
Tog
tog
1oy
~
a9

109,

199
VoQ
log
~tog
log
109
139
109
log
log
teqQ
fog

'

electrical batunce foftagly =«

vation subtotal
anion subtatalt
charge imbatance

this ts
andg

10 per cent !
=. 10 per Cent ot

c

Output, modifivd seawater oxample (continued).,

*quiv Vg

1343000000
< 300D CONR 00
SMIALNBI66-03

the catian subtatal
fhe anton stublotal

==usu aelivily ratloy of long s=eaa

act{na+
LTATEY
act{case
act(mges
AetLulese

act(sio2(aq)

act{cod-~
act(c¢!l=
ocl(sod=="
acti(f=
oct{fess
aci(hpol=n
act(o2(auv)
oct(h2(aq)
act(hy=~
octi{ferss
ocet{h2pod~
act{hsol=
acti{oh=

N st N i P P Dt sl . N il i St iV Nt Ot Vmt mt St

/ act(he)ux
/J act{he)un
/ act(he)un
/J act{hs)en
/ act(he)ux

act(he)nx
act{h+)ua
act(h+)ex
act{h+)ux
gct(he)xe
act{he)ux

M N XK X x 0w

act{he)nx
act(he+)un
oL t{he)un
act{he)en
act(he)un

[ IR

W b A =

AN = A = P

- - - (-

)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)

7.7018
8.0193
13,7879
14,6028
7,939
-4.1743
-21.3239
-8.6946
=-19.0234
=-12.3734,
=3.4934
-24,1346
-19.3289
~36.4563

-118. 7138

=1.8341
-16.9294
=11.1908
=13, 19%)
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Figure 8. OQutput, modified seawvater example

| m——— distribution of ogqueous species

species molal conc log conc
cl- : .53346400 -.2729
na+ .4511¢400 -. 3457
mg++ 459401 -1.3378
sod—~ .1533e-01 -1.8146
noc ) .1243e-01 -1.9054
k+ .1003e¢-01 -1.9988
co++ . .9005e-02 ~2.0455
mgsod .6715e-02  =2.1729
nasod- .4822¢-02 -2.2168
hcol- ) 1530e-02 -2.8153
casod .1191e-02 -2.9241
mghcol+ .2791¢-03 =3.5542
ksod- «1797¢-03 -3.7453
mgcol ' .1149¢-03 -3.9398
{- .1078e-03 -3.9673
mgf4 .9557¢-04 -4.0197
sio2(o0q) .66950-04 -4,1743
cohcol+ .5864e-04 -4.2318
co3=~ 4335¢-04 -4,3630
nocol- .3302¢-04 -4.4812
cocol .2899¢-04 -4,5377
h2col 1211e-04 -4.9167°
mg(oh)+ X .5931¢-05 -5.2268
h3siod- .4286¢~05 -5.3680
cofl+ .3019¢-05 -5.5%202
nnl .2845¢-0% -3.543%9
oh= «2575¢=~0S -$.5892
mghpod .2390e¢-06 -3.6217
at(oh)4~ .1639¢-06 -6.7854
ca(oh)+ .13954-~06 -6.8554
nahpoi- .12940~06 -6.8879
hpod—- .1186e~06  ~6.9258
nouh .1015e-06 -6.9935
mgpod-~ .1009e-06 -6.996!

C

{continued).

'|Ogg

-.2017
-.1725

-.4993

-.7688
0.0000
-.2017
-.6066
0.0000
-. 165t
-.1605
0.0000
-.1725

. =.1861

0.0000
-.1861
-.1725
0.0000
-.1460
-.7209
-.1605
0.0000

.0684
-.1728
-.1725
-.1725
0.0000
-.1861
0.0000
-.1725
-.1725
-.1725
-.7688
0.0000
-.1725

oclivity

.3353e+00
.3032e400
.14550-01
.2610e-02
.1243e-01
.6303e-02
.2228e-02
.6715¢-02
.3297¢-02
.1057¢-02
«1191¢-02
.1877e-03
.1171-03
.1149¢-03
.7024¢-04
.6424¢-04
.6695¢-04
.4190+~-04
.8244¢-05
.2282¢-04
«2899¢-04
.1418e¢-04
+.3987¢-0S
.2881¢-05
.2029¢-05
.2845¢-0%
.1678e¢-05
.2390e~-06
.1102¢-06
.9378¢-07
.8702e-07
.2020e-07
.1015-06
.3783e~07

iog act

-.4746
-.5182
-1.8372
-2.5834
-1.9054
-2.2005
-2.6521
-2.1729
-2.48193
-2.9758
=2.924
-3.7266
-3.9314
-3.9398
-4.1534
-4.1922
-4.1743
-4.3778
-5.0839
-4.6417
-4.5377
-4,8483
-5.3993
~5.5404
-5.6927
-5.54359
5.,7753
-6.6217
-6.9579
-7.0279
=7.0604
=7.6946
-6.9935
~-7.1686
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Figure 8. Output, modified seawater example (continued).

species

sahpod
capod-
h+
h2po4~
hsod-

. khpod-~
mgh2pod+
hi
nod~--
olf2+
alty
al{oh)++
h{2-
alf+s
all4-
h3po4
hel
fe(oh)4~
ol+es
allS=-
alsods
P07 e===
alhpods
hpo?-=~
fe(oh)2+
h212
h2p207=-~
al (6=~
02(aq)
fe(oh)++
e+
alh2pod++
fe(oh)+
fesod

molal conc

.2555e-07
.1557e¢-07
.7496e-08
.2905¢-08

.2367e-08

.2103e-08
.1393e¢-08
.6240e-09
.9236e¢~-10
.5993e-12
.3564e=12
.2616e-12
.20%0e=12
.6867e-13
.9357e-14
.1665e~-14
1484014
. 475615
J24430=15
.1929¢-19%
.8%610~1§
+3952e=16
.3988e-16
.3762e¢-18
.9074e~-17
1047¢-17
.1166e-18
.7301e-19
.4006e¢~19
.1996e-19
.4690e-21
.3516e-21
L14549=21
.5358e-22

log conc

~-7.5927
-7.8076
-8,1252
~B.5369
-8.6258
-8.6772
~-8.8560
-9.,2048
-10.034¢
-12.2223
~12.4481
-12.5823
-12.6862
-13,1633
-14.6288
~14.7786
-14 8285
-15.3228

-15.6:21

"‘5\7“7
-16.0675%

=16.2224 .

-16,3992
-16.4246
-17.0422
=17.9799

=18.,9334
-19.1366

-19.3973
~19.6999
-21.3288
-21.4071
-21.8373
-22.2710

- OO 1

o

Q

0

log g

.0000
L1725
.0948
1725
1725
L1725
1725
.0000
.7626
L1725
.0000
.6066
L1725
.6785
L1725
.0000

0000
725
.0640
.7688
720
1540
1725
.7626
725
.0000
.7608
.7626
.0684
.7688
.60&6
.6785
L1725
.0000

aclivily

.2555e-07
.1047e-07
.6026e-08
.1953¢~08
.1591¢~08
.1414¢-08
.9365e-09
6240e-09
.1595e-11
.4029e~12
.3564e-~12
.6473e-13
1385e-12
.1440e-13
.6290e-14
.1665e-14
L1484e-14
.3197e-15
.2108e-16
3285¢-16
.5755¢~16
4203¢-19
2681e-16
.6498e¢-18
.6100e-17
1047 =17
.1985e-19
.1261e-20
.4689¢~19
.3399e-20
.11600-21
8212e-22
.97727e-.2
.5358e-¢2

log9

-19

-16.
-18,
-17.
-17.
-19.
.8992
=19,
-20.
.9354
.0856
.0098
270

~20

~21
~22
=22
~-22

act

.5927
.9801
.2200
.7094
.7983
.8497
.0285
.2048
L7971
.3948
.448)
. 1889
.8%87
.Bal?
.23
-14,
.828%
. 4952
.6761
.4835
-16.
. 3764

7786

2400

LYAR

1872

2147
9799
7022

3289
4687

"
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Figure 8. Output, modified seawater example

fehpod+
fef2+
faf+s
{af+
fecl++
fesod+
fell
fatss
h3p207-~
fehpod
fepod-
fecli2+
fecld
feh2pod+
feclid-
fe(oh)3-
feh2pod++
sifb--
h4p207
(feoh++)2
h2(eq)
hsg-
h2s(aq)

.1787e-23
.1346e~-23
.1069e-23
.339.1e-24
.1503e6~24
.1026e6-24
LT731¢e-25
.3714e-25
.2834e¢-25
.93146-26
.7116e-26
.2384e~26
.1630e-26
.1688e-27
.1008e¢-28
.8535¢-29
.B2:16¢-30
.9683e=-31
.6914e=33
.5624e-36
.2987¢-36
.4924-110
.1848=-111
.1723-118

-23.7478
-23.8709
-23.9709
~-24.4693
-24.8231
-24.9890
-25.1356
-25.4301
-25.5475
-26.0309
-26.1478
-26.6227
-26.7879
-27.7727
-28.9965
-29.0687
-30.0854
-31.0140
-33.1603
-36.2499
-36.5247
~110.3077
-111.7332
~118.7623

major oqueous species confributing

C

{(continued).

1725
L1725
.6785
1725
.7688
1725
.0000
.0640
1725
.0000
L1725
L1725
.0000
1725
L1725
1725
.6785
-.7688
0.0000
-3.1540
L0684
-.1861
0.0000
-.6785

'
1 + 1 ©OI1 I ©I - 0O

cqueous species accounting for 997 or more of no+

species
na+
nacl

nasod-

subtlotol

molal <onc

.4511e400
.1243e-01
.4822e¢~02

per cent

96.31
2.65
1.03

to mass

.1201e-23
.90490~-24
.2242e-24
.2282e-24

.2560e-25 -

.6895e~25
.7319e-25
.3205e-26
.'905e-25
.9314e-26
.4783e~26
.1602e~26
.1630e-26
1135e-27
.6776e-29
.5739¢-29
N723e-30
.1649¢-31
.6914e-33
.3945¢-39

-.3497¢-36

.3208-110
.1848-111
.3625-119

balancss

-23.9203
~24.0434
-24.6493
-2%1.6417
-25.5918
-25.1615
-25.1356
-26.4941
-25.7200
-26.0309
-26.3203
-26.7952
-26.7879
-27.9452
-29.1690
-29.2412
-30.7638
-31.7828
-33.1603
-39.4039
-36.4563
-110.4938
-111.7332
~119.4408
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Figure 8. Output, modified seawater example (c0ntinued);

aqueous species accounting for 99 ot more of ks

species molal conc  per cent
k+ .1003e~-01 98.24
ksod- .1797e-03 1.76
subtotol 100.00

oqueous species accounling for 997 or more of ca++

species molal conc per cent
co++ .9005e-02 87.54
casod .1191e-02 - 11 58
subtoto) 99.12

oqueous species accounting for 99% or more of mg++

species mclal conc per cent
mg++ .4594e-0t 86.43
mgsod : .6715e-02 12.63

subtotal 99.07




[

" Fiqure 8., Output, modified seawater ¢xample (continued).

aqueous, species accountaing ter 99° o1 more of aless

sperie= mo'al conc per cent
at(nh)d- 1639¢-06  11V.00
suhtotal 100.00

oqueous species occounting for 99~ o+ more of s102(0q)

species molal cong per cent
sin2lnqg) .6695¢-04 93.18
thip4~ .4286¢-05% 6.0?7
subtotal 100.00

gQueouy sprciey accounting for 99" ur more of ncol-

spac a3 motal conc per cent
heonl- .1530e--02 72.85
mghecole .2791¢-0} 13.29
mgenl .1149¢-03 5.47
¢cnheole . “Bhae-04 2.79
cns-- . 433%e-04 2 06
LIXAE $102¢-04 t.%7
¢ 2679¢-04 1 38

subtntal 99 42
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Figure 8. Output, modified¢ seawater example (continued).

oqueous species accounting for 997 or wmore of cl--

species molal conc per cent
cl~- .5334e+00 97.72
nacl .1243e-01 2.28
subtotal 100.00

aqueous species accounting tor 99”7 or more of sod-«-

species molal conc per cent
$04~-~ 21533e-01 54.28
mgsod .6715e-02 23.79
nosod- .4822e-02 17.08
casod .1191e-02 4.22 e

subtotal ‘ 99.36

aqueous species occounting for 397 or more of -

species molal conc per cent
{- .1078e-03 51 52
mgl+ .9557e-04 45.67
caf+ .3019e-05 1.44
naf .2B45e¢-05 1.36

subtotal ' 100.00
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Figure 8. Output, modified seawate: example (continued).

aqueous species occounlting for 99" or more of te++

species

fe(oh)4-
fe(oh)2+

subtotal

aqueos species
species

mghpod
nahpod-
hpod--
mgpod-
cahpod
capod-
h2po4-

couple

defoull
02(oq) /h2o
h2(aq) /h2o

hs- VALY RS

fet+s  [la+s

molol conc

.4756e-15
.9074e-~-17

per cenl

98.12

87

accounting for 99” or more of hpod--

eh,

molal conc

.2390e-06
.1294e-06
.1186e¢-06

per cent

.1009e-06

.2555¢-07
.1557e-07
.2905e-08

volls pe-

.500 . .8452e+01
500 .3452e401
. .JO .8452¢+01
.500 .8452¢401
.500  .8452e+01

37.
20.
18.
15.

60
37
67

log

16,
-16.
-16.
.430
~16.

-16

fo2

430
430
430

430

‘ah, kcal

11.531
11.53t
11.50
11.531
11.531
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Figure 8. Output, modified Aseawater example (continued). .

----- summary of aqueous non-equilibrium non-redox reaclions =-----
couple offinity, kcal
none
----- summary of stoichiometric mineral saturation stotes «----
(minerols with offinities .lIt. =10 kcal are no! tisted)
mineral log q/k off, kcol stote minerol log q/k afi, kcal siate

antigorite 74.420 101.529 ssotd ‘phengite 3.9 5.349 ssoid
corundum -5.440 -7.421 hemotite .630 .860 ssctd
dehydraled a -4.667 . -6.367 brucite -1.852 -2.526
gibbsite -.000 -.000 sotd hatlile -2.602 -3.550
sylvile -3.570 ~4.871 caolcite .789 1.076 ssald
magnesile .987 1.346 ssotd dolomite 3.404 4.644 ssotd
hydromognesi ~-3.314 -4.521 - onhydritle -.270 -1.,323
gypsum -.401 -.547 quortz -.175 -.239 soid
max imum micr 1.382 1.885 ssotd low albite .050 .068 sold
onorthite -5.687 -7.758 sapiolite 2.275 3.104 ssotd
t4o-omesile 4,075 6.310 ssotd nepheline -2.638 -3.599
analcime. .034 .046 sold kaolinite B B3 .206 sotd
chrysotile . 3.872 5.282 ssatd pyrophyliite -1.821 ~2.484
ta'e. $.517 7.527 ssotd no-beidellit -.589 -.804
muscovile 2.837 3.870 ssoid illite 1.173 1.600 ssotd
agriinite -1.950 -2.660 tremolite 5.461 7.451 ssatd
enstafile -1.048 -1.430 diopside -.943 -1.287
wollastonite -4,018 -5.482 ) zoisite -5.010 -6.835
kyanite -4.525 . -6.174 forsterile -3.131 ~4.271
prehnite . =2.304 -3.143 huntite 2.016 2.750 ssotd
amorphous si -1.461 -1.993 phliogopite 7.019 9.576 ssaild

k-feldspar 1.382 1.885 <csotd high sanidin .18 . . .249 soitd
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- Figure 8, Output, modified seawater example (continued).

high gtbive -1.263 -1.731 k-beidellite
co-beidellit -.797 -1.087 mg-bu.idel !t
h-beicellite =2.11 -2.881 aragqgonite
nag-saponite 6.748 9.207 ssoid k-saponite
clinozoisile -4 965 -6.774 ‘ paragonile
diospore -.784 -1.069 ' co-saronite
boehmite -1.628 -2.221 chalcedony
mg-saponite 6.694 9.132 ssotd 7a-c!linochlo
ondolusite ~4,800 -6.549 h-saponile
14a~-ciinocht 7.799 10.641 ssatd anthophyltit
monticellite -5.551 -7.573 no-nontronit
k-nontronite 1,775 2.421 ssotd albite
ordered epid -1.9%0 -2.633 ondradite
co-nonfronit 1.793 2.446 ssatd mg-nonironit
h-nonfronite .479 .654 ssotd crisfobolite
disordered d 1.860 2.537 ssotd ordered dolo
nesquehoniie -1.736 -2.368 epidole
wairakite -5.547 -7.568. loumontite
margorite -4.859 -6.628 flucrite
sitlimanite -5.159 - -7.039 kolsitite
jadeite -1.400 -1.910 mgf2(c)
hydroxyapoti 8 051 10.984 ssatd fluoropotite
berlinite 31.340 42.757 ssotd | whitlockite
cahpod.2h2o -3.805 -5.191 pseudowollos
casi205.2h20 -4.545 -6.201 leonhordite
lowsonite . -1.334¢ -1.820 tridymite

10 approx. saturoted pure minerals
0 approx.. saturated end-members of specified solid solutions
0 soturoted end-members of hypolhetical solid solutions

38 supersoturoted pure minerols
0 supersatd. end-members of specified solid solutions
0 supersald. hypotheticol solid solution phases

-.815
-.644
.624
6.523
.608
6.541
. 446
4.426
5.237
.974
-.000
.050
-3.369
1.945
-.725
3. 404
-1.930
-1.15
.000

-1.444"

-1.965
17.607
2.995
-4.409
4.013
-. 341

RRR
.879
.851
.899
.830
.924
.609
.038
L144
.329
.000
.068
.596
.654
.990
.644
.633
.571
.000°
.970
.681
.021
.086
.015
474
.4R5

ssald
ssatd
ssatd
ssald

ssatd
ssold
ssotd
soid
satd

ssatd

ssald

sald

ssotd
ssotd

ssoid
satd

)
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‘Figure 8, Output, modified seawater example (continued).

gas : fugacity log fugacity

co2(g) .443191e-03 -3.3534
02(q) .371593e-16 -16.42993
s2(g) .384831-180 -180.41473
ch4(g) ' .152197-113  —-113.81759
h2(g) .452575e-33 -33.34431
h2s(g) ' .187500-110 -110.72700
steam . .307485e~-01 -1.51218

------ end of output —=—=—-

----- pickup file successfully wrillen ————-

----- reoding the inpul file ————=

----- end of input file ~=w=-




- 60T

Figure 9. Input, pH calculation example.
input file nome: ipheb2 creoled: 03/11/83 creator:

example of calculoting ph from etectrical balance. the
mixtura of 0.01 m nocl, 0.01 m cocl2, 0.001 m naohcol, ond
il is alsy exposed to the acimosphere, so equilibrium with
co2 is ossumed. the amount uf corbonate in solution mus!

t.j. wolery

solution is a

0.001 m no2hpod.

otmospheric
therefore’

be calculoted. the inpul ph value is used os o storling estimate.

tempc= 25.
rho= 1.00 tdspkg= 0. tdspl= 0.
fep= -0.70 uredox=

tolbi= 0. toldi= 0. tolsol= 0.

itermx= O
iopti1-10= 0 0 0 0 0 0 0 0 0
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Figure 9. 1Input, pH calculation example (continued).

iprnt1-1Q= 0 C 0 o] 0 0 0

idbugt-10= 0 0 0 0 0 0 0
uebal= h+ vaocion= c¢cl-

nxmod= 1
species= pd-oxyannile

type= 1 oplion= -1 © xlkmod=
na+ 0.013 0
co++ 0.010 ©
h+ ~7.0 16

hco3- -3.5 21 co2(g)
hpod—-- 0.001 0
‘ cl- 0.030 0
hco3- cod-- 30

endit.
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Figure l0a.

species

no+
ca++
h+
hcol-

cl=-
hpod--
02(aq)
h2(aq)
ch4(oq)
h2po4d-
col=--
clod-
oh-

the lon that defines equiv. stoich.

N

Partial output, pH calculation example.

----- modified input constroints ~—---
csp itflog type of input uphose

.13000e-01 0 tot conc, molat

.10000e-01 0 tot conc, molatl
-.70000e+01 16 log activily
~.35000e+01 21 gos equil co2(y)

1.000 co02(9g)
+ 1,000 h2o
== log k = ~7.8345
1.000 h+

+ 1.000 hcol-

.30000e-01 0 tol conec, molal

.10000e-02 0 fol conc, molol
0. 27 dependent species
0. 27 dependen! species

nol present in the model
0. 30 eliminated species
0. 30 eliminaled species
not present in the model

0. 30

eliminoted species

ionic strenglh is cl~

elecirical balance will be achieved by adjusting the concentration of h+

iter = 0
iter = 1
iter = 2
iter = 3
iter = 4

delimax
deimox
deimaox
delimox
delmax

K]

0.
.8340400
.895e+00
.8326+00

.617¢400

del( ) = o. beto(hpod-=)
del(h+ ) = -.208e+00 beta(hpod—-)
del(h+ ) = =.224¢400 belo(hpod--)
del(h+ ) = -.208e¢+00 beta(hpod--)
del(h+ ) = -=.617¢400 beta(hpod-=)

. 169401
. 136401
.109e401
.866e+00
.358e+00

delfnc
delfnec
delfine
delfng
delfne¢

TS Y LN

0.
0.
=.7346-01
.704e-01
.2596400
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newlon-raphson ileralion converged in

Partial output, pH calculation

delmax =
deimax =
delmox =

deimax
de Imax
deimaox

. 107400
.220e-01
.764e-03
.858e-06
.101e-09
.342e-13

element mg/1
o 888227.1999
na 298.8670
ca 400.8000
h . 111897.3153
c 9.9453
cl 1063.5900
p 30.9738

del(hco3~
del(hco3-
del(hco3~-
det{hco3-
del(h+

del{(hcol3-

mg/k9

888227.1999
298.8670
400.8000

111897.3153

9.9453
1063.5900
30.9738

c

example (continued).

10 steps

-.107e+400
-.220e-01
-.764e-03
-.858e-06
-.101e-09

. 342e-13

mol

es/kg

beta(hpod~=)
beto(hpod~=)
beta(hpod~-)
beta(hco3~ )
beta(co++ )
beta(hco3~ )

.5551628185e+02
.1300000000e-01
. 1000000000e-01
. 1110202553403
.8280129294e-03
.3000000000e-01
.1000000000e-02

"

.499e-01
.136e-02
.111e-05
.115e-09
.222e-13
.284e-13

delfnc

delfnc =

de! fnc
delinc
delfnc
delinc

C

.826e+00
.795e+400
.965e+00
.999¢+400
.100e+01
.100e+01




601

Figure l0a. tartial output, pH calculation example (continued).

------ elementol composition os sirict basis species --——-

species mg/1! mg/kg moles/kg
h2o 1000125.8176 1000125.8176 .5551628185e+402
na+ 298.8700 238.8700 .1300000000e-01
ca++ 400.8000 . 400.8000 .1000000000e-01
h+ 111908.4173 111908.4173 .1110202553¢+403
co3-- 49.6882 49,6882 .8280129294¢-03
cl=- 1063.5900 1063.5900 .300000G000e~-01

hpod-- 95.9790 95.9790 .1000000000e-02

specles moles/kg h2o
h2o - .5551628185e402
no+ ] .13000G0000e-01
ca++ . . 1000000000e-01
he+ 1110195412403
hcol- .8280129294¢-03
cl=- .3000000000e-01
hpod-- .1000000000e¢-02

lonic slrength =  .0412723908305
equiv. stolech., lonlc strength (cl-

ph

activity of water
log activity of waler

titrotion olkallinity

) = .0300000000000
B.11546

.99897
-.00045

.85536e-03 eq/kq h20
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Fiqure 10a.

electricol balonce totals

" cation subtotat
onion sublotlal
chorge imbolance

this is .00 per cent of
and -.00 per cent of
----- efecirical balancing on h*

log activity

input -7.0000

final -8.11585

ad| " -1.1153

=wwe= g¢llivily ratlios of

fog ( act(na+ ) / act{h+)xx
log ( aci(co++ ) / aet(h+)xx
leg ( aci(co3-- ) x act{h+)xx
tog ( act(ci- ) x act(h+)xx
log ( act(hpod-- ) x act(h+)xx
tag ( act(02(0q) )
log ( act(h2(oq) )
tog { act{h2pod- ) x oct{h+)xx
log ( act(hcold~ ) x act{h+)xx
tog { act{oh- ) « act(h+)xx

Partial output, pH calcul

c

ation examw.le (continued).

equiv/kg

.3161402929e-01
-.3161402929¢-01
111022302515

the cotion sublotal
the anion sublolal

jong =vewuaw

6.1473

13.9060
-~21.6630

-9,7233
~20.0213

-3.5990
~44.3138
-12.8161
~11.3349
~13,9878

N = NN ~-

At i N Vul Nl i il Nt gt ut




Figure 10b. Partial output, pH calculation example.

----- summary of stoichiomeiric mineral saluration stales ——-<-

(minerals with offinities .11. =10 kcal are no! listed)
mineral log q/k aff, kcal stale mineral log q/k off, kcal slote
hatite’ -5.185 -7.074 catcits .768 1.048 ssatd
oragonite .603 .822 ssotd hydroxyaopali 20.989 28.635 ssold
whitlockite 11.576 15.793 ssold cahpod.2h2o .441 .602 ssald

O approx. saturoted pure minerals
0 vpprox. saluraled end-members of specified solid solutions
Q0 saturoted end-members of hypothetical sol.id solutions

11t

(5, JRN

supersoturated pure minerals
supersatd. end-members of specified solid solulions
0 supersatd. hypotheticol solid solution phases

o

----- summory of goses ——=--
gas fugacity log fugacity
co2(9) .316228e~03 -3.50000
02(9) . .1995266+400 -.70000
ch4(g) _ .389768-145 ~145.40919
h2(c) .628279e-41 -41,20185

steom .312790e-01 -1.50475
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Figure 11. Input, river water test case.
input fite nome= iiwlc created= 07/24/82 creaofor= {.j. wolery

river waler tes! cose of nordstrom et al. {1979, table ii:). only
the etements on the thermrodynomic dato file dota0O 3175 (deqpak9) ore
included here. in this esaomple, the given eh volue was v.ed os the
detfault redox poromete: the concentrations ot sio2(oq), hcol-. hpod--,
Os(oh)l-. and hs- were recolculoted hecouse we use here a ditlerent
representolion of the the o!lected components (e.g., siolZ(nq) i1nsiead
of si, as(oh)4- instead of os,.

reference

nordsirom, d.k., et al. 1979, o comparison of compulerized cremical models
for equilibrium calculolions in oqueous systems. p. B57-892 in jenne,
e.0., ed.. chemicol modelina in cqueous systems, ocs symposium series 93,
omericon chemicol sociziy, washington, d.c.

tempe= 9.5
rho= 1.00 tdspkg= 0. tdspli= 0.
fep= 0.44 vredox=

tolbi= 0. toldli= _ 0. tolsat= 0.

itermx= O .
iopt1-10= -1 0 0 0 0 0 0 0 (o}
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Figure 11,

Jiprati1-10=
idbug1-10=
uebal=
nxmod=

C

Input, river water test case (continued).

species= pd-oxyannite

type=

hcol-
endit.

na+

k+

ca++
mg++
sio2(aq)
hcol3-
cl-

. ;O‘——
-
hpod-—-
nno3-
nhd+
fess
fe+r+s
rn++
al+++
Zn++
hg++
pb++
cu+
og+
os(oh)4-
hs-
02(aq)
h+
co3--~

0 0 0
0 0 0
uacion= cl-

option= -1
12.
1.4
12.2
7.5
e .3
.001232
9.9
7.7
0.10
0.21223
0.898
0.144
0.015
0.0007
0.0044
0.005
0.00049
0.00001
0.00003
0.0005
0.00004
0.0038
0.0019
10.94
-8.01

o

-

DN NRNNRNRONNPMDNNNNRNNNNNNRNRNPRD = NNNDNNNN

(N =
o

x lkmod=
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in the part of tne OUTPUT file given in Figure 12. Partial equilibrium

+ - . 2+ +
exists in the model among H \:wo. mmw \maw‘. >m.o=.m\>m.o_~b. and Cu~ /Cu

. 2(aq)
only because these couples were constrained to tit the input default for an Eh

of 0.44 volts. This run required 18.33 seconds cf TDC 7600 time (17.78

seconds for CPU) and nine iterations.

6. SAMPLE PROBLEMS THAT DON'T WORK: INFUTS AND OUTPUTS
6.1. INTRODUCTION

This chapter follows the same format as the previous one. For each

.mxnanuo. a short discussion is presented, followed by the INPUT file and the

last page of the QUTPUT file. The three sample problems in this chapter,

however, 4O not work.
6.2. VIOLATING THE APPARENT (MINERALOGIC) PHASE RULE

The so-called -mvvmnm:n: or "mineralogic” phase rule was discussed in
Section 2.3.4. It is a slightly more restrictive version of the phase rule of
nsmnaomwzmawom. TO mwimM: this rule, consider thermodynamic equilibrium
constraints as the logarithmic forms of mass action expressions. If there are
n such linear equations in n unkowns, the unkowns may be evaluated by solving
a matrix equation.. The matrix is n by n-and composed of the reaction
coetficients ot ‘the unknowns. If this matrix is singular, there is no
solutior and tne system is said to be overdetermined. )

Subrcutine ARRSET evaiuates such a matrix when generating starting
estimates for aquenus species constrained vw.mvmnmmwma equilibria. .>nmmnm:n
phase rule violations are detected at this stage. 1If such an error is
detected, a warning message is printed and execution of the current problem is
terminated.

The following example illustrates a violation of the apparent phase
rule. The INPUT file is shown in Figure 13, and the last page of the OUTPUT
file (containing the diagnostic ammmwmmu is given in Figure 14. This run
required 1.48 seconds of CDC 7600 machine tim: (1.16 seconds for CPU) and no

iterations were made.

114
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Figure 12. partial output, river water test case.

----- summaory of oqueous fec reactions —=—-—-—

couple eh, volls pe- tog fo2
default . 440 .7846e+01 ~-24.439
02(aq) /h2o .773 .1378e402 -.699
h2(aa) /h2o .440 .7846e401 -24 439
hs~ /sod-- - 24 .4295e+01 -73.003
hg2++ /hg++ .440 .7846e+01 ~24 439
as(oh)8-/as(oh)4~ .440 .7846e+01 ~24.439
fetss [Jless .197 .35132+01 -41.769
cuss /eu+ . 440 .7846e+01 -24.439
no3- /nhés+ .318 .5662e+01 -33.174

aoh,

10.
17.
10.
.555
10.
10.
.544
1C.
.323

kcal
147
824

147

147
147

147
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Figure 13. 1Input, phase rule violation example.
inpul file nome: iphry creoted: 07/24/82 "creator: 1.j. wolery

exgmple of o phoSe rule violotion. this }s the sea woler tesl case of
nordsirom et ol. (1979, toble iii), medified by deleting o tew troce
components and by substituting mineral equilibrium constraoints for o
few of the remaoining companen;s. there is no numerical solution to this
problem, because this set of minero! equilibrium constroints violotes
the phaose rule.

reference

nordstrom, d.k., et al. 1979, o comparison of zompulerized chemicol models
for equilibrium colculotions in oqueous systems., p. 857-892 in jenne,
e.a., ed., chemico! modeling in oqueous systems, acs symposium series 93,
americon chemical sociely, washington, d.c.

tempc= 25.
rho= 1.02336 tdspkg= 0. tdspt= 0.
fep= 0.500 uredox=

folbt= 0. toldi= 0. tolsot= 0.

itermx= O
iopl1=-10= -1 0 0 4] 0 0 0 0 0
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Figure 13. 1Input, phase rule violation example (continued).

iprnt1-10= 0 0 0 0 o] ] 0
idbug1-~10= 0 0 c 0 0 0 0
uebal= - uocion= ¢l-

nxmod= . 1}
species= pd-~oxyonniie

type= 1 option= ~-1 x lkmod=
no+ 10768. 3
K+ 399.1 3
co++ 412.3 3
mg++ 1291.8 3
al+++ 19 gibbsite
. si02(0q) 19 juortz
h+ 19 kooliniie
heol- : .002322 10
cl- 19353. 3
sod-- 2712 . 3
f- 19 fluorite
fets 19 no-nontronile
hpod-~ 0.061 3
02(aq) , 30
h2(aq) 27
chd(oq) : 27
. hs- 27
hcold~ cod-- 30

endil,
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Figure 14. Last page of output, phase rule violatior.

== log k = -10.9589
1.000 co++ )
+ 2.000 (-
feds 0. 19 min equil na-nonlronite
1.000 no-nonfronile
+ 5.320 h+
== log k = -31.3778
3.660 h2o '
+ .330 no+
+ 330 ol+4s
+ 3.670 sio2(o0q)
+ 2.000 fe++
« .5C0 o02(9)
hpod~-- .63556e-06 0 tot conc, molol
02(aq) 0. 27 dependen! species
h2(0q) 0. 27 depender.l species
chd(aq) 0. 27 dependent species
hs=- 0. 27 dependent speciss
fed+s+s 0. 30 eliminoted speciss
h2pod- 0. 30 eliminated species
co3~- 0. 30 eliminoted species
clod- nol presen! in the model
oh- 0. 30 eliminaoled species

“the ion that defines equiv. stoich. ionic strength is cl-

----- tudatf (1-u decomp.) faoiled in orrset ——==- *

----- the specialion model appears fo be singular —-=--
----- probable apparent phase rule violotion ==—==="
----- reading the input file ——===

me—e= end of inpul file ——=—=




In this example, A13* is constrained by gibbsite [}1(03)3] solubility,
+ -
i b i 2 OH b
5102(aq) Y qu;itz, H by kaoi:nite [nlzsizos( )4]a F y fluorite
(Can), and Fe (including Fe ) by Na-nontronite [ﬁao.aa(Fez)A10'33513.67(0H)2J.
The problem lies with the first three of thesc constraints. The dissolution

reactions are

+ 3+
AL(OH) 3 ) + 30 = A" +3HO .
Sxoz(c) = Sloz(aq) , and
si H en’ = 2a13% + 2 sio + 5H.0
Al,S1,05(OH), + 6H = 10, (aq) 2°@)

Taking the signs of reactants as negative and those of products as

-+ + .
positive, the matrix for H , A13 + and 5102(aq‘ is
-3 1
o 0 1
-6 2 2

It is clear from inspection that this matrix is singular because the third row
may be obtained by adding the first two and multiplying by a factor of 2.
This problem could be "fixed" by either substituting an input pH value for the

- s sy s . + . . :
kaolinite equilibrium assigned to H , or by entering a different kind of
3+ .
or 510 to

2(aq)

substitute for the éorresponding required solubility equilibrium.

input, such as a total concentration, for one of Al

"6.3. UNREALISTIC SOLUBILITY EQUILIBRIUM CONSTRAINT

This example illustrates the action taken by subroutine ARRSET .when it
determines that the result of an equilibrium constraint or set of equilibrium
constraints is grossly unreaiistic. ARRSET generates the starting estimates
for Newton-Raphson iteration. If the concentration estimate for an
equilibrium-constrained species is large (greater than 10 molal}, a warning
message is printed. 1If the estimate is grossly large (greater than 109

molal), ARRSET not only writes this warning message, but it alsc terminates
execution of the current problem.
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The following example requires an+ to satisfy solubjlity equilibrium
with sphalerite (2nS). .The zinc concentration, however, would have to be
grossly large, because dissolved sulfide is constrained to be in equilibrium
with sulfate under relatively oxidizihg conditions; hence, the amount of
dissolved sulfide must be very, very low, and conversely, the amount of
dissolved zinc reyuired for equilibrium with sphalerite must be very great.
This run required 1.32 seconds of CDC'7600 machine time (l.11 seconds for CPU)
and no iterations were made. The INPUT file is shown in Figure 15, the last
page of thé OUTPUT file in Figqure 1l6.

6.4. ELECTRICAL BALANCE CRASH

This example shows what happens when the concentration of the aqueous
component required to satisfy electrical balance would have to be negative.
The INPUT file is shown in Figure 17, the last page of the OUTPUT file in
Figure 18. This run required 1.79 seconds of CDC 7600 machine time (1.44
seconds for CPU) and the Newton-Raphson iteration completed eight steps before
stopping.

Ali iteration variables corresponding to aqueous species are
logarithmic. The logarithmic concentration of the species required to satisfy
electrical balance (Na*) diverges towr:d negative infinity. Note that-

"DEL (NA+ ) = -0.200E+01" during the last several iterations: (DEL is the log
concentration correction term for a given iteration; 2.0 is the usual limit on
the magnitude of any such term).

In this example, the problem is not completely obvious from inspection of
the input, because some of the constraints involve solubility equilibria, The’

corresponding total concentrations are unknown parameters to be calculated.
7. PICKUP FILE: THE EQ3NR TO EQ6 CONNECTION
EQ3NR creates a model of the state of an agueous solution. Tﬁe 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

model constraints on this aqueoﬁs solution are input only to EQ3NR. The user
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Figure 15. Input, bad solubility equilibrium example.

input file nome= ibodeq crecled= 07/24/82 creator= 1.j. wolery

" exomple of choosing o bod minercl solubility consiraint, based
partiolly on the sea waler test cose of nordsirom et o, (1979,
toble iii). 1the problem here is that the concentrotion of dissolved
zinc required for equilibrium with sphalerite (2ns(c)) is
unrealistically high in sea waler,

references

nordstrom, d.k.. et al. 1979. o comparison of compulerized chemical models
for equilibrium colculotions in oqueous systems. p. B57-892 in jenne,
e.0., ed., chemical modeling in aqueous syslems, ocs symposium series 93,
omericon chemical sociely, washinglon, d.c.

fempc= 25.
rho= 1.02336 tdspkg= 0. tdspli= 0.
fep= 0.500  uredox= ) :

folbt= 0. - toldi= 0. tolsal= 0.

{termx= O
iopt1=10= -1 o} 0 -0 0 0 0 0 0
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Figure 15.

iprnt1-10=
idbugt=-10=
usbal=
nxmod=
species=
type=

hco3-
-endit.

Input, bad solubility

0 0 o
o 0 0

uacion=

pd-oxyannite

oplion=
no+
k+
ca++
mg++
h+
Zn++
hco3-~
cl-
sod—~
hs-
co3=~

equilibrium example (continued).

~1

10768.
399.1

412.3

1291.8

' -8.22

.002322

19353.
2712,

x lkmod= 0.

sphalerite
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Fiqure 16. Last page of output, bad sdlubility equilibrium,

species : csp jflag type of inpul uphaose
no+ .46838e+00 0 tot conc, molal
k+ .10205¢~-01 0 tot conc, molatl
ca++ .10287e-01 0 tot conc, motal
mg++ .53150e-01 0 tot conc, molal .
In++ 0. 19 min equil sphalerite

1.000 sphalerite
+ 1.000 h+

== log k = -11,3587
1.000 zn++
. + 1,000 hs-
h+ ~-.82200e+01 16 log activity
hco3~ .23220e-02 10 tit alk. eq/kg h2o
cl- .54588e+00 0 tot conc, molol
sod-- .28233e-01 0 1o} conc, molol
02(0q) 0. 27 dependent species
h2(aq) 0. 27 dependeni species
LY ICT)) not presen! in the modal
hs~- a. 27 dependen! species
col-- 0. 30 eliminated species
clod- ~ notl present in the model
oh- 0. 30 eliminoled specles

the fon that defines equiv. stolich. fonic sfrength is ci-

----- In++ has o required log concentration near 91.34 (log molatl)
===== reconsider your choice of inpu! constralnts —=—=-
----- reading the input {ile ——=——~

————= end of input file —==e=
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Figure 17. Input, electrical balance crash example.

input file nome: iebcr crealed: 07/23/82 creotor: t.j. wolery
example of elecirical balance crash. in this cose, na+ concentration is

fo be adjusted to sclisfy electrical bolonce. 1the constrainis put on this

problem are such thot this concenirotion would hove to be negolive., because

three of these consirainis involve helerogeneous equilibrio, one can not
be sure beforehand {that there is no physically reasoncble aonswer, nole
thot eqlnr terminotes the run after writing an oppropriate diognoslic‘
message, it does nol compute a physicolly unreasonable answer.

lempc= 25. ' '

rho= 1.00 tdspkg= 0. tdspl= * 0.
fep= 0.000 uredox=
tolbt= 0. toldl= 0. tolsot= 0.

itermx= 0 .
joptt-10= -1 0 G 0 0 0 0 0 0
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Figure 17. Input, electrical balance crash example {continued).

~iprnt1=10= 0 0 0 0 0 G 0
idbugi-10= 0 o 0 0 0 0 ()

uebal= no+ uacion= cl=-
nxmod= 1 :
species= pd-oxyannile

type= 1 . opltion= -1 x lkmod=
no+ 0.001 0
cot++ 0.022 0
al++4 19 gibhsite
sio2(aq) 19 quarltz
- hcol- 19 calcite

sod-~ 0.0005 0
cl- 0.020 0
h+ -6.0 16

heold- col-- ' 30

endit.
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Figure 18. Last page of output, «lectiical balance crash,

LY. Y B R 50000e-01% 4] 1o cone, ralnl

22{(aq) ’ 0 27 depengent spectes

h2{oq) 0 27 derendent species
chd{aq) ‘ not present in the model
hs~ : 0. 30 eliminated sbecies
col-- 0. 30 eliminated species

clod- no! presen! in the model
oh- ' 0. - 30 el minated species

the ion tho! defines equiv. stoich. ionic strength is _I-

electrical bolaonce will be achieved by odius'}ng the concentrotion of no+

iter = 0 detmox = 0, det ( ) = 0. beta(xi )
iter t deimax = .538a+01 del(na+ ) = -.134er0 betalxi )
iter = 2 delmox = .112e403  ocel(na+ ) = -.200e401 beto(xi )
iter = 3 delmox = .112e405 del(no+ ) = -.200e+401 beta(xi )
iter 4 delmax = .112e+07 del(no+ ) = -.2002+00 beta(xi )
iter = S delmox = .112e+409 del(no+ } = -.200e+01 beta(xi )
iter =+ 6 delmaox = V12e+11 del(na+ ) = =-.200e+01 beta(xi )
iter = 7 deimox = .112e+13  dei(nao+ } = =.200e+01 beto(xi )
----- ludotf (1-u decomp.) foiled in newton —===w

===== jteration hos gone sour (iter = B8) --w--

the icn odjusted for elecirical bolonce is croshing to zero
electrical baloncing requires an ion of opposite charge

newlon—-raphson iterolion failed ofter 8 sieps'

----- reading the input file «=—--
------ end of input file —=— -

.755e+00
.709e+00
.7G5e¢+00
.705e¢+400
.705¢+00
.705e+400
.705e+400
.705e+00

delinc
del inc
del fnc

deilfnc

delinc
det fnc

delfnc =

del fnc

.199e+02
.988e+02
.990e+02
.990e+02
.9908+02
.990e+02




does not repeat this information in the hsez-created portion of the EQ6 INPUT
file. Instead, EQ3NR writes tiie necessary data on a small file called PICKUP.

EQ6 normally reads the information from EQ3NR'sS PICKUP file from the
dottom portion ot the EQ6 INI'UT file. It can also read it directly under an
cption that can be specified on the EQ6 INPUT file. The contents of EQ3NR's
PICKUP file will be discussed in more detail in a subsequent EQ6 manual
(Wolery, 1983a}.

EQ3NR uunohatically writes a PICKUP file unless the user specifies
otherwise (by setting IOPT3 to -1); nowever, it is not automatically disposed
to an “utput medium or file storage. On most batch-oriented systéms, it will
be lost upon Juu terminaticon unless appropriate disposition instructions are
included 1n the job control file. ‘

Figure 19 illustrates the PICKUP file generated for the sea water exampie
presented in Section 5.2. The folluwing discussion assumes that the reader is
familiar with tne parameters that appear on the EQ3NR INPUT file (see
Section 4). Tne PICKU® file begins with a repetition of the thirty-line title
(UTITL). Tnis is followed by a line identifying the ion used tu estimate the
activity of waiter ("UACION= CL-"). The line after that gives the temperature
(°C) of tre EQ3INKk run ("TEMPCI= .25000E+02"). The EQ6 run that uses this
input may actually start at a different temperature; the TEMPCI input allows
EY6 to be aware that a temperature jump is being called for by the user.

The alter/suppress uvptions follow in the same format as on the INPUT
file. in this example, the option is executed for one species (NXMOD=‘1) and
the species, PD-oxyannite, a mineral ("TYPE= 1"; "TYPE" is actually the
pérameter JXMOD) is to be suppressed (“OPTION= ~1%"; "OPTION™ ‘s the parameter
KXMUD) ; therefore, the log K alteration parameter (XLKMOD) is zero.

The next five inputs (KCT, KMT, KXT, KDIM, and KPRS) are key parameters
in the scheme by which EQ6 organizes impdrtant variables, _KCT is equivalent
to the number cf ~emical elements in the system. KDIM is the number of total
master species which, in EQ6, includes not only the aqueous master species
discussed in this report, but also all mineral species in equilibrium with the
water. KMT and KXT mark, respectively, the last pure mineral and last
so»lid-solution end member in the master species set; These species must have
corresponding masses present in-the geochemical model. This_ié never the case
in EQ2NR, and consequéntly no such spec{es can appear among the master species

written on an EQ3NR PICKUP file. This condition is marked by KMT and KXT
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Fiqure 19, PICKUP file, seawater example,

input file nome= iswmoj crealeds 07/24/82 creator= t.j. wolery
sea waler test case. mojor components only. this is o recalculagtion
of the classic chemica! mode! of garrels ond thompson (1962). the

onalytical dato used here are taken from table iii of nordstrom et aol.

(1979), who discuss the applicalion of vorious computer codes to this
benchmork problem,

in this run, eqlinr colculaotes the electrical imbolonce of the sea water
analysis. such imbalance results from errors in the chemical onolysis
of individua!l components and from the fact that ony such set of onolyses
is always more or less incompleie (in principle including troce elements
in the mode! should tend to minimize calculoted electrical imbolance).
eq3nr could be set to force electricol bolance by adjusting the
concentrotion of o selected componeni, soy cl-, by setting "uebol= c!-"
below. it is not necessory fo do this fo inifiolize eqb colculotions,

777

the mineral pd-oxyannite (proton-deficient oxyannite) is suppressed,
it is oa hypothelicol biotile end-member ond does not exist os a pure phase.

references

nordstrom, d.k., el al. 1979, o comparison of computerized chemical models
for eduilibrium colculotions in aqueous systems. p. 857-892 in jenne,
e.0., ed., chemicol modeling in aqueous systems, ocs symposium series 93,
omericon chemicol sociely, washington, d.c.

garrels, r.m., ond thompson, m.e. 1962, o chemical model for seo waoler ot
25 ¢ and one ai{mosphere folo!l pressure. amer. jour. sci. 260, 57-66.

vacion= ¢li=-
tempci= .25000e+02
nxmod= 1
species= pd-oxyannite
type= 1 option= =1 xikmod= 0.
ket= 9 O kmt= 12 kxt= 12
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Figure 19, PICKUP file, seawater example (continued).

kdim= 12

]
na

k

co

mg

h

c

cl

s
elecltr
h2o0
no+

k+
ca+é
mg++
h+
hcol3-~
cl=-
s0d~~
02(9)
xisteq
xi

h2o0
na+
k+
ca++
mg++
h+
co3--
cl- .
sod~—
02(g)

C

kprs= O

.556285506665117e+02
.4683775554589026+400
.102076832574559¢-01
.102869261477051e-01
.531495577041772¢-01
.111020499406332¢+403
.210409891848798e-02
.545877640820247¢+00
.282329425971820e-0"
.792690165368981e-03

c1744365733541410401
.346651517028610e+400
.199845506547392e+0!
.204320079190620e+01
.133464463077247+01
.B12514785281826e+01
.281517486465616¢+01
.2728921483651060+00

183411753524162¢+01
.1642993299031206+02
.262904694056841¢+00
.193271570969194e+400




_/

having valuves equal to that of KDIM. KPRS is a flag to indicate whether or
not there are any mineral and solid-solution end-member species in the

"physically removed subsystem," a concept relating only to the flow~thror,.
open system model in EQ6. KPRS must always be zero on EQ3NR's PICKUP file.

The PICKUP file next lists the symbols of the KCT chemical elemeats &nd
their masses (MTE; relative to a mass ot aqueous sclution containing one
kilogram of solvent), in moles, in the system. The calculated electrical
imbalance (ELECTR) is given in the same format.

The -last part of the EQ3NR INPUT file gives the names of the "run” master
iteration variables {(the "run" master aqﬁeous species and the two-ienic
strength functions), the corresponding “data file" master species, and the
values of the corresponding variables. For aqueous naster species, these
variables are the logarithms of their molal concentrations, and for the ionic
strength functions, the logarithms of their respective values. If a run
master species is not the same as the corresponding data file master species,

it marks the pair of species for a basis switch.

8. SOLVING THE GOVERNING EQUATIONS
8.1. INTRODUCTION

The governing equations that apply to speéiation-solubility modeling were
introduced in Section 2.- The purpose of this section is to derive the
mathematics necessary to solve them. Our approach is to set up the problem in
terms of n equations in n unknowns (or "iteration variables”) and apply the
Newton~Raphson method to solve them. We begin this section by introducing
this method, and discussing methods to aid conve:geﬁce. We also describe

crash diagnostics. Finally, we organize the governing _equations and unknowns

" into suitable form, and derive the necessary mathematics for applying the

Newton~Raphson method to solve them.
8.2. THE NEWTON-RAPHSON METHOD

VThe Newton-Raphson method is a well-known iterative technique for solving

nonlinear systems of algebraic equations (see Van Zeggeren and Storey,'1970;
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or any introductory text on numerical methods). We will not discuss the
derivation of the method here, only its application. Given a set n governing
equations and n unknowns (represented by a vector z of iteration variables),
one may construct a set of residual functions (represented by the vector
a). Each member of these functions has a value of zero when the n equations
are satisfied,

A simple one-dimensional example will illustrate this. Suppose we wish

to solve the geheral quadratic trinomial,

ax2 +bx+c=90 ,
where
a, b, and ¢ are yiven coefficients,

x is the only unknown.

The residual function can be defined as
2

a = ax + bx+c .

Other definitions, however, are possible. The only requirement is that they
take the value of zero when the governing equation is satisfied. We note here
that the choice of definition may affect the convergence behavior.

X
iteration variable and residual function vectors on the k-th iteration. Let

Let k be the number of iterations, such that z, and o, are the

Z, represent the set of starting estimates. An iteration step is made by

calculating from z. . The Newton-Raphsor method does this by

Ze1 2
computing a vector of correction terms, §, by solving the matrix equation:

48== -
Here J is the so-called Jacobian matrix, defined as

g = (3ay/az;5).
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where i and j are the matrix coordinates. In our example,
2
J =d(ax + bx +c)/dx = 2ax + b .

The correction term vector is then applied:

If the iteration converges, all elements of both g_and.g approach
zero. It is useful to define another residual function, vector B, which is
ident.cal to o, except that some elements may be normalized to provide a

better measure of convergence. It is then,convenient to define Bmax and

8 as the largest absolute values of the elements of E.and‘i,

max
respectively. Both g and § may then be used in tests to determine
max max

"if the iteration has satisfactorily converged.

A useful measure of how well convergence is proceeding may also be
constructed. The Newton-Raphson method is a so-called second order method.

This means that in a close neighborhood of the solution,

n

4 = N U
i;k"'l jzl pl,] J'k '
where the P; j are constants. 1In practice, their values are generally
’
ignored. However, this behavior suggests that in the close neighborhood of

« The function

the solution, Gm ax,k

ax, k+1 should be much less than cm

6£unc (the variable DELFNC in EQ3NR) is defined:

1 - (8

6func,k+l ® max,k+1/3max,k) '

may, therefore, be expected to approach (from below) a value of unity if the
iteration is conQerging. Convergence to a lesser value, say =20.72 instead
of =0.99, usually implies a minor error in the writing of the Jacobian
matrix.

In EQ3NR, subroutine NEWTON executes the Newton-Raphson iteration.
Subroutine BETAS computes theé residual functions, and subroutine MATRIX writes

the Jacobian matrix.
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8.3. METHODS TO A1D CONVERGENCE

Several techniques are used in EQ3NR to aid convergence. These are:

] Use of logarithmic iteration variables.

° Under~relaxation techniques.

® Automatic generation of good starting estimétes.
° Optimization of starting estimates.

) User-specified and automatic basis-switching.

We have not found it necessary to use the so-called "curve-crawler" techniques
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 cbrresponding physical

quantities. Recall-that d log x/dx = 1/(2.303 x). It follows that
A log x = (1/2.303) ax/x .

Because of this, under-relaxation techniques are especially effective when
applied in conjunction with logarithmic iteration vaziablés. .

Under-relaxation is the technique of judiciously reducing the magnitude
of the correction terms. This invoives replacing the correction equation
given above by

Zpap " F P ey
where k is a postive number less than one. There are several methods of
applyinj under-relaxation. EQ3NR uses two relatively simple methodc that have
been implemented and extedsively tested in the EQ6 code (see Wolery, 1979,

p. 20). The first of these l}mits the size of the largest correction term:

- [}
x = 3§ /Knm

X 14

where §' (SCREW2) is the imposed limit. (It normally has a value of 2.)
Imbosing this limit not only aids convergence, but is very helpful in inducing
iteration to provide helpful information about the nature of the problem when
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the iteration diverges. The other m~:hod inc:ementally reduces ¢, as
necessary, to reduce an absolute measure of divergence defined as Bmax,k+1 -
- Bmax,k‘ This method is stopped after a given nqmber of iterations.

EQ3NR usually generates very good starting estimates. This is largely
the function of subroutine ARRSET. Subroutine NEWTON may subsequently modify
the estimates generated by ARRSET. Several;sqb-algorithms are used., A master
species constrained by a total concentration will, at least initialiy, be
assigned a concentration equal to the total concentration. 1I1f this is a poor
assumption, the couputed corresponding mass balance residual (element of 8)
will be a very large positive number. 1In such a case, ARRSET will either
initiate an automatic basis switch to replace the master species by the
§pecies that dominates the mass balance, or NEWTON will optimize the starting
estimate by decrementing it in successive steps until the mass balance
residual is in reasonable range.

Starting values for some master species must be estimated simultaneously
by solving a matrix equation. This is the case for °2(g) when an Eh or pe
value is input and for all cases in which heterogereous or homogeneous
equilibria must be satisfied. This is done by subroutine ARRSET after values
have been selected for other master species and the ionic strength functions.
Activity coefficient estimates exist at this timé. ARRSET then solves the
logarithmic forms of the mass action equations that define the required

equilibria. These form a linear set; hence, a matrix equation must be solved.

8.4. 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 the Newton-Raphson iteration, but some cases are not -
sufficiently obvious to be caught at this stage. When the iteration diverges,
the user should examine the iteration summary on the OUTPUT file for clues.
Subroutine NEWTON may print some helpful crash-diagnostics based on its
examination of the iteration.

An iteration crash is generally the result of an iﬁeration variable
"blowing up® or, more .commonly, "blowing down." *Blowing up” means that the
value of an iteration variable or its corresponding residual function (8),

" usually a mass balance residual, is increasing to the point where the matrix

134



equation can no longer be solved by the coméuter and iteration must

terminate. The iteration summary identifies the magier species whose residual
function is greatest in magnitude, and gives the value of that function, for
each iteration (e.g, on each line of the summary, ". . . BETA(?E++ ) =

o« o ") _ ‘ _

"Blowing down' is much more likely to be encountered by the user. This
describes the process in which an iteration variable becomes sufficiently
negative to create an apparently singular matrix and hence to terminate
iteration. Usually, the significance of this is that there is not a positive
(no physically realistic) value of this variable to satisfy the governing
equations. When an iteration variable is blowing down, its correction term
() typically has the value —<§' (usually -2.0) for the last several
iterations,

One example of this occurs when a master specics is constrained to
satisfy electrical balance, but to do so requires a negative total
concentration. 1In this case, a master species of opposite charge should have
been selected for this purpose, Another example occurs when bicarbonate (or
carbonate) is constrained to satisfy an input value of titration alkalinity,
but other constraints (usually equilibrium constraints) on other master
species are such that the cont:ibution fzom noncarbonate species must exceed
the total alkalinity. In this case, the carbonate contribution to the total
alkalinity must be negative, a physical impossibility.

8.5. ORGANIZATION OF THE GOVERNING EQUATIONS AND ITERATION VARIABLES

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 cf unknowns, ihete.is
7o unique way to formulate residuals and Jacobians. The number of eguations
ad unknowns can be reduced by subsitutions and one cza then construct the
residual functions in any number of Qays. Once the residual functions have
been chosen, the form of the Jacobian becomes fixed by the requirement that
Jd = (3a /azj)- .

In the EQ3NR code, the number of equations and unknowns is reduced by
subsituting all governing aqueous mass action equaticns into the mass balance,
electrical balance, alkalinity balance, ionic strength, and-equivelent
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stoichiometric ionic strength equations. The remaining aqueous species giving
rise to unknowns then comprise a relatively small waster set. As a t;ade-off,

;he ionic strength (I) and the eguivalent stoichiometric ionic strength (IE)

must be included as master {teration variables. As a whole, however, this

“approach considerably reduces the size of the Jacobian matrix.

The master iteration variables reside in the vector z, which has the

following structure:

9.1 (log aﬂzo(l))
12 {log mz)
12 {log ms)
] {log m )
Sy 1 sB-l
L {log £. )
sB 02
z = L (log m )
sB+1 SB+1A
)
12 {log m )
L {logm_ )
sQ sQ
L {log m_ )
IE IE

Auxiliary master aqueous species with JFLAG = 30 are excluded from this set.

The structure is further simplified if sQ = Spe . For a problem in which
this is the case, it is implied that the aqueous solution is in a state of
complete homogeneous eqqilibtium. 1£ sQ = 8g + 1, homogeneous equilibrium
is also implied if the s _~th species is part of a redox couple used to

define the redox state.og the fluid (the IOPT1 greater than zero option). 1In
all other cases, only partial homogeneous equilibrium is implied.

We will first look at the aqueous mass action equations that are to be
eliminated. Here xr is the thermodynamic equilibrium constant for the
reaction in which the formally associated species, denoted by s'(sr), is

consumed, s. is the number of aqueous master species, and bsr_is the

Q ;
stoichiometric reaction coefficient. Here, s denotes a species, r the
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reaction, and vy the activity ccefficient. The mass action equations take

the logarithaic form:

log Kr = b + b8 L +4 b (¢ ., + log 78_)

s" B
Bt 88 r

irta
(0

s*=2
skip 8,

Note that s denotes the only species in the equation not in the master set.

(Here s™ refers to either a nonmaster species or an auxiliary master species

with JFLAG - 30.) This can be rearranged to give

Loe =109 Ko /bouy = 1ogy e - by /boo )ty = (b [ /bou )t

B B
s
- L b /b, +logy ) .
s*=2
skip Sp .

Recall the relation dx/d log x = 2.303x and that log Roe ™ L e We

then use the chain rule to derive
dm;./dx = (dm_,/d_,) (AL _,/dx)
= 2.3o$m8_(dgs,/dx) .
We use this relation to derive the following:
dm_./dL, = 2.303m_,(-b) /b . )

= - ] ’
dms./dls, 2.303n8.( bs'r/bs't) s for 8' = 2, SQ s and

dms’/dl IE = 0 ’
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Q
dm_./81, = 2.303m_, =T _, + s.};_‘z (b, /b u )T 0

skip Sy

These relations are used below to derive the Jacobian elements
corresponding to the mass, charge, and alkalinity balance residual functions
and also the residual functions corresponding to the ionic strength and the
equivalent stoichiometric ionic strength.

Certain factors will appear repeatedly in some of the derivations below

and will be given special symbols. In the EQ3NR code, these parameters are

evaluated before the calculation of the Jacobian matrix elements in which they

appear. This is done to avoid répétitive arithmetic in the code. Again

implying that s” = 5 ¢ we make the following definitions

H zm u_/b
sr s" s"s' s"r

Hoe T MguZgn/Pony v

HTI = mS'TS'/bs't '

HI zm u /b , and
gf s" s"sg r

H = m z2 /2b .
It - s""s" “"s"r °

In the code, these vécto; parameters are computed in the array STORl as they
are needed.

We also define:

s=2
skip Sp

Here, rs = 3 log 65/5 log 1, w!ich is giveh by a function described later
in this section. The L: parameters reside in the array STOR2 in EQ3NR.
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8.6 DERIVATION OF RESIDUAL PUNCTIONS AND THE JACOBIAN MATRIX

We will now take =sach remaining governing equation, construct a
corresponding pair of residual functions (a and 8), and derive the
corresponding row of elements in the Jacobian matrix by partial differenti-
ation of the a residuals. The a residuals are the true Newon-Raphson

residual functions and are used to define the Jacobian matrix. The B
residuals are better measures of satisfactory convergence.

1. The activity of water. The governing equation is

log 2 o = vy O(IB) .

2 (¢) 27
where Vuo is a function given in Section 2.3.3. The correspond-
. 2" . . .
ing master iteration variable isy¢_ = log a . We define the
1 12%0)

residual functions

= - and
cl - 31 .
The only nonzero elements of the corresponding row of the Jacobian

matrix are

Herer; = 3 log aHzo/a log I, which is described later
in this section.
2, Mass balance. This may be applied to any aqueous species in the
(8’1),0

master set (s = 1 through s.) except Hzo

+ C (L) 2(q)

(sB), and H'. The corresponding master iteration variable is

L = log m_. Mass balance is specified as the governing

eguabtion by setting the corresponding JFLAG value to 0 and entering
a total concentration on the molal scale (ﬁi}.' Altgtnatively,

one may enter total concentration in nonmolal units ﬁsing other

JFLAG values (molar, JPLAG = 1; mg/L, JFLAG = 21 mg/kyg, JPLAG = 3),
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whicn EQ3NR will then recompute into molal units and set the JFLAG

to zero.

The residual functions are defined

S

T
T

a = -m_+ u m and
s s -52;2 s'ss' '

T
35 as/ms .

To calcula*e the corresponding Jacobian elements with the set of

aqueous species unknowns reduced to the master set, we write:

€ s
T T
a_ = -m 4 u . m ., + 2: u.m
s s s's s’ s"s s”
s'=2 s"=5 +1
L 4
¢ T T
=omor L UsrsTse UsmsTs
s'=2 r=1

where in the last summation it is implied that s" = s . From this
point, we can use the relations developed above to derive the

Jacoi,ian elements:

(&
h

33 /93¢
s

sl 1

L

Z: Us.s(dms./dil)
r=l

fr

-2.303 ) U e Moniby /b o )
r=1
fp

-2.303 ) b
r=l

ersr !
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ss'

£,
= -2.303Ius.sms, - Sgi us'sms'(bs'r/bs’z)]

r
T
= -2'303<;s'sms' - 2: bs'r“s:) ’ - . -

ZrT
= u_, (dm__/de )
r=1 s"s s 1

r s
: T Q _ ]
= 2.303| ¥ “s-s"‘s-<""s" DY bs.rrs.'/bs.,)—,

r=1 s*=2
skip sé
fr
= 2.303 §1 -usr(bs_rrs_ s )| -

.Electrical balance. This governing equation may be applied to one

o. the ions in the aqueous species master set, denoted by S . The

corresponding master iteration variable is ls = log m, . Apart

: 2
from the definition of the 8 residual, the ttgatmen: is exactly

analogous to that for mass balance. Note that the electrical chézge

z e takes the place of the stoichiometric equivalence factors

Uguge The governing equation is
s
T

R 2 Mg, = o .
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The residual functions are defined:
S’I‘

a = 2 z_m, . and
° s'=l

Bz = az/I .

The Jacobian elements are given by:

Lo

J_, =-2,303 ) b H ’

szl e=1 lr zr

T
Jg s = 2.303 (zs.ms,- 2, bs'ert) !
z r=

J = 0 , and

“r
3, = 2.303 > -Hzr(b T+ Lz)] .
z r=1

Alkalinity balance. This governing equation may be applied only to
- 2~
HCO3 or CO3

variable is zsA = log mg. TRe treatment is exactly analogous to
that for mass balance. Ay, the titration alkalinity (JFLAG = 10),

. denoted by Sp . The corresponding master iteration

or Ac, the carbonate alkalinity (JFLAG = 12), plays the role of
total concentration. EQ3NR will accept the titration alkalini;y or
carbonate alkalinity in nolar equivalents, if the JFLAG is set to 11
or 13, respectively. It then recomputes the alkalinity to molal
equivalents and resets the JFLAG from 1l to 10, or from 13 to 12.
The alkalinity factors, T are the weighting factors in place

of Usng® Their values depend on the type of alkalinity balance

that is selected. To be completely explicit, we could ..abscript the
alkalinity factors; e.g., T , or v . In the derivation

s,t 8,C
below we will use A, to represent the alkalinity and Tg ! the
’
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C

alkalinity factors, where x is either t or c. ‘The governing

equation is

S, -
1

Z: T m = A .
s'=] s')x s x

]

The residual functions are defined:

Sp

- + m and
uAa Ax '2 Ts.'x s' !
s'=}

Bx = ax/kx .
The Jacobian elements are given by:

r

T

g 1 772303 2 by

1 r=}

fe

J = -2,303 (¢t m -y ) '

st ' ( s' s',x ey} s'ct tr
J

s‘IE o , and-

| 4
T
Iyt 2.303 r%i l—uﬂ(bs_rrs,_»f Lr)l .

Specified thé:modyﬁamic'activity. This represents the JFLAG = 16 -

option for s = 2 through s_, skipping sB{ The corresponding

Q
master iteration variable is L, - log m . This option is most

frequently employed with the hydrogen ion in order tc specify a pH

value {(pH = =log aH+). The governing equation is

15+ log Y " log as .
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The residual functions are

» - + d
ag log a_ vt + log Y ¢ 3P

The only non-zero Jacobian elements are

J = 1.0 , and
ss

This option can be applied to a nonbasis species by using basis
switching (see Section 3.1 for details).
Specified free concentration. This represents the JFLAG = 4 option

for s = 2 threough sQ, skipping Sge The free concentration is

entered in molal units. If it is entered in molar units (JFLAG = 5),
the EQ3NR code will convert it to molal units and reset JFLAG to 4

before beginning Newton-Raphson iteration. The governing equaﬁion is
log m = log m. .
The "unknown® here is reclly a known; hence,

a =0 , and

In order to prevent singularity in the Jacobian, we set

Jss = 1.0 L]

This option can also be applied to a nonbasis species by using basis
switching (see Section 3.1).
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-8_, including s

Equilibrium with a stot%hiomettic mineral. This option (JFLAG = 19)
may be specified for any aqueous species denoted by s = 2 througn

Q s % (g)
question and Bv denote the aqueous species required to satisfy

). Let p denote the mineral in

the corresponding solubility equilibrium., If sQ is not Spe
the. governing equation is

PR

log KQ = bs ¢(ls + log Y ) + blcll

L4 ¢ A4

S

Q
+b -2 4+ 2: b, (t_, +logy_,) .
SBq;SB s=2 S S8 s
skip s
' N4
skip sy
If sv = Sg the governing equation is
s
. Q .
log X = b 1 + b + b + 1 .
9 9 11 savl'sB 5225 s'o(ls' °s Ys')
skip 8,

In the first case, the residual function is defined:

a = 11/b log K =D log v -b L. ~-b
S‘P [ SO L4 ] ¢ s" 0 Bqa B

5'=2
skip s
skip E%

In the case where sv = 88, it is defined:
a, = Ll/bs 4’:]
L4 - @

log K" - bl¢"1 - sgz bs,v(z.s, + log -,s,) i 0 °



In either case, we define:

The Jacobian elements are then

Js 1° “bL;/bs ) ’

@ e
J = «b b ' =
Vg gt 5'0/ s o for s 2 through s ,qexcept s,
? e
J = -1-0 )
s s
° e
J =0 ,
S¢IE

s
| >
J .= -r - b ' ./b .
%I % stm sty s %9
skip s
2 P
skip sB
For s =s_,
® B
.
>
J = - b 'r ./b -
ﬁpI stz s'¢ s gvv
skip s
skip ég

Equilibrium with an end member of a solid solution mineral. This
option (JFLAG = 20) can be specified for any aqueous species denoted
The treatment is

by s = 2 through s_, including sB(O

| 0 2(g)°
closely analogous to that for equilibrium with a mineral of fixed
composition. Let ¢ and y denote the end member and solid solution
phase. Rather than subscripting ¢ with ¥ (e.g., denoting the

constrained aqueous species by s . we will merely imply this in the
. .
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derivations below (e.qg., éenote the same agqueous species by sc) .
The mole fraction of the end member (xa) _13 ente;ed as part of

the specification for this option. The activity coefficient of the
er;d member is symbolized by Ay 1f so is not Sge the

governing equation is

1 K b +
o3 K = Sa(zs 10978')+bh£1+boa(logxoflogx°)
o o : ]
s
| >
+ b + b , (¢, +logy_,) .
S0 Sg stag B8'0 S s'
ukip so.
skip Sy
If S, = Spr the governing equation is
\ S
| Q -
log K = b, 1t + b 1 + " b ] + 1 ) .
9 % o1 S0 Sp sgz s'a( s' ©9 Ygu
skip 8y ~

In the first case, the residual function is.defined:

°so = [l/bsao} log K, = by, 109 vy = by by = by g

[¢] g B B
¢
skip s
skip é;

|
In the case where so'- SB' it is defined:

o ]
] g

°Q
log K = by t, - Py bs'o("s- + log 75.) - :.so .
]
ki
skip s
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In either case, we define:

The Jacobian elements are then

s 1 o
0 o
J = - b '
s s bs'o/ s o for s* = 2 through o’ except s,
o )
J = "'1-0 ’ and
s s
oo :
Js 1 - o .
o E

s
Q
g1 ™ Tg ~ f\: boiglg1/bg o -
a o s'=2 a
skip s
skip é;
For s = s _,
[o}
. SQ .
P Sl ?:  Pglg/bs, -
3 s'=2 o
skip s
skip s
B

Equilibrium with a gas. This option (JFLAG = 21) can be specified

for any aqueoué species denoted by s = 2 through s_,.including

Q

SB(OZ(q))‘ The treatment is closely analogous to that for
equilibrium with a mineral of fixed composition. Let g denote the
gas in question and sg denote the aqueous species that is required

to satisfy the corresponding solubility equilibrium. The fugacity
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of the gas, fg, is entered as part of the specification for this

option. 1If sg is not Bg e the governing equagion is

log K .bs'g"’s +logys)+b t. +b log £

ig'1l
9 9 9 g 9 99 g
8
Q
+b + b_, (. + 209 v _,)
Sp9 Sg 5222 s'g'’s s
skip s
skip sg
If sg = Sps the governing equation is
>
log K =b ¢, +b_ ¢t + b, (t ,+logy ) .
g 1g71 ng sB ste2 s'g s s
skip S,

In the first case, the residual function is defined:

a. =[1/p ]logK -b_ logy -b, t. -b_ 1
s s s s g1 s s
g [ g9 g g . g9 g g9 Sp
s
? 1
- b ] + lo -1 .
Lo sog( ' 9 st) sg
skip s
skip Sp
In the case where sg = SB' it is defined:
a =|1/b ]
s [ s
g gg
sQ _
- - + - -
log Ko = by t) 2: bs,g(zs, log 75') L
§'=2 . g
skip sB
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10.

Note that the latter does not have much préctical value because

we can directly specify log £° as shown later in this section.
2(g)

Ih either case, we define:

The Jacobian elemcnté are then

J = -b_ /b N
s 1 1 s
g 9 99

J =2 - ' = 4
s g bs'g/bsgg for s 2 through sQ, except sg .

J s - -1,0 ,

Q
J = =P - Z b'r./ .
sgI sg e s'g s' 8 g
skip sg
skip sB

’Q
J = e 2:: b N T ./b .
sgI sva2 s'g s sg-g .
skip s

skip sg

B

Ageuous homogeneous equilibrium. This option (JFLAG = 27) excludes.
the species to which it is applied (this species must be in the
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auxiliary basis set) and its ion-pairs and complexes from the mass
balance 6: the corresponding master species in the strict basis set
(i.e., the master species that formally corresponds to a chemical
element). This is a good choice for dissolved gas species such as
OZ(aq) and HZ(aq)' If bisulfidé is %?_{uxiliaty master species
with JFLAG = 27, and sulfate is in the strict master species set,
then bisulfide and its "complexes™ are not included in calculating
the sulfate macs balance that must satisfy an input total '
concentration »f sulfate. If JFLAG =:30 for bisulfide, then

bisulfide and 1ts complexes are included.

Let s* be the auxiliary master species constrained by JFLAG = 27,

~and let r denote its formally associated reaction. Then the

governing equation is

log Kr = bs*r(;s’ + log 75‘) * blr‘l

+b_ t_ + 3 b_, (t_, +logy_,)

B* %8 s"=2 s s
skip s*

skip s

The residual function is then defined:

Gge ’[l/bs*r] log K: - bs' 109 Ygar ~ blt'l - bs r"s

B B
s
Q
- 32;2 bs'r(‘s' + log ys,) “t. -
skip s?
s*ip 88

We also define:
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11.

l2.

The Jacobian elements are then

Igry = -blr/bs'r ’

= -bs'r/bs': for s' = 2 through s_, except s* ,

g*s' Q
s*g* = ‘1.0 Y]
J_. =0 , and
s IB
s
Q
Taer ™ Tgu ” 2: bs'rrs'/bs*r -
5'=2
skip s*
skip sB

Specified log £, . This option (IOPT1 = 0) allows direct

0
specification ofzthe logarithm of oxygen fugacity (15 ). The
B

governing equation is

The residuals are

a, = 0 , and
8

The only nonzero Jacobian element in the corresponding row is

J = 1.9 ..
®g%p
Specified Eh. This option (IOPT1 = -1) allows indirect

specification of log £, . If pe is specified (IOPT1 = -2), EQ3NR
2
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13,

converts it to Eh before it performs the Newton-Raphson iteration.
Letting F be the Faraday constant, R the gas constant, and T the
absolute temperature, the governing equation is

t'a - AEhF/(z.ao;RT) + log KEh + 211‘- 4(1H+ + log vﬂ+) N

The residual functions are

uBB = 4EhF/(2.303RT) + log th + 2l1 - 4(1H+ + log 7H+) - lsi » and

-

581
J + = -4.0 ,
IBH
J s -1.0 , and
*s%s ‘
J - -4r + .
IBI H

An aqueous redox couple determines log f. . This represents the

0
10PT1l = 1 option. This is the method of gstimating the redox state

of aqueous solutions that has the greatest degree of real meauing.
The couple is specified by the UREDOX input, which definee the_

corresponding redox reaction r. The governing equation is

s

Q
15g K, =b &, +b_ 1 + 2 bolr , +1logy ) .
B B s'=2

skip sB
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The residual functions are

a =[1/b' ]
SB SBI'

S

. Q
’ log K, - blrll - ' Ds'r(ls' + loy ys.) -, ’ anq
- s8'=2 B
skip sB
s -'-és o
B B

The nonzero Jacobian elements 1n the correspording row are

T =D /b '.
581 lr sn .

J = - ’ - .
< o bs'r/bs c for s' = 2 through SO' except SB .
5 B
J = -1.0 , and )
s s
B B
s
L
J = - i .
s_1 zd bs'r s‘/bs r
s'=2
skip sy

l14. Equivalent stoichiometric ionic strenmrth. The corzesponding master
iteration variable is 11 = log I . The treatment is closely

. F.
analogous to that four mass balance. The factor Ugmg v where Sg
denotes the defining ion (either Na* cor C17), is just a special
case ot the general stoichiometric equivalence factnr ugec.

The governing equation is
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The residual functions are defined:

8 =q_ /1 .
| S IB E
'he Jacobian elements are given by:

Lo

J, . = -2.30) 2: b, H ,

IEL & 1r IEr

J, _, = -2.303(-.: ,m_, - , H .
IES s E S t=1 s'r IEr

J. = -2.303I_ , and
gl E

r
T

J. ;= 2.303 % [—H (b,.r .+L)];
IEI =1 IEI §r s r "

lonic §trength. The corresponding master iteration variable is
iI = log 1. - The treatment is closely analogous to that for mass
balance. The factor z:./2 takes the role of the stoichiometric

reaction coeffcient u

The governing equation is

- 2
0.5 2, Z mg =1 .

The residual functions are defined:

s
. T 2 .
a, = -I+ 0.5 ?: Z M, e and
s'=]

818411./1 -
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16.

‘the Jacobian elements are given by:

Lo

Jyy = -2.303 37 by Hio .
r=l

fr

2
I = 72303z ,m /2 - p b, H. | o
r=1
J = 0 , and
1, )
!‘T
- IO I o
3, = 2.303 -1 z nu(bs..’r o bt) .

The re factors that appear in many of the above equations are
derivative functions of the activity coefficient equations discussed

in Section 2. They have the following definitions:

2 log a

-
(131

/3 log 1 . and
Hzou) . E

-2
"

£ v log ys/a log ¥ , for s greater than 1l.

When the activity of water is described by the equation of Helgeson

(1969), then:

j 3 _3/2 2
r, = (2/2.303»)(@' + J'D' - D'vH I / /2B + v

,01 1E 1/2

H,0,2°F

2

2 3
+ 4vH 0,312/3 + 99H 0'415/4 ) .

2 2

For electrically charged aqueous species whose activity coefficients

are approximated by Helgeson's (1969) b equation,

r = -Azzl-l/z[;(l + a:B 1)2] + B o

s
! ) . O
For neutral, but polar, agqueous species such as Caso4,
r =0 .

s
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For neutral, relatively nonpolar species, which are assigned the

activity coefficient of CO

N st
» F =wv + 2v /I + 3v: 12 + 4y 13
COz,l. C02,2 C02,3 C02,4
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APPENDIX A

GLOSSARY OF MAJOR VARIABLES IN EQ3NR

This glossary covers the major variables in the EQ3NR code. Variable

names may be preceded by the corresponding algebraic symbols used in this

report.

vVariables beginning with I, J, X or N are integer, beginning with Q

are logical, and beginning with U contain alphanumeric strings. Variables

that begin with other letters, including L and M, shoula be type real on

machines with 60 to 64 bits per word and type double (or eguivalent) on

hardware with 32 bits per word.

jJ]o o wo

max
B!

m.

AA
ACT
ACTLG
ADH
AFF

AFFLCX
AFFX
ALK

ALPHA
AL10O
APX
ATWT

AZERO
BDH
BETA

BETAMAX
BTERM

BDOT

The Jacobian matrix.

Activity of an aqueous species.

Log of the activity of an équeous species.

Debye~Huckel A constant.

Aifinity.of a fixed composition mineral to preéipitate,
kcal.

Affinity of a solid-solution phase to precipitate.'
Affinity of an end-member component of a solid solution.
Alkalinity; titration alkalinity, At’ if JFLAG = 10 or 11
for bicarbonate or carbonate ion; carbonate alkalinity,
Ac, if JFLAG = 12 or 13.

Residual function vector.

in 10.

Solid-solution thermodynamics parameters.

Atomic weight of a chemical element.

Debye-Huckel ion size parameter.

Debye-Huckel B constazat.

Residual function.vector, with normalized mass balance
elements. .

Largest absolute value of any element of BETA.

The B' factor used to compute the activity of water as a

function of eéuivaleht stoichiometric ionic strength.

Extended Debye-Huckel B constant.
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b
s9

€S

log m

CCo2

CH20

CDRS

CDRM

CDRG

CESS

CONC
CONCLG
CSCRT

CSTOR

csp

Coefficient for- computing log Yeo as a function of
ionic strength (I). 2(aq)

Coefficient for computing log a_ _as a function of

(o)
equivalent stoichiometric ionic Strength (IE"

Stoichiometric reaction coefficient for agueous redox and
dissociation reactions. ' CDRS({NS,NKRS) is the coefficient

for the NS~-th aqueous species {n the NRS- -th reaction.

CDRS (NSQ1,NRS) is the coefficient of the species that is

formally associated with the reaction. I1f the NS-th
species is an auxiliary master species and NRS is its own
formally associated reaction, CDRS(NS,NRS) = 0 and

CDRS (NSQ1,NRS) is its coefficient.

Stoichiometric reaction coeffjicient for dissolution
reactions of minerals of fixed composition. CDRM(NS,NM) is
the coefficient of the Né-th aqueous master species
appearing in the dissolution reaction of the NM-th mineral.
CDRH}NSQl,NM) is the coeffcient of the NM-th mineral.
Stoichiometric teaction.coeftlcient for dissolution
reactions of gas species. CDRﬁ(NS,NG) is the coefficient
of the NS-th aqueous master species appearing in the
dissolution reaction of the NG-th gas. CDRG(NSQ1,NG) is
the coeffcient of the NG-th gas,

Stoichjometric mass coeffcient of an aqueous species.

CESS(NC,NS) is the number of moles of the NC-th chemical

_element in one mole of the NS-th agueous species.

Molal concentration of an aqueous species.

Log of molal concentration. i
Molal concentrations of the aqueous species, sorted in
order of increasing value. A

Stoichiometric mass balance factors of aqurous species for
oxgygen in the 02- valence form and hydrogen in the H+
valence form; compare with STORE.

Constraining solution parameter array; the meaning of each
member ot this array is déterqlned by the corresponding

t

member of the JFLAG array.
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func

max

D.

Eh

log £

log ¥

CspPB

CTE

DEL
DELFNC

DELMAX
DTERM

EH
FARAD
FO2
FO2LG
FUG
FUGLG
GG

GLG
GM

IACION

IBASIS

IDBUGL,
etc.

1EBAL
IER
IKT

IKTHAX
IINDEX

Array into which the CSP values are read from the INPUT
file.
Equivalent total mass of a chemical element in a given

' valence form or combination of valence forms in mutual

_ equilibrium per Xilogram of water.

Vector of Newton-Raphson correction terms.

Convergence function that measures the improvement in
DELMAX, defined as [1.0 - (nanmi/osmxi_l)] .

Largest absolute value of any element of DEL.

The D' factor used to compute the activity of water as a
£unct§on of equivalent stoichiometric ionic~strength (IB)'
Work array used in 3o0lving matrix equations.

Default theoretical redox potential, in volts,

The Faraday constant, 230§2.3 cal/equiv-volt.

Default hypothetical _guilbrium oxygen fugacity.

Log of default hypoths:tical equilibrium oxygen fugacity.
Fugacity of a gas species.

Log fugacity of a gas speéies.

Work array that has the same dimensions as AA, the Jacobian
matrix, and is used in solving matrix equations,

Log of activity coefficient of an aqueous species.
Derivative function for activity coefficients of agueous
species, |

Index of the aqueous species (Na* or C17) that defines
the equivalent 4toichiometric ionic‘st:ength‘(IB).

Array that contains a record of basis switching.
Débugging print option switches ksee Section 4).

Index of the charged aqueous species chosen for electrical
balancing.

Error flag parameters appears in the argument list of many
gsubroutines. )

Number of end-member components in a giveh solid solution.
Maximum allowed nunbc; of end members in any solid solution.,
Array containing the lndices of the master agueous species
for which the starting iteration values must be

simultaneously estimated.
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INDEX
I0PT1,
etc.

IPRNT],
etc.

IR
ISTACK

ITERMX
JCFLAG

JFLAG

JFLAGB
JGFLAG

JKFLAG

JMFLAG

JSFLAG

JSOL

Array that contains the indices of the master iteration
variables that appear for a given problen.

Program option switches (see Section 4).
Print option switches (see Section 4).

Work array used in solving matrix equations. '
Work array used in sorting aqueous species id.increasing
order of concentration. .
Limit on the number of Newton-Raphson iterations.
Status switch array for chemical elements:

= 0 means an element does not appear in the current

model,

= 1 means an element appears {n the current model.
Switch array that defines the type of constraint (governing
equation) applied to each master aqueous species (see
Section 4).
Array used to read {n JFLAG values from the INPUT file.
Status switch array for gas species:

= 0 means tﬁe gas appears in the current model,

= 2 means the gas is thermodynamically suppressed.
Status switch array for solid solution_end-ﬁember
components: '

= 0 means the component appears in the current model,

= 2 mezns the component is thermodynamically suppressed,

= 4 means the component could Aot be found among the

minerals of fixed composition.

Status switch array for minerals of fixed composition:

= 0 means the mineral appears in the current mbdel,

= 2 means the mineral is thermodynamically suppressed.
Status switch array for aqueous gpecies:

= 0 means the species appeS:s in the current model,

= 2 means the species is thermodynamically suppressed,

= 3 means the species does not appear in the model.
Array whose values define chosen treatments of
solid-solution thermodynamics,
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JSORT

JSTACK

JXFLAG

JXMOD

KCARB

KCT

KDIM
KHYDR

KKNDEX

KMAX
-KSB

KSQ

KXISTQ

KXI

Indices of the aqueous rpecies, sorted in increasing order
of concentration.
Work array used in sorting aqueous species in increasing
order of concentration. '
Status switch array for solid solutions:

= 0 means -the mineral appears in the current model,

= 4 means the ﬁinetal has no active end-member components.
Plag specifying the type of a spécies/re;ction affected by
an alter/suppress option (see KXMOD; read from the INPUT
file):

= 0 aqueous species/reaction,

‘= 1 mineral, -

= 2 gas,

= 3 solid solution.

Variable denoting the position of HCOE {or cog') in the
set of master jteration variables.

Number of chemical elements present in the aqueous system
currently being modeled.

Dimension of the Jacobian matrix; XDIM = KXI in EQ3NR.
Variable denoting the position of Hf ;n the set of master
iteration variables.

Array identifying (KKNDEX = 1) aqueous-mastet species for
which starting iteration values must be simultaneously
estimated.

Maximum allowed number of master varia.nles readable by EQ6.
Variable denoting the position of the hypothetical agueous

species O in the set of master iteration variables;

2(qg)
KSB = KCT + 1. .
Number of aqueous species in the set of master iteration
variables.

Variable denoting the position of equivalent stoichiometric
ionic strength in the set of master iteration variables;
KXISTQ = KSQ + 1.

Variable denoting the position of ionic strength in the set

of master iteration variables; KXI = KSQ + 2.
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KXMOD

log 1 LAMLG

NCHLOR

" NCOMP
NCOMPB

NCT

]

NCTMAX
NEND

NuT

NGTMAX

NHYDR

NMAX

NMT

NMTMAX

Flag defining the type of alter/suppress option {see
Section 4; read from the INPUT file);.

= -1 thé corresponding species/reaction is suppressed,

= 0 its log K is replaced by XILKMOD,

= 1 its log K is augmented by XLKMOD,

= 2 gsame as = 1, but XLKMOD it given in units

of kcal/mole.

log of the activity coefficient of a solﬁd solution
end-memher component, ‘
Total mass of &n element per 1000 4 of uzo {solvent).
Molecular weight of an agueous species.
Index of C oi_the agqeuvus master speciles (usually
HCO; or Coi-) that is formally associated with carbonate
mass balance.
Index of Cl or the master aqueous species (usually Cl-)
that formally corcesponds-tou Cl™ mass balance.
Number of end-member components in a given solid solution.
tlumber of sclid solution and-member mole fraction values
for a given solid s»lution read from the INPUT file.
Total rnumber of chemical elements.
Maximum alluwed number of chemical elements.
Array that stores the indices of tixed composition minerals
that correspond to end-member components of solid solutions.
Total number of gas species read trom the data file.
Maximum allowed number of gyat species.
Index of i or u*.
Array containing tne indices of agqueous species that would
make good basis switches with aqueous master species,
Total number of minerals of fixed composition read from the
data file.
Maximum allowed number of minerals of fixed composition.
Numper of reactionsAassociated with auxiliary master'
species;.same as the numher of auxiliary aqueous master
species.
Total number of aqueous ion-pairing, complexiﬁg. and redox

reactions read into memory.’



log w

pe

NRSTMX
NSB

NSODIU

NSP

NSPEC

NSQ
NSQB

NSQMAX
NSQ1

NST

NSTMAX
NXMOD

NXT
NXTB

NXTMAX
OM
OMLG
OSCOFF
PE
PRESS
OBASSW

RCONST

Maximum allowed number of aguecus reactions.

Ihdex denoting the hypothetical aqueous species OZ(g):
NSB = NCT + 1. . )
Index of Na or the aqueous master species (usually Na+)
that formally corresponds to Na* mass balance,

Array containing the indices of the mineral, solid

-solution, or gas species that define phase equilibrium

(sclubility) constraints on the INPUT file.

Array that contains the indices of agqueous master species
for which constraining data were read from the INPUT file.
Total number of aquecus master species.

Total numher of aqueous méster species for which
constraints are fead from the INPUT file.

Maximum allowed number of aqueous master species.

Argument in a stoichiometric reaction coefficient. array
{CDRS, .CDRM, CDKRG} denoting the formally associated species
‘(agqueous, mineral, or gas) that is destroyed in a given
reaction; NSQLl = NSQ + 1.

Total number of aqueous species read from the data file;
includes all master species but other species are included
only as needed for a given input problem.

Maximum allowed number of aqueous species;

Number of species/reactions affected by alter/suppress
options (see KXMOD); read from the INPUT file.

Total number of solid solutiorn phases read into memory.
Number of solid solution compositions read from the INPUT
file. | -

Maximum allowed number of solid solutions.

Water constant, 1000 : the molecular weightvof Hio.

Log of the wateir constant.

Oémotic coefficient of water.

Log of activity of the rFypothetical e¢lectron species.
Pressure, in bars.

Logical switch indicating whether basis switching has
occurred.

The gas constant, 1.98726 cal/mol-°K.
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H

3

Crs

RES

RHO
SCREW2

SX
STORE
STOR1
STORZ
TDSPKG
TOSPL
TEMPC
TEMPK
TITR

TOLBT
TOLDL
TOLSAT

 TOLXAT

UACION

UBASIS

UEBAL
UELEM
UGAS
UJTYPE
ULG1

UMEMB

usoLs
USPEC

Work array used in solving matrix equations.

Negative copy of the ALPHA array.

vensity of aqueous solution, g/mL.

Under-relaxation parameter that bounds the magnitude of
DELMAX. '
Solid-solution derivative function.

Stoichiometric mass balance factor.

The H factors defined in Section 8.

The Lr factor defined Section 8. )

Total dissolved salts, mg/kg.

Total'dissolved salts, mg/L. )

Temperature, °C-.

Temperature, °*X

Titration factor of an aqueous species; the number of
equivalents of alkalinity per nole of the species. '
Convergence bound on BETAMX,

Convergence bound on DELMAX.

Limit on the absolute value of the atfinity of a mineral of
fixed composition for the mineral to be listed as
"saturated”, .

Limit on the absolute value of the affinity of a solid .
solution for the phase to be listed as “"saturated”.
Name of the aqueous speczies (Na* or Cl7) that defines

the equivalept stoichiometric ionic strength (IE)'

" Name of an agueous species that is to be switched with a

master aqueous species.

Name of the aqueéus species chosen for electrical balancing.
Name of a chemical element (chemical symbol). ‘

Néme of a gas species (usually, a chemical formula).

Alpha character string that desczibés a JFLAG option.

Array containing the names of the master iteratinn
variables.

Name of a solid solution end-member component read from the

INPUT file.

Name of a solid-solution phase read from the INPUT file.

Name of an aqueous species (usually, a chemical formula).
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Jl

log KEh

log K
9

USPECB
UMIN

UPHASE

UREDOX

USOLX
UTITL
UTITLD
UXTYPE

VOLG

WFS

XBAR
XBARDB

XBARLG
XBARLM

XJTERM

X1
X1LG
XISTEQ
XISTLG
XLKEH

XLKG

Name of an aqueous species read from the INPUT file.
Name of a mineral (usually, an alphabetic name; more
rarely, a chemical formula).

Name of a mineral, gas, or solid-solution species that
defines a phase equilibrium (soiubility) constraint on the
INPUT file. ' '
Name of an auxiliary master species corresponding to an
aqueous redox couple used to calculate the default
hypothetical eéuilibrium oxygen fugacity in agueous
solution. ’ P
Name of a solid solution (alphabetic name).

Textual title from the INPUT file.

Title from the thermodynamic data file.

Alpha character string that describes a solid-solution
thermodynamics treatment.

Volume of a perfect gas at 298.15°K and 1 bar pressure,
22413.6 cm3.

Solid solution excess Gibbs energy parameter..

Mass fraction of Hzo in aqueous solution.

Mole fraction of a solid-solution end-member.

Mole fraction of a solid-solution end member as read from
the INPUT file.

Log of the mole fraction of a sulid-solution end member.
Upper limit on the mole fraction of a solid-solution end
member, usually 1.0. .

The J' factor used t., compute the activity of water as a
function of equivalent stoichiometric ionic strength {Ig).
True jonic strength.

Log of true ionic strength.

Equivalent stoichiometric ionic strength.

Log of equivalent stoichiometric ionic strength,

Log of equilibrium constant of the half-reaction reléting
the hypothetical electron and 02(9)' .
Log of the equilibrium constant of the dissolution reaction

of a gas species.
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XLKMOD Log K alter option parameter (see KXMOD). Read from the
INPUT file. '
: log Kr XLKS Log of the equilibrium constant of an aqueous redox or

dissociation reaction.

log K¢ XLKM Log of the eguilibrium constant of a dissolution reaction
of a mineral of fixed composition.

log Q/K iLQK Saturation index of a mineral.

2 2z : Electrical charge of an aqueous species.

z LGl Array of master iteration variables.
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APPENDIX B
GLOSSARY OF MAJOR VARIABLES IN EQTL

This glossary covers the major variables in the EQTL data base
preprocessor. Most of these variables are duplicates of those occurring in
EQ3NR; however, the user is advised that in EQTL:

[ CDRS encompasses CDRM and CDRG.

° CESS encompasses minerals and gases besides aqueous species.

° XLKS encompasses XLKM and XLKG.

® USPEC encompasses UMIN and UGAS.

[ MWTSS encompasses minerals, gases, and aqueous species,

As in EQ3NR, variable names may be preceded by the corresponding
algebraic symbols used in this report. Variables beginning with I, J, K, or N
are integer, with Q are logical, and with U conta;n alphanumeric strings.
variables beginning with any other letters, including L and M, should be type
real on machines with 60 to 64 bits per word and type double on hardware with

32 bits per word.

A ADH Debye-Huckel A constant.
APX Solid-solution thermodynamics parameters.
ARS Polynomial cozfficients for dcscribing the temperature

dependence of log K values.

ATWT Atomic weight of a chemical element.
a AZERO Debye-Huckel ion-size parameter.
B BDH Debye-Huckel B constant.
B BDOT Extended Debye-Huckel B constant.
v CCo2 Coefficient for computing log y as a function of
C02 COé( )
ionic strength (I). ag
Yuo CH20 Coefficient for computing log s o as a function of
2 2
equivalent stoichiometric ionic strength (IE).
b CDRS Stoichiometric reaction coefficient for any type of

reaction on the data file. CURS(NS,NRS) is the coefficient
for the NS~-th aqueous species in the NRS-th reaction.
CDRS (NSQ1,NRS) is the coefficient of the species formally
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CESsS

IKT
IKTMAX
JRFLAG

JSOL

MWTSS
NCOMP
NCT.
NCTS

NCTMAX
NDRS

NSB
NSQ

NSOMAX
NSQ1

OXFAC

PRESS

associated with the reaction. 1If the NS-th species is an
auxiliary master species, and NRS is its own formally
associated reaction, CDRS(NS,NRS) = 0 and CDRS(NSQl,NRS) is
its coefficient.
Stoichiometric mass coeffcient of any type of species.
CESS(NC,NS) is the number of moles of thé NC-th chemical
element in one mole of the NS~th spg;iesh
Number of er- .ember components in a given solid solution.
Maximum allowed number of end-members in any soliéd solution.
JRFLAG(I,NRS) is a status switch for the lcg K data in the
I-th temperature range (1 = 0-100°C, 2 = 100--300°C) for the
NRS-th reaction:

= 0 data exigts,

= 1 no data exists.
Array whose values define choscn treatments of
solid~solution thermodynamics.
Molecular weight of any'kind of species.
Number of end-member components in a given solid solutioﬁ.
Number of chemical elements on the data file. ‘
Number of chemiqal elements in a given species.
Maximum allowed number of chemical elements.
Number of species appearing in the reaction associated with
a given species.
Array that stores'the indices of fixed composition minerals
cdr:esponding to end-member components of solid solutions.
Index denoting the hypothetical aqueous species 02(9):
NSB = NCT + 1.
Total number of aqueous master species on the data file.
Maximum allowed number of aqueous master species.
Argument in a stoichiometric reaction coefficient array
(CDRS) denoting the formally associated species (aqueous,
mineral, or gas) that is destroyed in a given reaction;
NSQL = NSQ + 1. _ o
Stoichiometric factors for selectoed oxides in the chemical
elements.

Pressure, in bars.
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log K

log X

Eh

TEMPC
TEMPK
TITR

TOL

UELEM
UOXIDE

USPEC
UTITLD
VoL
XBARLM

XLKEH

XLKS

Temperature,‘°c.

Temperature, °K.

Titration factor of an aqueous Species; the number of
equivalents of alkalinity per mole of the species.
Tolerance parameter on the rms error in polynomial fitting
that triggers writing the-affected grid data onto the ‘

computer terminal screen in order to alert the user to a
potentially serious problem with the data.

Name of a chemical element (chemical symbol).

Names of selected oxides in the chemical elements.

Name of a species (chemical formula or proper name}.
Title lines of the thermodynamic data file.

Volume of a species at 298°K and 1.013 bars pressure.
Upper limit on the mole fraction of a solid-solution end
member, usually 1.0.

Log of equilibrium constant of the half-reaction relating
the hypothetical electron ahd 02(9)'
Loqg of the equilibrium constant of any type of reaction.

Electrical charge for an adueous species.
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APPENDIX C

GLOSSARY OF EQ3NR SUBROUTINES

EQ3NR is a moderately large code. "MAIN."™ refers to the main program.

EQ3NR uses several routines from the EQLIB library (see Appendix E).

MAIN, Supervises the speciation-solubility calculation. It connects the
(INPUT, DATAl, OUTPUT, PICKUP, -and RLIST) files, initializes key
arrays, and sets default valueé for important run parameters. It
also performs the "idiot-proofing" checks on the input ponsttaints
and writes the PICKUP file (interfacing output for input to EQ6) at
the end of the cun.

ARRSET Sets up the matrix structure for Newton-Raphson iteration and
estimates starting values for the iteration variablec.

RXNLST Writes all the .. _ugeous redox and complex dissociation reactions on
the file RLIST (a debugging mode activity). ‘

READX Reads the INPUT file and writes an "instant 2cho" of the INPUT data
on EQ3NR's OUTPUT file (primarily to aid in debugging format errors
oﬁ the INPUT file). KEADX contains full internal documentation for
the INPUT file.

ECHOX Writes an echo of the INPUT data on the OUTPUT file. Unlike the
"instant echo"™ written by READX, thic echo is retained as part of a
permanent record of the run. It includes some data file statistics,
default values chosen by EQ3NR, and changes in the INPUT constraint
options made by the code to resolve inconsistencies.

SCRIPX Writes the results of the speciation-solubility calculation on the
OUTPUT file.

SWITCH Executes a basis switch of a master aqueous species with another
agueous species, which may or may not be another master species.

PREAC Writes a display of a reaction on the OUTPUT file.

GCOEFF Calculates the activity of water and the activity coefficients of
the solute aqueou: species.

ELIM Effectively removes an auxiliary master species with JFLAG = 30 from
the master set. The set of reactions is rewritten so that this
species no longer appears in any reaction except its own formally

associated reaction. User-controlled basis switching takes place
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SETUP

WTERM

LAMDAX

ECHOLK

SXTERM

HPSATX

NEWTON

MATRIX
FLAGST

NCMPX

GASES

BETAS

GMCALC
INDATX

STOICH

before ELIM is called, so it is possible to switch a master species
in the strict set into the auxiliary set and set its JFLAG switch to
30.

Converts input concentration data not on the molal scale to that
scale.

Computes the coefficients (W) for the excess Gibbs energy functions
of solid solutions‘from the related coefficients (APX) read from the
data file. ‘
Calculates the activity coefficienté of end-member components of
solid solution minerals. ' -

Writes the species that were loaded from the data file, and the 169

K values of their associated reactions, on the OUTPUT file.

..Computes the SX (A) solid solution functions that are required to

evaluate the saturation states of hypothetical (not specified on the
INPUT file) compositions of solid solution minerals.

Calculates the saturation states of hypothetical solid solution
minerals. . '

Executes the Newton-Raphson iteration to solve the speciation-
solublity problem. It may optimize the set of starting values for
the iteration variables that were estimated by ARRSET. NEWTON also
writes informative crash diagﬁostics.

Writes the Jacobian matrix (J). '

Sets up the status switch arrays JSFLAG, JMFLAG, JKFLAG, JXFLAC, and
JGFLAG. 8 '
Computes all parameters that derive from the iteration variables and
are necessary to write ;he Jacébian matrix (e.g., all aqueous
species concentrations ahd activities).

Computes the equilibrium fugacities of éas species._

Computes the fesidual functions (a: ALPHA; g: BETA; B max®

BETAMX) .

Computes the r function for water and the aqueous solute species.
Reads the data file DATAl, calculates the values of all .
temperature-dependent parémeters, and decodes species data from the
INPUT file by matcﬁing species names.

Calculates the stoichiometric factors u from the reaction
coefficients b, the JFLAG options, and the basis switches that have

- been executed.
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APFENDIX D

GLOSSARY OF EQTI. SUBROUTINES

EQTL, the EQ3/6 data base preprocessor, is a relatively small code. It
reads the primary data file DATAO, processes the data, and writes the three

secondary data files DATAl, DATA2, and DATA3. "MAIN." refers to the main

program.,

MAIN.
PCRAQ
PCRSG
GRIVPY

INTR2Y

FUNC

RXNCHK

ELIMY

PREACY

EQTL uses several routines from the EQLIB library (see Appendix E).

Sets up the job.

Processes data for aqueous species and their associated reactions,
Processes data for minerals and gases and their associated reactions.
Writes a comparison of an original set of data on a temperature grid
with the corresponding vaiues calculated from interpolating polynomial
fits. The rms errors are flagged if they exceed a set tolerance.

Fits two interpolating polynomials to a set of data on the temperature
grid. The first covers the range 0-100°C, the second, 100-300°C. The
100°C is heavily weighted to minimize the difference in the two fits
at tﬁis temperature.

A function subroutine that evaluates the interpolating polynomials,

which have the form:

f( = + X + 2 + a x3 + a x4
x) al a2 ‘a3x 4 5 .

Checks each reaction for mass and charge balance. 1f a calculated
imbalance is detected, a warning message is orinted.
Rewrites the reactions by removing a master species in the auxiliiary

basis from the master species set. For example, if HS is iu the

. 2= . - '
auxiliary set and SO is in the strict set, then the reaction:

4
+ 2+ - . .
Zns(c) + H = 2Zn + HS is rewritten:
ZnS, . + 20 = zn2t 4+ s0%”
" (c) 2(q) 4 -

Writes a display of a reaction on either the EUTL OUTPUT file or on

the terminal screen.
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APPENDIX E

GLOSSARY OF EQLIB SUBROUTINES

EQLIB is a library of subzoutines that is used to cuvpport EQ3NR, EQ6,

EQTL, and MCRT. .
QSORT Sorts an array of real numbers.
QNEOF Terts for the end-of-file condition.
STRIPS Copies a file, and deleﬁea comnent lines that are marked by an
asterisk in column one.
TEXP Function 10* with an argument test to avoid overflow. TEXP
returns a pseudo-infinite value if overflow would otherwise occur.
LOG Function log10 x with an argument test. LOG returns -500, when
the argument is zero.
SGECO Calls SGEFA to perform an L-U decomposition of a real matrix, then
estimates the condition of the matrix.
SGEFA Performs an L-U decomposition of a real matrix.
SGESL Solves a matrix equation.of the form AX = B, given right-hand~side
vector B and an L-U decomposition of matrix A.
SASUM Sums the magnitudes of the components of an array.
SAXPY Computes the sum of Y + sX, where Y and X are vectors, and 8 is a
scalar. '
SDOT Cpmputes a vector dot product.
>SSCAL Computés the product sX, where X is a vector, and s is a scalar.
I1SAMAX Finds the index of the largest component of a vector.
ITREF Iteratively refines the X vector calculated by SGESL.
LSQP Writes a least-squares polynomial fit to an array of (x,y) points.
SCAL Scales the x arguments for LSQP.
RSCAL Unscales the polynomial coefficients for LSQP after a fit has been
made with scaled arguments.
POLX

Finds the coefficients of a polynomial that exactly fits an array
of (x,y) points, )

179



APPENDIX F
RUNNING EQ3NR AND RELATED CODES AT LLNL

The EQ3/6 software package is a set of geochemical modeling codes and
supporting data files. The codes include the EQTL data base preprocessor, the
EQ3 speciation-solubility modeling code, anc the EQg reaction path/kinetic
code for predicting the consequences of reactions in aqueobs_geochemlcal
systems (Wolery, 1978, 1479, 1983a). The MCRT package (Wolery, 1983b)
consists of various input data files aﬁd one code, MCRT, whose main purpose is
to process thermodynamic data intd a form suitable for inclusion in the EQ3/6
thermodynamic data base. MCRT also performs temperature extrapolations of
25°C data. |

The EQ3/6 (in XPORT directory .977623:EQ3/6:3230:7600) and MCRT
(in .977823:MCRT:3230:7600) software packagjes are available in 7600 format at
the LLNL. The "3230" denotes the release number (see Appendix H).' Cray
versions (in .977823:EQ3/6:3230:CRAY and .977823:MCRT:3230:CRAY) are also
available. Sample inputs and outputs are inqluded in the package directories
along with source codes, executable files, and data files.

Cray files differ in format from 7600 files. To convert a 7600 file, say

DATAQ, to.Cray format,.execute:
TRANS.I=(DATAO,?660),O=(DATAO,CRAY) /tv
' To convert a Cray file to 7600 format, execute:
TRANS I-(DATAO.CRAY),O'(D&TAO,?GOO) / tv

Only files coﬁsisting of text (i.e., source codes data files, inputs, and
outputs) are translatable. Binaries, executable files, libraries of
relocatable code, etc., are not translatable in this fashion.

The program source codes are almost identical for the 7600 and the Cray.
There are, however, some minor differences, and in any case, one must use
different sets of compilers, loaders, and suppo:rting system libraries.
bxecutable files for the 7600 are geaerated by FTN, which both compiles and

‘loads. CPT (the standard Cray compiler) and LDR (a loader) are used to make
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executable files that will run on the Cray. -The CFs compiler neither requires
nor likes the LEVEL 2 specificazions needed to run most of *he codes on the
7600, and all lines bearing cuch speclfications must be deleted or commented
out. The other differences pertain to opening/closing files and testing for
the ena-of-file condition. 1In the 7600 source code, cortesponding Cray lines
are written just below lines for the 7600. These Cray lines are commented out
by "CCRAY" beginning in column one. T

' To make a new executable file for the 7600, say for the EQ3NR code,
(designated‘heze as the file EQ}NRSO) the "50" denotes a stage number, (See

Appendix H). Use FTN to compile and load:
PFTN (I-EQ3NR50,NALL,O?T’I,R'Z,GLIB‘EQLIBOIB,PM,SET) / tv

The required input files are

o EQ3NR50 EQ3NR source code

o EQLIBOLB binary version of the EQLIB libzary
To create the binary versioh of the EQLIB library on the 7600, simply compile
the source code (EQLIBOl) via PTN:

FTN (I=EQLIBO1,BsEQLIBO1B,OPT=1,R=2) / t v

Thé.outpﬁt files are

o EQ3NRSUB binary file

o EQ3NRSOL compilation listing

o EQ3NR50M load map

o EQ3NRS50X executable file

The executable file is the only file listed above that is required to run
the code. Executable files are included in the .977823 directories,

To make a new executable file on the Cray, first compile with CPT, again

using the exaﬁple EQ3NRS50: -

CPT I=EQ3NR50,B=EU3NR508,L=EQ3NK50L / t v
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_ Then input EQ3NRS0B and EQLIBO1Q* to the loader LDR:

\\"/ LDR I=EQ3NRS50B,X=EQ3NR50X,ML=EQ3NRS0M,LIB=EQLIB0O1Q,LIB=FORTLIB / t v

To execute a code, Qou need the correspondinc executable file and the

requisite data and input files. To execute MCRT, where MCRTO1X is the

controlee file, type
MCRTOXX / t v

You must provide the five data files REAC, MDELEM, MDAQSO, MDAQS, and
MDSOL. The file named REAC plays the role of defining the problem input.
The:é is not a file named INPUT. The-oupﬁt files are OUTPUT and DFILE.

To execute EQ3NR, provide an input file, IRWTC, and the data file DATAl
and type

EQ3NRSOX INPUT=IRWTC / t v

The output files are OUTPUT and PICKUP.
\\_// IRWTC is specified at the input file on the execute line. If one wants,
for instance, to use the output file named ORWTC and the pickup file named ‘

PRWTC, type
EQ3NRS50X INPUT=1RWIC,OUTPUT=ORWTC,PICKUP=PRWTC / t Vv

To execute EQ6, provide an input file, ISRCTS, and the data files DATA2
and DATA3, and type

EQ6UO1X INPUT=ISRCTS / t v

Thc output files are bUTPUT, PICKUP, and a set of summary output tables called
TABA, TABB, TABC, etc. '

* The binary file EQLIBO1B can not be directly used as a library on the
Cray. To create EQLIB01Q, first compile the source code {EQLIBOl) with CFT:

CST I=EQLIBO1,B=EQLIBO1B / t v
. Y, ‘Then input EQLIBO1B to the Cray library-making routine BUILD:
BUILD NL=EQLIBO1Q,B=EQLIBO1B /.-t v

182



To execute EQTL, provide DATAO and type
EQTLO1X / t v

The output consists of DATAl, DATA2, DATA3, and a file called SLIST,
which lists the species on the data file. Additions, delecibné, and revisgions
of these data files first be made in DATAO, using a text editor. For
instance, one could merge the DFILE output of an MCRT run into CATAO. When
this is done, it is possible to run EQTL to make new versions of DATAl, DATA2,
DATA3, and SLIST. We strongly recommend that users not attempt toﬂm?ke direct
modifications to the contents of DATAl, DATA2, and DATA3. '
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APPENDIX G
METHODS USED TO VERIFY THE OPERATION OF EQ3NR

Two principal methods were used to verify propez‘calculations by EQJ3NR.
First, EQ3NR.3175BU37 has been tested against EQ3.3015U19, a version of the
old EQ3 code which uses a different numerical algorithm. This was done using
three test cases (sea water, ﬁajor constituents only-see the example in
Section 5.2; sea water with trace elements; and river water) based on the code
comparison study of Nordstrom et al. (1979b). Subsequent versions cf EQ3NR
were periodically verified in a vetsiod-tb—version manner with these and.other
test cases. » .

The second approach was to check for consistency in the ihput and output
ol EQ3NR runs. EQ3NR is a code with many options; what is an input in one run
may be an output in another. For example, Eh may be input and oxygcn fugacity
calculated. The run may be repeated with the oxygen fugacity value that was
obtained as an input. The original Eh va%ue‘should be reproduced. Some input
constraints are automatically double-checkéd. For example, if a master
aqueous species is constrained to satisfy a given mineral solubility
equilibrium (see exa2wmple in Section 5.3), the saturation index for that
mineral should be zero in the mineral saturation listing on the OUTRUT file.

It has not been possible to check every possible combination of input
constraint options during'the development of this code. We recommend that
users periodically check the input/output of their runs for consiStency,
especially when trying out a new combination of input options. Problems
should be reported to Thomas J. Wolery at lLawrence Livermore National

Laoo:atdry.
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APPENDIX H

IDENTIFICATION OF CODE AND DATA BASE VERSIONS

The activities of révising. extending, and maintaining computer programs

and their data bases require a system for 1den£1fying the versions that are

'producéd on both long-term and day-to-day time scales. This appendix

documents the system that has been devised for use in developing the EQ3/6 and
MCRT aqueous geochemical modeling code packages and their package elements.

Package elements, as defined here, are codes or aata files. Sample
inputs and outputs that are included in scftware package versions that are
externally released (i.e., distributed outside LLNL), are not treated by the
identification scheme used {or codes and data files,

The complete identification of a code or data file consists of: (1) an
alphanumeric name, (2) an external release number of four digits, and (3) a

two digit developmental stage number. 1In short, these will be referred to as

the "name,"” "release,” and "stage.”™ 1In simple terms, the "release"™ number

. identifies a product produced on time scales of six months to a year and the

'Stage' number jcdentifies a product on a day-to-day basis,

The external release number identifies software packages distributed
outside the LLNL, New versiohs ci the EQ3/6 and MCRT packages are
periodically released. These are made available to the National Energy
Software Center, Argonne National Laboratory (NESC), 9700 South Cass Avr:.,

.Argonne, IL 60439 (Telephone 312-972-725C), which will process requests for

these mater. ls. The material can also be requested t:pm the LLNL.

Tﬁe version numbers increase sequentially cnd are primarily chosen so
that they will not be easily confused in telephone conversations. Othetviée,
they are chosen arbitrarily. An external release of the EQ3/6 package is
identified by the package name and the version number, separated by a period.
For example, the December 1981 release of EQ3/6 was EQ3/6.3175. Similarly,
the concurrent MCRT release was MCRT.3175. .

To date, there have been five external releases of EQ3/6 and two of MCRT
(minor updates are now designated by suffixing *B", *C", étc. to the release

number), and the the following versions now exist.
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Code Package version No. Date

EQ3/6 2020 Feb. 1979
2055 Nov. 1979

3015 Dec. 1980

Revised April 1981

3175 Dec. 1981
31758 Sept., 1982

3230 Aug. 1983

MCRT 3175 Dec. 1981
' 31758 Sept. 1982

3230 Aué. 1983

To date, releases of MCRT have been concurrent with releases of EQ3/6;
however, this is not likely to be true of future MCRT releases.

The full name of a code or data file is its name, a period, the release
number, a letter "U", and the stage number. For EQ6 this is illustrated by:
EQ6.3175U50. This name is always given on the first line of a code or data
file, and includes the date. A short name eliminates the release number,
taking it to be understood, e.g., EQ6US0. The letter U in the release number
is retained in the short name only if the code or data file name ends in a
number. For the MCRT code, an element of the ﬁCRT package, the full name,
MCRT.3175U31, shortens to MCRT3l. Short names are used to identify files on
the LLNL computer system, including file storage. 1In the file storage, the
release number is an explicit part of éhe directory chain name.

Stage names identify day-to-day versions created during code or data base
revision, development, etc. They are primarily meaningful only within the
LLNL, Substage names can be added to the short versions during daily
development (such as EQ6US50-1, EQ6US50-2, etq.) to minimize the effects of a
system failure or an extremely bad editing error. External release of a code
package version usually terminates further use of the associated release
number. Exceptions to this :u;e generally are made only to correct
subsequently discovered errors.  Otherwise, a higher version number is

selected (e.g., 3230 succeeds 3175) and the stage numbering returns to 0Ol.
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Copies of day-to-day versions, identified by stage numbers, are usually
not saved for more than a few wevks after being superseded. 1In the case of
\‘—’/ source codes, revisions can extend for several stage-level versions before any

attempt is made to test the code.
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APPELDIX I

PORTRAN CONVENTIONS, CODE PORTABILITY, ?fBLD LENGTHS, AND REDIMENSIONING

The ease of portability of a PORTRAN code can be greatly improved by
specific restrictions and conventions. This section lists those that have

been adopted in developing the codes in the EQ3/6 and MCRT software packages.
These conventions were adopted in light of the experience obtained while

transferring the codes to Cray, UNIVAC, 1IBM, and VAX computer systess,

1.
2.

All common blocks appear in the main prograa.

Variable and subroutine nzmes are restricted to six characters.

3. The following conventions apply to the first letter of a variable

Se.
6.

8.

name (exceptions not permitted):

(a)
{b)

(c)
(d)

(e)

I, J, and K: INTEGER

L and M: REAL on 60 and 64 bit machines, REAL*8 on 32 bit
computers,

Q: LOGICAL.

U: All character string variaoles, typed INTLGER on 60 and 64
bit machines, REAL*8 on 32 bit machines (REAL may suffice on
some UNIVAC computers).

All others: REAL on 60 and 64 bit nschiﬁes, REAL*8 on 32 bit

computers.

One statement per line.

All labels are numeric; none are alphabetic or alphanumeric.

No IP-THEN-ELSE constructions.

No arithmetic IF statements.

No constants in subroutine argument lists. This prevents specific
types of conflicts for converting to double precision (REAL*8); i.e.,

VAR1l=1.0
VAR2=1.E-7
CALL SUBR(VAR1,VAR2) ,

not

CALL SUBR(l.O,l.B-?) .
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In the first example, VARi and VAR2 are REAL*8, the assigned values
will be converted to REAL*8, and the subroutine call will be
correct. In the second case, an execution error will result because
of a REAL-REAL*8 mismatch.

Character'string variables are initialized oniy by either reading

from a file or by DATA statements. Use:

DATA UVAR/“ENDIT. "/

Ié (UDUM.NE.UVAR) Gd TO 235 ,

not

IF (UDUM.NE."ENDIT. ") GO TO 235 -,

No PRINT or “"simple” READ statements. Use:

WRITE (5,120) A,B,C
READ (€0,125) D,E,F ,

not

PRINT 120, A,B,C
READ 125, D,E,F .

EQ3NR.3230U48 is dimensioned to handle a maximum of:

NCTMAX: 40 chemical elements.

NSQMAX: 80 aqueous master species (strict plus auxiliary basis
species) .

NSTMAX: 2300 total agqueous specles,

NRSTMX: 259 aqueous reactions (aqueous redox reactions and ion-pair
and aqueous complex dissociation reactions;
NRSTMX = NSTMAX-NCTMAX-1).

NMTMAX: 275 minerals of fixed composition.

NGTMAX: 15 gases. '

NXTMAX: <0 solid solutions.

IKTMAX: 6 end-member components per solid solution.
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NXMDMX s 20 species affected by the alter/suppress option.

KMAX s 82 iteration master species (KMAX = NSQMAX+2).
The required total field length at these dimensions is about 331,000B words.
Each word is equal to 8 bytes (64 bits) on the Cray, and rbughly 8 bytes (60
bits) on the CDC 7600. On the 7600, the SCM (small core memory) field length
is about 152,000B words. ) -

EQTL.3230U0]1 is dimensioned to handle a maximum of:

NCTMAX: 50 chemical elements. ‘ )
NSQMAX: 75 aqueous master species (strict plus auxiliary basis

_ species). .
IKTMAX: 6 end-member components per solid solution.

EQTL is indifferent to the total number of aqueous species, minerals, gases,
and solid solutions on-the data file. It never has them all in memocy at the
same time. The required total field length at these dimensions is about
75,0008 words. Each word is equal to 8 bytes (64 bits) on the Cray, and
approximately 8 bytes (60 bits) on the CDC 7600. On the 7600, the total field
length is essentially all SCM. ,

To aid in redimensioning any of the EQ3/6 codes, as well as MCRT, the
source codes include commented out copies of symbolic common and dimersion
statements. Each main program includes a copy of all common blocks and the
corresponding set of symbolic common blocks is located just above them.
Symbolic dimension statements are located just above the corresponding
dimension statements in the main program and its subroutines. Forvexamplc,

the commented-out symbolic common block

c COMMON CDRS (NSQMAX+1,NRSTMX) ,CESS (NCTMAX, NSTMAX) ,
C  $ CDRM(NSQMAX+1,NMTMAX) ,CDRS (NSQMAX+1,NGTMAX)

is given in the main program of EQ3NR.3230U48, to indicate the proper

dimensions corresponding to
COMMON CDRS(81,259).CESS(40,300),CDRM(81,275),CDRG(BI,IS) .

Users are strongly advised to use global pattern replacement techniques
as the exclusive means of code redimensioning, because the slightest mismatch

190



in array dimensions is usuélly disastrous. A highly recommended tech&ique is
to double-check the results of redimensioning by using text editor features
that permit the display of changed lines in a one-after-the-other format. At
LLNL, the TRIX AC commands "TP" and "DOP" can be very effectively used for

this purpose.

U. S. Government Printing Office: 1983/9-687-002/A4002
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